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The nuclear magnetic resonance (NMR) response is known to deviate from
the true value for the volcanic reservoirs, particularly when the pore throat
size is ultralow. Consequently, the related petrophysical parameters such as
porosity, permeability, and pore size distribution from NMR measurements
are greatly influenced. An empirical method to correct the NMR calibrated
porosity for the tight volcanic rocks is proposed after comprehensive
investigations of influential factors combined with mineralogical and
petrophysical analyses. The laboratory result indicates that the relative
porosity deviation is negatively correlated with the geometric mean of the
transversal relaxation time (T2) but positively correlated with the clay content.
Moreover, both the paramagnetic materials, such as the manganese (Mn)
content, and the diamagnetic materials, such as the magnesium (Mg) content,
contribute to the NMR relaxation intensity reduction but with different
mechanisms. The NMR calibrated porosity can be compensated through
multiple regressions with these controlling factors, which can be
generalized to other tight volcanic reservoirs.
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1 Introduction

The low-field nuclear magnetic resonance (NMR) technique has been widely used in
geological studies to characterize pore size distribution fluid transportation and rock
mechanical properties in recent decades, owning to its ‘only fluid-related’ superiority
(Coates et al., 1999; Dunn et al., 2002; Rezaee et al., 2012; Bauer et al., 2015; Tan et al.,
2015; Xiao et al., 2015; Xu et al., 2018; Li et al., 2019). However, most models are valid for
sedimentary rocks such as clean sandstone or carbonate with relatively large pore sizes
and porosity. In the tight volcanic reservoir, the measured relaxation signals and the
derived parameters are inadequate to characterize the porosity and the pore size
distribution precisely due to the small pore size and the presence of paramagnetic
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substances (Kleinberg et al., 2003; Djafarov et al., 2004; Chen
et al., 2011; Daigle and Dugan, 2011; Xie et al., 2013; Abouzaid
et al., 2016; Fleury and Romero-Sarmiento, 2016; Mehana and El-
monier 2016; Osterman et al., 2016; Testamanti and Rezaee,
2019; Yuan Rezaee, 2019).

Abundant studies have been conducted to investigate
influential factors on the relaxation mechanism and NMR
response of the volcanic reservoirs, attempting a better
characterization of petrophysical properties (Anand and
Hirasaki, 2008; Kock et al., 2018; Holthausen and Raupach,
2019; Sun et al., 2019; Tan et al., 2019). It is generally
accepted that the amount of paramagnetic substance of high
magnetic susceptibility is positively correlated with the
transversal surface relaxivity, whereas negatively correlated
with the relaxation intensity (Li et al., 2014). The internal
gradient strength and the spin relaxation are greatly enhanced
by the paramagnetic substance, resulting in the spectrum shift of
transversal relaxation time (T2) obviously. However, a recent
study revealed that there are no clear correlations between the
magnetic susceptibility and the mass of paramagnetic substance
(Tan et al., 2019). There are no uniform regulations to account
for all influential factors due to distinctions of the geological
structure and sedimentary environment, mineralogical
constitution, and element composition. Moreover, some
theoretical equations are physically feasible but require too
much data to remove the diffusion term (Liao et al., 2009;
Chen et al., 2011; Xie et al., 2013). Furthermore, some
experiment-based methods can be easily implemented but may

not be suitable to other regions due to large NMR porosity errors
(Sun et al., 2011; Zhou et al., 2011; Li et al., 2014).

It is particularly difficult to eliminate the influences on the T2

spectrum of volcanic rocks, but it is practical to recover the
relaxation intensity and the NMR calibrated porosity through
experiments and empirical equations. This paper presents a case
study to correct the NMR calibrated porosity of a tight volcanic
reservoir based on the laboratory observations incorporating
mineralogical and petrophysical measurements. The main aim of
this work is to get a comprehensive knowledge on the influencing
factors and main controlling factors of NMR relaxation intensity,
and to put forward an empirical model to compensate the NMR
porosity deviation of the tight volcanic rocks. The remainder of the
paper is organized as follows. In section 2, we introduce the
geological background and the experimental details of the target
area. Mineralogical and petrophysical properties, as well as their
influences on porosity deviation, are discussed in section 3.
Furthermore, the empirical porosity correction method is also
presented in this section. The conclusion and discussion part is
shown in section 4.

2 Materials and methods

2.1 Geological settings

Malang–Tiaohu Sag is a typical tight reservoir located in
the Santanghu Basin, northeastern Xinjiang autonomous

FIGURE 1
Comprehensive stratigraphic column of the Santanghu Basin.
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region of China. It is a small intermountain basin sandwiched
between the Dahafutike–Suhaitu and Moqin Ural Mountains,
covering a total area of 2.3 × 104 km2 (Ge et al., 2015). The
major oil beds in this region come from the Karagang
Formation and the Hargau Formation of the Upper
Carboniferous series. As shown in Figure 1 (Yu, 2013), the
lithology can be divided into volcanic lavas consisting basalt,
basaltic andesite and andesite, and pyroclastic rocks including
tuff, shale, and volcanic breccia. Figure 2 shows thin
sections and scanning electron microscope (SEM) images of
typical rock samples from the research area. It is observed that
they are very tight, and only a small number of pores are
visible.

2.2 Experimental details

To investigate influencing factors on the NMR response, the
X-ray diffraction (XRD) analysis is performed for crushed
samples to collect the quantitative mineralogical information
using Bruker D8 advanced XRD equipment, under the standard
of ‘clay minerals in sedimentary rocks and common method
X-ray diffraction analysis of clay minerals’ (Wu et al., 2015). In
addition, the elemental analysis and the oxide content analysis
are conducted using the Xios X-ray fluorescence (XRF)
machine, produced by PANalytical B.V. Therefore, the
element contents such as silicon (Si), aluminum (Al), iron
(Fe), manganese (Mn), calcium (Ca), sodium (Na),

FIGURE 2
Typical thin sections and SEM images of volcanic rock samples (A–H) from the research area (these samples were collcted at the depths indicated in
the subcaptions).
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magnesium (Mg), and potassium (K) can be obtained. We use
the helium-filled and the brine-saturated methods to obtain the
porosity before the NMR measurement. The low-field NMR
measurements are carried out by the 2-MHz NMR benchtop
prototype system ‘MARAN DRX2’, under the standard of
‘specification for laboratory measurement of magnetic
resonance parameters for rock samples’ (Li et al., 2018; Ren
et al., 2019). The waiting time (TW), echo spacing (TE), and the
number of echoes (NECH) are 6000 ms, 0.2 ms, and 4096,

respectively. The receiving gain and the number of scans
(NS) are 0.8 and 512, respectively. The recorded echo trains
are inverted to the T2 spectra by the Butler–Reeds–Dawson
(BRD) algorithm. According to the petrophysical theory, NMR
basically detects the signals of the hydrogen nucleus of the fluids
saturating the rock pores. Consequently, the NMR signal can be
calibrated to the porosity when the rock is occupied with a
single fluid (Elsayed et al., 2022). To obtain the porosity of the
core samples, we first measured the NMR signals of standard

TABLE 1 Basic petrophysical parameters and mineral contents of the samples.

Sample no. Φ-w
%

Φ-NMR
%

Φ-bg
%

Quartz
%

K-feldspar
%

Plagioclase
%

Calcite
%

Dolomite
%

Pyrite
%

Clay
%

1 7.2 8.6 1.9 37.5 5.7 15.1 28.3 7.3

2 3.1 4.3 1.4 20.2 8.1 50.4 12.6 1.0 7.7

3 6.6 5.3 0.9 10.8 60.3 0.6 19.5

4 8.2 8.1 0.4 13.5 2.3 63.7 0.7 0.5 5.6

5 3.6 3.9 0.6 17.3 1.5 8.9 5.7

6 7.3 7.2 0.6 40.3 2.6 12.8 3.8

7 12.2 12.2 1.0 45.8 1.5 25.2 14.7 4.3 8.5

8 10.3 10.1 0.7 38.8 3.8 35.7 2.5 6.0 11.2

9 4.2 4.6 0.6 19.2 0.9 11.9 21.0 5.6

10 2.3 2.7 0.6 66.5 2.3 16.9 2.3 4.6 7.4

11 9.9 5.9 0.5 43.0 8.0 24.0

12 12.8 8.3 0.5 22.9 6.9 22.9

13 12.7 7.9 0.8 29.5 1.9 66.9

14 15.0 14.0 0.6 45.5 2.3 21.1 12.6 1.3 9.4

15 11.2 9.5 0.7 58.7 1.1 13.5 2.6 1.1 20.1

16 15.1 9.5 1.1 22.4 5.7 35.8 4.3 3.1 23.3

17 13.5 9.8 0.8 2.5 72.0 25.5

18 6.0 0.9 0.0 2.2 54.4 0.9 22.8

19 6.7 2.9 0.5 6.3 55.3 1.0 22.8

20 7.5 0.9 0.3 3.5 50.0 0.3 33.4

21 11.0 5.7 0.6 68.6 19.4

22 9.2 4.8 0.9 12.4 4.0 43.8 22.4

23 7.8 7.1 1.0 61.8 12.4 4.7 21.1

24 12.9 2.4 0.0 53.7 2.9 8.9 6.2 28.3

25 5.0 4.7 0.7 10.8 4.4 54.7 1.4 21.2

26 8.6 6.0 0.6 18.4 30.2 19.1 2.3 13.8

27 9.3 9.3 1.6 21.6 4.2 41.7 5.8 3.4 21.1

28 8.2 8.0 1.3 7.9 57.9 4.0 2.6 19.3

29 10.4 6.3 0.7 2.4 60.1 2.8 24.5

30 9.5 6.5 0.7 3.9 68.5 1.0 21.1
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samples with the given porosity and bulk volume to establish
the relationship between the porosity and the normalized NMR
signal. Therefore, we can predict the NMR porosity of the
measured samples using this relationship under the same
acquisition parameters.

The helium-filled porosity, brine-saturated porosity, and
NMR measurements are performed for 51 plug samples
simultaneously. The helium-filled porosity is measured
using the AP-608 automated permeameter–porosimeter. The
physical fundamental of this method is the Boyle–Marriote
Gas Law. It is carried out at the room temperature. Details on
the experimental flowchart and data manipulation methods
are elaborated in the literature (Tiab and Donaldson, 2011). In
addition, the brine-saturated porosity is calculated by the ratio
of the pore volume and the total rock volume. It also called as
the imbibition method. We first measured the weight of the dry
sample, and then, the sample is immersed in an autosaturater
container for 48 h under a confining pressure of 30 MPa. After
that, the saturated sample is weighted. It is easy to obtain the
imbibed fluid volume utilizing the density of the brine and,
subsequently, the effective porosity. Details on the

experiments are shown in many literature studies (Tiab and
Donaldson, 2011; Ge et al., 2015; Pi et al., 2022). The basic
parameters measured are listed in Table.1.

To quantify the difference between the NMR calibrated porosity
and the brine-filled porosity, the relative porosity deviation is
defined as

ϕrd �
ϕbrine − ϕNMR−saturated − ϕNMR−dry( )

ϕbrine

× 100%, (1)

where ϕrd is the relative porosity deviation; ϕbrine is the brine-
filled porosity; and ϕNMR−saturated and ϕNMR−dry are NMR
porosity for brine-saturated and dry samples, respectively. The
deviations can be divided into slight (ϕrd ≤ 10%), low
(10%<ϕrd ≤ 20%), moderate (20%< ϕrd ≤ 40%), and high
deviation (ϕrd > 40%).

It is easy to establish the empirical equation to compensate
the porosity reduction through multiple regressions. It is
better to include the manganese content, magnesium
content, and the T2 geometrical mean in the regression,
which is expressed as

FIGURE 3
Comparisons of porosity under different measurements and different saturations (A–D).
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FIGURE 4
T2 spectra of volcanic core samples according to the porosity deviation degree (A–D).

FIGURE 5
Relationships of the relative porosity deviation and the relaxation time (A,B).
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ϕrd � Ta
2gm × b × Mn + c × Mg + d( ), (2)

where T2gm is the geometric mean of the transversal relaxation
time;Mn andMg are the manganese and magnesium contents; and
a, b, c, and d are fitting parameters, respectively.

The geometrical mean of the transversal relaxation time is
expressed as

T2gm � ∑n
i�1
ai

������∏n
i�1

Tai
2i ,

√
(3)

where T2i and ai are the transversal relaxation time and
the corresponding amplitude for the ith component and n
is the total number of components in the spectrum,
respectively.

However, if the quantitative elements data are not available, a
simplified equation can be used to get the relative porosity deviation
combined with T2gm and the clay content

ϕrd � e × Tf
2gm × Vclay + g, (4)

where Vclay is the clay content, and e, f, and g are fitting
parameters.

Therefore, the NMR calibrated porosity can be corrected by

ϕcorrected �
ϕNMR

1 − 0.01 × ϕrd( ). (5)

3 Results and discussions

3.1 The porosity deviations

Figure 3 compares the porosity obtained by these methods.
The helium-filled porosity agrees well with the brine-saturated
porosity, indicating that nearly all pore spaces are occupied by
the brine. However, the NMR calibrated porosity for many

samples deviates from the brine-filled porosity heavily,
indicating that the NMR calibrated porosity distorts from
the truth due to some reasons. It is also noted that the
NMR calibrated porosity for some samples is higher than
the brine-saturated porosity, due to the influences of
background relaxation signals. These background signals
may come from the fluids residing in unconnected
nanopores, and crystal water residing in laumontite,
analcite, and zeolites. The relaxation signal of dry samples
should be measured and be subtracted to get the effective
porosity. After subtraction, the NMR calibrated porosity is
lower than the brine-filled porosity, which is in accordance
with the published results.

3.2 Influences of relaxation time

Figure 4 shows the background-subtracted T2 spectra for
volcanic rocks according to different relative porosity
deviation extents. It is seen that most spectra are unimodal or
irregular bimodal distributed, with the geometric mean ranges
from 0.5 ms to 18 ms, indicating that the pore size is relatively
small. However, there is no clear correlation between the T2

distribution and relative porosity deviation. Interestingly, the
relative deviation seems to decay exponentially with the T2

geometric mean and the peak value, as shown in Figure 5. It
is interpreted that larger pores with high T2 values tend to be less
affected by the diffusion relaxation contributed by the internal
field gradient, which is generally introduced by the magnetic
susceptibility difference between the rock matrix and the pore
fluid.

3.3 Influences of minerals

Figure 6 shows the mineral constitutions and their average
values from the XRD analysis. There are as many as

FIGURE 6
Mineral composition (A,B).
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FIGURE 8
Element distributions (A,B).

FIGURE 7
Mineral composition influences on the relative porosity deviation (A–D).
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14 minerals, but the main minerals are plagioclase, quartz, and
clay. Moreover, notorious paramagnetic materials such as
pyrite and ferrodolomite also account for a certain
percentage, bringing in great impacts on the NMR
relaxation. Unitary analyses were carried out for four main
minerals to investigate their contributions to the relative
porosity deviation, as shown in Figure 7. It is observed that
the quartz content and the plagioclase content are not
correlated with the relative porosity deviation since they are
nonmagnetic and hydrogen-free, contributing nearly zero

relaxations at low field magnetic strengths. The relative
porosity deviation is positively correlated with the clay
content since it is associated with micropores occupied by
the clay-bound water that the measurement may be insufficient
to catch these fast relaxation components, resulting in porosity
reduction. Furthermore, some clay minerals such as illite and
chlorite where strong magnetic susceptibility can enhance the
internal gradient, resulting in diffusion relaxation, cannot be
ignored. Moreover, we found that there is also no clear
correlation between the relative porosity deviation and the
pyrite content, as shown in Figure 7D. It is controversial with
many publications since pyrite is composed by iron, a well-
known paramagnetic element with high magnetic
susceptibility. The intrinsic mechanism and explanation are
difficult to uncover.

3.4 Influences of elements

XRF analyses are conducted since they provide quantitative
element contents, and the types and contents of oxidizing
materials. Figures 8 and 9 shows the constitution of
oxidizing materials and the element contents for 16 volcanic
samples. It is seen that the major oxidizing substances are
silicon dioxide (SiO2), aluminum trioxide (Al2O3), calcium
oxide (CaO), and iron oxides (including TFe2O3, Fe2O3, and
FeO), which agrees well with the XRD analyses. We found that
the relative porosity deviation is decreased with the increase in
the silicon and phosphorus contents, whereas increased with
the increase in the contents of iron, magnesium, calcium, and
manganese. Moreover, the influence of manganese and
magnesium is larger than that of other elements such as
sodium, potassium, phosphorus, and calcium, which are
considered as the controlling factors of the signal reduction
of the NMR measurements. As is known, magnesium is
diamagnetic and can develop weak magnetization in a
direction opposite to the direction of the magnetizing field,
reducing the macroscopic magnetic intensity.

3.5 Porosity correction methods

Based on the aforementioned analysis, it observed that it is
meaningful to conduct the XRF test since it can provide
quantitative element information, which is helpful for us to
investigate the mechanism of the NMR response in volcanic
rocks. Figure 10 shows the comparisons of the brine-saturated
porosity, NMR calibrated porosity, and the NMR calibrated
porosity after the correction. It is seen that the corrected NMR
calibrated porosity is more consistent with the brine-
saturated porosity. However, there is no obvious difference
between the relative porosity deviation from Eqs 2–4, revealing
that both methods are effective. Actually, the correction
method through the clay content is easier and simpler than
the correction method through elements.

FIGURE 9
Element distributions’ influences on the relative porosity
deviation (A–J).
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4 Conclusion

We conducted a comprehensive study on the NMR
calibrated porosity deviation and put forward an empirical
method to correct the porosity based on the mineralogical
and petrophysical analyses. Influences such as the pore
structure, mineral compositions, and the element
constitutions are investigated to explore the controlling
factors on the porosity deviation. Based on the findings, the
main following conclusions can be drawn.

(1) The background relaxation signals should not be ignored for the
tight volcanic rock since it will enhance the NMR calibrated
porosity.

(2) The relative porosity deviation is negatively correlated with the
transversal relaxation time, whereas positively correlated with
the clay content. Strangely, pyrite seems to not bring much
contribution to porosity reduction.

(3) Both the paramagnetic elements, such as manganese, and
diamagnetic elements, such as magnesium, contribute to the
NMR calibrated porosity reduction but in different ways. The
paramagnetic element enhances the internal magnetic field and
diffusion relaxation, whereas the diamagnetic element reduces
the macroscopic magnetic intensity.

(4) The relative porosity deviation and NMR calibrated porosity
can be compensated by multiple regressions with element
contents, geometric T2 mean, and the clay content.
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FIGURE 10
Comparison between the brine-filled and NMR calibrated porosity (A,B).
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