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Ricardo Ivan Ferreira da Trindade c, Tito José Bonagamba a 
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A B S T R A C T   

NMR is widely applied in Materials Science for the characterization of porous materials. The advantage of this 
technique is the high correlation between the NMR measurements and the physical-chemical features of the 
material. Magnetic susceptibility is one of many other properties that have been investigated by time domain 
NMR. In this work, the study of the influence of magnetic susceptibility on the relaxation process of micro and 
macroporosity is carried out, which is obtained using the T2-filtered and T1-weighted techniques combined with 
the CPMG experiment. This approach seeks to simplify the problem by treating microporosity and macro porosity 
conditions separately. The obtained data show the strong influence of the magnetic susceptibility on the 
relaxation times as expected, but showing more influence for the shorter ones, related to small pores.   

1. Introduction 

NMR is of great importance in the analysis of fluids in Porous Media, 
especially in the oil industry, where the NMR technique is applied both 
in the laboratory and for well-logging investigation (Dunn et al., 2002; 
George R. Coates, Lizhi Xiao, 1999). One of most important aspects of 
the NMR data obtained for the fluids in Porous Media is the relationship 
between the relaxation time and pore size, which allows obtaining in
formation on micro and macroporosity. For example, for sandstones, the 
relaxation time distribution is divided into free fluid, irreducible water 
and clay bound water (Gonzalez et al., 2020). 

Taking into account the relationship between NMR data and porous 
media features, much work has been done in the laboratory to investi
gate how other physical information can be accessed from relaxation 
time distribution, such as pore size, magnetic susceptibility, wettability 
and permeability. In general, this information is related to the 
morphology and mineralogical composition of the porous material 
(Howard, 1998; Jácomo et al., 2020; Lucas-Oliveira et al., 2021; Valori 
and Nicot, 2019). 

Hürlimann (1998) developed a study about the effective magnetic 
field gradient that is generated inside porous due to magnetic suscep
tibility differences. He analyzed the magnetic field gradient using low 

field NMR (2 MHz, for protons), and concluded that for carbonates the 
effective internal gradient field are typically smaller than gradient of 
NMR well logging tools, and for sandstones it can be comparable or 
larger. 

Keating and Knight (2010), studied the effects of the magnetite 
concentration on NMR relaxation rates. However, no correlation trend 
was found between the magnetic susceptibility and relaxation rate. One 
of the explanations they offered to understand the lack of correlation 
was that the strong magnetic field gradient is localized and does not 
reflect in the relaxation rate. 

In order to understand the magnetic susceptibility effects on NMR 
measurements and correlate them with bulk magnetic susceptibility, the 
relaxation time distributions can be obtained by controlling some pa
rameters of NMR experiments (d’Eurydice et al., 2016; Hürlimann et al., 
2002). 

Sun and Dunn (2002) published a method where, through a modi
fication of the CPMG method, it is possible to determine the distribution 
of the internal magnetic field gradient. Later, Xiao et al. (Xiao et al., 
2013) added a dimension related to T1 relaxation, allowing to combine 
T1, T2 and internal magnetic field. It should be noted that the method 
presented by Sun and Dunn is limited to pores associated with relaxation 
times greater than one fifth of the longest coding echo time. 

* Corresponding author. 
E-mail address: everton.lucas.oliveira@usp.br (E. Lucas-Oliveira).  

Contents lists available at ScienceDirect 

Geoenergy Science and Engineering 

journal homepage: www.sciencedirect.com/journal/geoenergy-science-and-engineering 

https://doi.org/10.1016/j.geoen.2023.211653 
Received 2 July 2022; Received in revised form 5 January 2023; Accepted 6 March 2023   

mailto:everton.lucas.oliveira@usp.br
www.sciencedirect.com/science/journal/29498910
https://www.sciencedirect.com/journal/geoenergy-science-and-engineering
https://doi.org/10.1016/j.geoen.2023.211653
https://doi.org/10.1016/j.geoen.2023.211653
https://doi.org/10.1016/j.geoen.2023.211653
http://crossmark.crossref.org/dialog/?doi=10.1016/j.geoen.2023.211653&domain=pdf


Geoenergy Science and Engineering 225 (2023) 211653

2

The proposal of this work is to analyze whether micro and macro 
porosity are better related to magnetic susceptibility using relaxation 
filters before the CPMG pulse sequence (Carr and Purcell, 1954; Mei
boom and Gill, 1958). 

In this way, the relaxation time will be weighted by the total 
magnetization of the micro or macro porosity. Differently from what was 
proposed by Sun and Dunn, this work does not seek to determine the 
distribution of internal magnetic field gradients, but how the weight of 
T1 and T2 can influence the evolution of relaxation. 

This study was performed for a set of 17 selected sandstones rocks, 
which magnetic susceptibilities ranging from 0.79 × 10− 6 to 5.10 ×

10− 6 SI. 
CPMG NMR experiments were performed using two strategies. One 

looking for longer relaxation times related to larger pores, and another 
to observe shorter relaxation times, which are associated with smaller 
pores. To observe longer relaxation times, T2-filtered technique 
(d’Eurydice et al., 2016) was used to suppress the short transverse 
relaxation times. To observe the signal weighted by the shortest trans
verse relaxation times, T1-weighted method was employed (Blümich 
et al., 1998). 

1.1. Relaxation time on porous media 

In general aspects, the NMR transverse relaxation time T2 in Porous 
Media is well described in the literature (Dunn et al., 2002; Gonzalez 
et al., 2020) and can be related to three main contributions: 

1
T2

=
1

TS
2
+

1
TD

2
+

1
TB

2
, (1)  

where TS
2 is the relaxation time due to the interaction of the fluid mol

ecules with the pore surface, TD
2 is the relaxation time due to the 

translational diffusion in the presence of magnetic field gradients, and 
TB

2 is the bulk relaxation time in the absence of other relaxation mech
anisms than the interaction between the fluid molecules. 

The TS
2 is described in detail by Brownstein and Tarr (1979). In the 

fast diffusion regime this relaxation time is proportional to the pore 
surface-to-volume ratio, given by: 

1
TS

2
= ρ2

S
V

(2)  

which shows that the TS
2 relaxation time has no direct dependence on 

NMR pulse sequence parameters. ρ2 is the transverse surface relaxivity. 
Several works associate this parameter with the porous medium 
composition (Benavides et al., 2017; Gonzalez et al., 2020; Washburn 
et al., 2017). On the other hand, TD

2 relaxation time is related to the 
translational diffusion of the fluid molecules and, therefore, has a strong 
dependence on the echo time parameter te found in the CPMG pulse 
sequence. Considering a constant magnetic field gradient g, TD

2 can be 
written as: 

1
TD

2
=

D0(γgte)
2

12
(3)  

In Eq. (3), D0 is the bulk diffusion coefficient and γ is the nucleus gy
romagnetic factor. 

Hürlimann (1998) analyzed for both carbonates and sandstones the 
maximum magnitude of the internal magnetic field gradient in terms of 
the magnetic susceptibility difference of the fluid and porous materials 
Δχ, establishing the following expression: 

gmax ≈

(
γ

D0

)1/2

(ΔχB0)
3/2

, (4)  

and, therefore, the relaxation time is expected to be proportional to the 
magnetic susceptibility difference Δχ. B0 is the static magnetic field 

applied for the NMR experiments. 
However, when the study is concentrated on a sample group satu

rated with a single fluid, the magnetic field gradient can be analyzed 
only as proportional to the bulk magnetic susceptibility of the rock 
matrix, since the fluid contribution would simply introduce a displace
ment relatively on the total magnetic susceptibility values. 

Bearing in mind what was presented above about the relaxation in 
porous media and its dependence on internal magnetic field gradients, 
as well as the pore shape and mineralogical composition (Keating and 
Knight, 2012; Song, 2000), we proposed to study a set sandstone rocks 
with magnetic susceptibilities ranging from 0.79 × 10− 6 to 5.10 × 10− 6 

SI, using two preparation methods preceding CPMG pulse sequence, 
Fig. 1a, which allow to observe, separately, short and long transverse 
relaxation times. 

T2-filtered was used to suppress contributions from shorter relaxa
tion times, in which a CPMG with fixed echo time (techo) and number of 
echoes (Nf ) is applied. Thus, only components with relaxation times 
longer than tf = techoNf still contribute to the total magnetization, which 
is measured by a second CPMG, Fig. 1b. The magnetization evolution 
during the second CPMG is given by, 

M(t)=
∑

mie− t/T2,i (5)  

where each mi has already evolved during the first CPMG and can be 
written as: 

mi =m0,ie− tf/T2,i . (6) 

Here, m0,i is the total magnetization of each component of T2,i. 
Therefore, the shorter the relaxation time T2,i of the mi component, the 
lower it’s the intensity for a fixed tf . 

On the other hand, the T1-weighted method was used to partially 
suppress longer longitudinal relaxation times, where a train of pulses is 
applied to saturate the magnetization previously to CPMG sequence. 
After saturation, the total magnetization is zero in any direction. 
Consequently, each magnetization component begins to recover under 
its corresponding T1 relaxation, in which the components with short T2 
also have shorter T1, that is, returning faster to the z-direction. There
fore, after an evolution period of time tw, which corresponds to the 
T1-weighting procedure (Blümich et al., 1998), a CPMG measurement is 
applied, and components with T1≫tw will be suppressed, Fig. 1c. In this 
case, the magnetization evolution during the CPMG can be written by 
Eq. (5), but mi is given by: 

mi =m0,i(1 − e− tw/T1,i
)

(7)  

where the shorter the longitudinal relaxation time T1,i of the mi 
component, the greater its intensity mi. 

Fig. 1. NMR sequence for CPMG, T2-filtered CPMG and T1-weighted CPMG.  
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In general, the CPMG is used with short echo time to minimize the 
transverse relaxation time due to the translational diffusion effects in the 
presence of internal magnetic field gradients (Kleinberg and Horsfield, 
1990). However, in order to evaluate the internal magnetic field gra
dients, the echo time is varied (Gonzalez et al., 2020). Thus, the relax
ation time should be constant in the regime where the TS

2 dominates and 
vary linearly with echo time squared in the regime where TD

2 dominates. 
However, in complex porous media, TD

2 is related to both translational 
diffusion and internal magnetic field gradient (Gonzalez et al., 2020). 

The proposal here is to analyze the dependence of the relaxation 
times on the echo time squared, calculating f(g), in the region where the 
following relationship is linear: 

1
T2,LM

= f (g)t2
e , (8)  

where T2,LM is the log-mean of the transverse relaxation time obtained 

by CPMG, and f(g) =
D(γg)2

12 . 
Another analysis performed was the measurement of the transverse 

relaxation times from the Hahn-Echo (Hahn, 1950), which is the first 
echo obtained in the CPMG sequence. Since the echo time of the CPMG 
sequence is varied, a curve of Hahn echoes is also obtained, which is 
known to be strongly influenced by the fluid molecules translational 
diffusion in the presence of an inhomogeneous magnetic field. Thus, a 
second relaxation time, T2,Hahn, is obtained from the measurement of 
m1(te), the first echo on CPMG, for each sample. 

2. Material and methods 

This study was performed for a set of 17 selected sandstone rocks, 
whose bulk magnetic susceptibilities (χV) vary from 0.79× 10− 6 to 
5.10 × 10− 6 SI. They were indexed from A to P, in order of increasing 
bulk magnetic susceptibility (Table 1). 

The magnetic susceptibility was also weighted by the porosity of 
each sample, in order to obtain the magnetic susceptibility χφ referring 
to the volume of the rock matrix instead of the total volume of the 
sample and these values will be used on the analyses. 

The 1H 2 MHz NMR relaxation measurements were performed using 
two Tecmag components, a LapNMR console and a 0.047 T permanent 
magnet. The π/2 and π pulses were calibrated with durations of 13.6 μs 
and 27.2 μs, respectively. All measurements were performed using an 
averaging procedure with 32 scans. The recycling delay was set for each 
sample to be longer than 5T1. The echo times were adjusted from 150 to 

2900 μs, using 10 logarithmically spaced values. All samples were 
saturated with distilled water, which in 25 ◦C has diffusion coefficient of 
2.3× 10− 9 m2/s. 

Fig. 2, shows the relaxation decay for multiples echoes time for 
sample A to illustrate the magnetization decay that is obtained using 
different echo times. All decay curves have been shifted so that all CPMG 
first echoes are located at t = 0, since the evolution of magnetization 
after the first echo will be evaluated. 

For each echo time, three CPMG signals were obtained for all sam
ples: conventional, T2-filtered and T1-weighted. In the case of the T2- 
filtered CPMG experiments, they were performed using a filter defined 
by a train of 40 echoes spaced by 250 μs. For the T1-weighted experi
ments, they were performed with tw of 100 ms. 

Fig. 3 shows the transverse relaxation time distributions obtained for 
samples D and M using conventional, T2-filtered and T1-weighted CPMG 
experiments, with an echo time of 150 μs. While sample D, which has a 
wider T2 distribution, is useful to demonstrate the effects of T1 and T2 
filters, sample M contribute to observe the effect of the T2 filter. 

Using the same procedure presented for samples D and M, the 
transverse relaxation time distributions were obtained for all the sam
ples. Afterwards, the T2,LM values were calculated for all the obtained T2 
distributions. 

2.1. Magnetic susceptibility 

Magnetic susceptibility can be defined as being the ability of mineral 
to be magnetized (Butler, 1992). 

When the sample is subjected to a magnetic H field, it acquires an 
intensity of induced magnetization M, which is proportional to the 
applied field, given by, Mi = χ H, where Mi is induced magnetization (A/ 
m), χ is magnetic susceptibility (dimensionless in International System 
of Units or SI) and H is induced magnetic field (H) (A/m). Here, we used 
a MFK1-FA AGICO susceptometer operating at 976 Hz to measure the 
susceptibility of the samples. The values can be found on Table 1. 

All the minerals present in the sample contribute to bulk χ. The 
difference of magnetic susceptibility between the fluid and the grain 
mineral surface induces a magnetic field gradient in the pore space, 
contributing to a faster 1/T2 relaxation rates (Keating and Knight, 
2007). Zhang and Blümich (2015) showed a linear correlation between 
the internal magnetic field gradient and the magnetic susceptibility 
difference between fluid and solid. Since all samples are saturated with 

Table 1 
Porosity (φ), Volume magnetic susceptibility (χV), Porosity magnetic suscepti
bility (χφ) and estimated internal magnetic field gradients by the different 
methods.  

Sample Porosity 
φ 

χV × 10− 6 

SI 
χφ × 10− 6 

SI 
gconvent. 

(G/cm) 
gT2- 

filtered 

(G/ 
cm) 

gT1- 

weighted 

(G/cm) 

A 0.15 0.79 0.67 130 160 170 
B 0.22 0.77 0.60 70 60 120 
C 0.22 0.89 0.68 90 80 130 
D 0.26 0.84 0.63 90 80 130 
E 0.14 1.02 0.87 260 190 220 
F 0.14 1.12 0.97 350 270 200 
G 0.17 1.18 0.98 250 200 220 
H 0.21 1.57 1.24 140 120 170 
I 0.18 1.74 1.43 200 180 190 
J 0.23 1.90 1.46 310 230 250 
K 0.15 2.06 1.76 370 300 270 
L 0.20 2.30 1.84 270 190 300 
M 0.23 2.52 1.94 610 460 400 
N 0.14 2.18 1.89 320 340 300 
O 0.15 2.60 2.22 600 550 500 
P 0.08 5.10 4.68 750 400 560  

Fig. 2. CPMG decay for multiple echo times for sample A to illustrate the 
magnetization decay that is obtained using different echo time. 
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distilled water, the dye should be linear with the magnetic susceptibility 
of the porous medium as well. 

3. Results and discussion 

Fig. 4 shows the plots of 1/T2,LM vs t2echo obtained using the conven
tional CPMG method for all the samples, where one can observe a non- 
linear relationship (Fig. 4a). The linearity is expected in the regime 
where the magnetic field gradient can be approximated to a constant or 
average limit. It is also considered that the molecules have a free 
diffusion for the case of short echo times. A study of this non-linear 
behavior can be found in the work developed by Gonzales et al. (Gon
zalez et al., 2020). Considering that for the first echoes the plot 1/T2,LM 

vs t2
echo is closer to a linear relationship, the internal magnetic field 

gradient g was estimated considering the first five echo times (Fig. 4b), 
using Eq. (3). 

Similar curves were obtained using T2-filtered and T1-weighted 
CPMG experiments. Using the value of the estimated f(g), the internal 
magnetic field gradient g was calculate by Eq. (3) and summarized in 
Table 1. 

Fig. 5 shows the plots of f(g) obtained from conventional, T2-filtered 
and T1-weighted CPMG experiments vs the magnetic susceptibility χφ. 
All the three curves shown in Fig. 5 present similar trends, indicating a 
good correlation between f(g) and magnetic susceptibility χφ. However, 
when comparing the measurements made with T2-filtered and T1- 
weighted CPMG experiments, the best correlation factor was found for 
the latter, R2 = 0.82. In the case of T2-filtered CPMG, the correlation 
factor was R2 = 0.48. Despite the difference in correlation factors, the 
gradient g shows the same order of magnitude when estimated by both 
filtering methods, Table 1. 

Assuming that the transverse relaxation time is related to the pore 
size, Eq. (2), the higher correlation observed for shorter T2 values seems 

Fig. 3. Transverse relaxation time distributions obtained for samples D and M using conventional, T2-filtered and T1-weighted CPMG experiments, with an echo time 
of 150 μs. 

Fig. 4. Plots of 1/T2,LM vs t2
echo obtained using the conventional CPMG method for all the samples and, plots of 1/T2,LM vs t2

echo considering only the first five 
echo times. 

E. Lucas-Oliveira et al.                                                                                                                                                                                                                         



Geoenergy Science and Engineering 225 (2023) 211653

5

to indicate that the fluid molecules occupying the smaller pores (mi
cropores) are in a more intimate interaction with the gradient of the 
internal magnetic field. The fluid molecules in the smaller pores can be 
more affected because the internal magnetic field gradient is more 
intense in the micropores or the internal magnetic field gradient is 
higher mainly on the pore surface, consequently, the influence would be 
proportional to the surface-to-volume ratio of the pores. 

As mentioned above, the Hahn-echo signal is also strongly influenced 
by the combination of the presence of inhomogeneous magnetic fields 
and fluid molecules diffusion. 

Fig. 6 shows the Hahn-echo relaxation decays observed for all the 
samples, using conventional, T2-filtered and T1-weighted CPMG exper
iments. The observed decays already indicate an expressive variation in 
the relaxation times. However, it is not expected that only the magnetic 
susceptibility can explain this expressive distribution of relaxation 
times. Different pore morphologies, diffusive couplings and mineralog
ical compositions of the samples can also play a significant role. 

The same processing was applied for the Hahn-Echo data and the 
obtained results are shown in Fig. 7. As previously observed for the 

relaxation times obtained by multiple echoes, the T1-weighted presents 
a higher correlation factor, R2 = 0.74, when compared with the T2- 
filtered, R2 = 0.55. 

Fig. 5. Factor f(g) vs. χφ. The factor fg was estimated without filter, and using 
T2-filtered and T1-weight. 

Fig. 6. Magnetization decay measured by Hahn echo for the 17 samples, with non-filter, T2-filtered and T1-weighted.  

Fig. 7. Log-mean of the transverse relaxation rate measured by Hahn echo vs 
χφ, the last one with non-filter, T2-filtered and T1-weighted. 

Fig. 8. Log-mean of the transverse relaxation rate measured by CPMG vs 
measured by Hahn echo, the last one with non-filter, T2-filtered and 
T1-weighted. 
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In addition to the proposed analyses, Fig. 8 shows the correlation (R2 

= 0.77) between the magnetic susceptibility and the T2,LM obtained by 
conventional CPMG. The echo time used was 150 μs, which is the 
minimum for the experimental setup. 

This indicates that for this set of samples, the T2,LM time have a 
tendency to be shorter the greater the susceptibility, even using a low 
magnetic field and short echo times. Taking into account that both the 
internal gradient and the surface relaxivity are proportional to the 
concentration of magnetic impurities and iron oxides in the studied 
rocks (Keating and Knight, 2012; Korb et al., 1998), it is not straight
forward to conclude whether T2LM is dominated by the term T2D or T2S 
under these conditions. 

4. Conclusion 

The data observed for this set of 17 sandstone samples showed the 
expected relation, where the greater the magnetic susceptibility, the 
greater the relaxation rate (1/TD

2 ). However, even using low field NMR 
(2 MHz) and short echo time (150 μs), the log-mean relaxation time 
obtained shows to be proportional to the magnetic susceptibility. This 
may indicate that the relaxation time is dominated by the surface 
relaxivity for this set of samples, which preserves the proportionality 
between relaxation time and pore size, but a wide range of surface 
relaxivity is expected. Thus, it is expected that in a future work, the pore 
size distribution can be obtained in order to estimate the surface 
relaxivity to directly analyze its correlation with susceptibility. 

The pore size is an important parameter to also analyze the different 
correlation observed for the T1-weighted and the T2-filtered data. It was 
possible to observe that the variation of magnetization with echo 
spacing is greater for the fluid present in the microporosity than for the 
fluid present in the macro porosity. Thus, in addition to the pore size 
distribution, knowing the susceptibility present in micro and macro 
porosity can also contribute to increase the level of understanding of the 
observations highlighted in this work. 

The method proposed by Sun and Dunn has some assumptions, such 
as the averaging limit that depends on diffusion time and pore scale. The 
method also limits the analysis to relaxation times longer than or of the 
same order as the echo time used in the first CPMG encoding. The data 
presented here showed a greater correlation between the magnetic 
susceptibility when weighted by the short relaxation time, and more 
efforts will be needed to evaluate the internal magnetic gradient field 
distribution for relaxation times of the order of a few milliseconds. 
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