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a b s t r a c t

1H NMR relaxometry of saturated rock samples has become a useful tool for the characterization of poros-
ity and transport phenomena of enclosed fluids. The pore size can be measured using the difference
between inverse relaxation values of protons absorbed by the saturated rock and that present in the bulk
fluids. These experiments are usually performed at low magnetic fields to reduce the influence of the dif-
fusion on the relaxation values in the presence of Internal Gradient Fields. Recently, sodium ions have
become objects of investigation. The main advantage of sodium ions over protons as measured spins
in the Petrophysic NMR experiments is their presence in water and not other phases like oil and gas.
However unlike protons, sodium ions can have slow motion properties like appearance of the bi-
exponential relaxation and residual quadrupolar distribution, which can lead to complex behavior of
spins inside the pores. Here, we describe eight 23Na NMR experiments at 9.39 T external magnetic field,
in which we have investigated the behavior of sodium ions in 4 saturated rock samples: Berea 500,
Fontainebleau 1, Bentheimer sandstones, and Austin chalk. We show that the reduction of spin-spin
relaxation is caused by anisotropic motion and not diffusion in the presence of Internal Gradient
Fields. There can be a link between free diffusional and motional averaging regimes regardless of the size
of environment in which the measured spin ions are. Using different NMR sequences, we reveal and
quantitatively describe bi-exponentially relaxing spins and spins with residual quadrupolar coupling.
This work demonstrates unique model for the behavior of ions inside porous media, which is different
than known models (Brownstein-Tarr model and ‘‘agarose gel model”).

� 2019 Elsevier Inc. All rights reserved.
1. Introduction where T is the spin-lattice (i = 1) or spin-spin (i = 2) relaxation
Nuclear Magnetic Resonance (NMR) spectroscopy is widely
used for the investigation of the behavior of the liquid and gas
molecules within pore systems [1]. Pore size distributions
[2–4] have been determined via relaxation time measurements
in oil/gas reservoirs [5–8], biological tissue microstructures [9],
and silica gels [10,11]. Measurements have been performed at
low [5,12–14] and strong external magnetic fields [15–17] with
both proton and sodium nuclei in brine [16,18–21]. When the
influence of the diffusion [22] in the presence of Internal Gradi-
ent Fields [23] (IGFs) can be neglected, the link between the
relaxation time of proton spins and the pore size is established
via [24,25]:

T�1
i ¼ T�1

i;bulk þ qi S=Vð Þ ð1Þ
i;bulk

time of the spins in bulk fluids (solution where the influence of
the walls can be neglected and magnetic gradient fields are not
induced), qi is the surface relaxivity, and S=V is the surface-to-
volume ratio of the pore. Additional inhomogeneity of the external
field could be taken into account here as well.

The origin of IGFs is the susceptibility difference at the
solid-liquid boundary [26], which can further be enhanced by the
presence of paramagnetic impurities [27]. When the influence of
diffusion in the presence of IGFs cannot be neglected (usually in
strong external magnetic fields), Eq. (1) contains an additional
diffusion term [15,28–30] T�1

D for spin-spin relaxation:

T�1
2 ¼ T�1

2;bulk þ q2 S=Vð Þ þ T�1
D ð2Þ

Using the parameters of the diffusion length lD, the distance
traveled during a characteristic experimental delay time s, the pore
size lS, and the dephasing length lg , which is the distance of travel
in order for a spin to dephase by 2p radians under the influence of
IGFs, three main regimes can be distinguished, which in turn can
be used to classify the measurement outcomes [27,31]:
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(1) When lD � lS; lg , the measured spins are in the free diffu-

sional regime. In this case, the diffusion term T�1
D is propor-

tional to s2.
(2) When lS � lD; lg , the spins are in the motional averaging

regime[31]. In this case, they experience a motionally aver-
aged IGFs, and the diffusion term T�1

D does not depend on
s, and is inversely proportional to the diffusion coefficient.

(3) When lg � lD; lS, the measured spins are in the so-called

localization regime [31]. T�1
D does not depend on s and is

proportional to the cubic root of the diffusion coefficient.
The signals of spins located within lg of the wall are accentu-
ated [15] because of their restriction in the motion near the
walls. The measured signal in this regime is significantly
smaller as compared to the one due to the other two
regimes.

Multi-exponential proton T2 values were previously observed
with CPMG at strong external magnetic fields (9.39 T) and mono-
exponential values at low magnetic fields (0.3 T) (Ref. [15],
Fig. 6). It was suggested that this behavior may be due to the spins
being in the ‘pre-asymptotic localization regime’, and that multiple
gradient oscillations may be traversed by the spins. Therefore, the
study of saturated rock samples is thought to be challenging at
strong external magnetic fields, and is generally avoided.

The advantage of using 23Na as the measured spin, especially in
the context of Petrophysics, is that, only water contains sodium,
whereas proton is found in other phases as well [16] (oil and
gas). However, the ionic property of sodium in the brine presents
some extra complexity. Additionally, 23Na has a quadrupolar
moment [32], which reduces the relaxation times and the appear-
ance of fast and slow motion regimes (these regimes are not linked
to the diffusion).

In the case of the slow motion regime, where the motion is lim-
ited, sodium can exhibit bi-exponential relaxation because of slow
exchange, which leads to the appearance of two T1 and two T2 time
constants [33,34]. These values are defined by spectral densities
J0; J1; J2 (Ref. [35]) as shown below:

T1f ¼ 2J1; T1l ¼ 2J2; T2f ¼ J0 þ J1; T2l ¼ J1 þ J2 ð3Þ
The actual values of Jmðm ¼ 0� 2Þ are defined in different ways,

depending on convention [34–36]. For example, the spectral densi-
ties can be defined as in the Ref. [35]:

Jm mx0ð Þ ¼ 2pð Þ2
20

v2sc
1þ mx0scð Þ2

ð4Þ

where sc is the correlation time,x0 is the Larmor frequency and v is
a root-mean-square quadrupolar coupling constant.

In the case of the fast motion regime or motional narrowing, the
spectral densities are equal:

J0 ¼ J1 ¼ J2 ¼ 2pð Þ2
20

v2sc ð5Þ

which also results in the equality of relaxation times (T2 ffi T1).
There is also the possibility that sodium ions display a residual

quadrupolar distribution, especially in the presence of electric field
gradients [37,38].

As mentioned previously [20,21], interpretation of the change
of the relaxation times or appearance of the multi-exponential
decay of sodium ions inside porous media could not be explained
in the same way as in the case of protons, using the Brownstein-
Tarr model [39]. However, as shown in this article it also cannot
be explained by the another model where bi-exponential relax-
ation is only assumed, for e.g. sodium ions in agarose gel [40]. Such
model can be named as ‘‘agarose gel model”, which was used for
investigations of sodium ions relaxations in mesoporous systems
[20] and Stevns Klint chalk [21].

Herein, we present experimental measurements of sodium ions
in rock samples saturated with brine at an external magnetic field
(9.39 T). The samples include Berea 500, Fontainebleau 1, Ben-
theimer sandstones, and Austin chalk. By processing different
NMR experimental data we reveal unique behavior of sodium ions
inside porous media, which cannot be explained with the known
models. The observations include – (1) completely different influ-
ence of the pore surface on the relaxation rates of sodium ions with
respect to protons and sodium ions in agarose gel, (2) transfer of
free diffusional regime into motional averaging regime, and (3) dif-
ferent populations of sodium ions with bi-exponential relaxation
and residual quadrupolar distribution. The second observation,
(2), can be detected in the bulk fluids, too. We demonstrate this
with two different consentrations of LiCl solution in 5 mm tubes.
2. Experimental methods

2.1. NMR sequences:

Fig. 1 shows 8 experimental pulse sequences, which were used
in our investigation.

The experimental pulse sequences (Fig. 1a–f) are well known
and are widely used in NMR experiments, whereas the last two
sequences (Fig. 1g,h) are new. The goals of using the Triple Quan-
tum Filter (TQF) methods [35] (Fig. 1e,f) and Quadrupolar Sensitive
Pulse (QSP) [44] methods (Fig. 1g,h) are to assess the presence of
bi-exponentially relaxing spins and spins with residual quadrupo-
lar coupling.

QSP method (Fig. 1g) is sensitive to the slowmotion regime, and
does not excite fast motion regime (under the condition that the
inhomogeneity of the external field is small with respect to
radio-frequency field, mrf ), as described previously. QSP pulse con-
sists of 2 pairs of adjacent pulses with alternative phases and 180�-
pulse between them. The lengths of these four pulses are the same
and equal to: tp,j = (4mrfj)�1, where j � 1:25. QSP experiment can
be used for measurement of the quadrupolar coupling via compar-
ison of the experimental QSP curves (central transition intensities
as function of j) with simulated, as was proposed in Ref. [44].

The last method (Fig. 1h) is a modified Spin Echo experiment,
where the first 90�-pulse is replaced by the QSP-pulse. In this case,
the durations of the pulses around the 180�-pulse (tp,j) in
QSP-pulse are chosen such that a signal of sodium ions with
quadrupolar coupling appears at maximum intensity. This requires
optimization of two parameters - mrf and j.
2.2. Calculations and simulations

Simulations of the pulse sequences (SE, longitudinal and trans-
verse TQFs, QSP and QSP-SE) were performed using MATLAB soft-
ware, the MathWork Inc.. The numerical simulations were
performed using a set of tensor differential equations as described
in Ref. [35]. In order to take into account the influences of the bi-
exponential relaxation and residual quadrupolar interaction during
the acquisition time, which are present in the NMR experiments,
the simulations were performed with 80 us of dwell time and
40 ms of acquisition time and the simulated signals were trans-
formed into frequency domain.

The Inversion Laplace Transform (ILT) of the IR, CPMG and SE
experiments were done using the algorithm described in Ref.
[45], where the imposed regularity control parameter (a) was cho-
sen as 0.2. 350 number of bins were used in relaxation time grid.
The space was logarithmic in range of [0.03:316] (ms).



Fig. 1. (a) Single Pulse (SP) experiment, where the flip angle of the exciting pulse is a variable; (b) Spin Echo (SE) method [41], where the delay time tE is a variable; (c) Carr-
Purcell-Meiboom-Gill (CPMG) method [42], where ntE is a variable; (d) Inversion Recovery (IR) method [43], where the delay time s is a variable; (e) Transverse Triple
Quantum Filter (TQF) method [35], where the delay time s is a variable; (f) Longitudinal Triple Quantum Filter (TQF) method [35], where the delay time s is a variable; (g)
Quadrupolar Sensitive Pulse [44] (QSP), where the flip angles of the four pulses, except 180�-pulse in the middle, are variables: tp,j = (4mrfj)�1, j � 1.25 and mrf is the radio-
frequency field of the pulses; (h) Modified QSP-SE method, where instead of 90�-pulse QSP-pulse is used and the delay time tE is a variable.
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Linear fitting including mono- and bi-exponential were per-
formed using the Levenberg-Marquardt algorithm.
2.3. Materials

Four saturated rock samples, a Berea 500 sandstone, a Fon-
tainebleau 1 sandstone, a Bentheimer sandstone, and an Austin
chalk were acquired from Schlumberger-Doll Research, Cambridge,
USA. Each rock sample was cleaned and cut into a cylindrical plug
with a 22.35 mm diameter and 42.21 mm of height. The samples
were saturated with 0.55 M of NaCl solution (32 ppk) for over
48 h to reach full equilibrium [16]. Before each experiment, the
rock sample was taken out of the brine and wrapped with Parafilm
(Pechiney Plastic Packaging Company, Chicago, IL) to prevent fluid
loss.

Previously it was shown that all three sandstones have a macro-
scopic single-modal distribution of the pore system [6,7,15,46,47],
where on average the size of pores in Berea 500 was around 15–
20 lm, 20–50 lm in the case of Fontainebleau 1, and 30 lm in
the case of Bentheimer. Austin chalk has a dual microscopic pore
system [48], where the size ranges between 5 and 7 lm.

The sample with standard PBS solution (0.137 M of NaCl) was
packed into a plastic tube with a diameter of 18 mm.

Two samples with 0.5 M and 15 M of LiCl solutions were packed
into glass tubes with a diameter of 5 mm.
Table 1
Experimental parameters used in SP, SE, CPMG, IR experiments (Fig. 1a–d).

Materials NSa SWb (kHz) AQc (s) D1d (s)

LiCl:0.5 M/15 M 1/1 8/8 0.51/0.51 200/100
NaCl 40 25 0.1 0.25
Rocks 96 25 0.05 0.25

a Number of Scans.
b Spectral Width.
c Acquisition time.
d Recycle delay.
2.4. NMR experiments

All experiments were performed using a broad-brand direct
observe probes tuned to sodium in the case of 23Na experiments
and lithium in the case of 7Li experiments on a Bruker Avance,
400 MHz spectrometer. Bruker MICWB40 probes were used to col-
lect the data, with a dual-tuned, 25 mm i.d. 1H/23Na and 1H/7Li coil
inserts. Nutation frequencies for 23Na NMR were calibrated using a
5 mm quartz tube with 0.4 M solution of NaCl. In the case of 7Li, the
same samples were used for nutation frequency calibration.

Tables 1–3 list the experimental parameters used.

3. Results and discussions

Fig. 2 shows the single pulse 23Na spectra in the four different
rock samples (Berea 500, Fontainebleau 1, Bentheimer and Austin)
after 90�-pulse excitation, using highest available mrf for this probe
(4 kHz).

Berea 500 (Fig. 2, pink line) has the least intense but broadest
peak and the largest offset with respect to NaCl solution. The width
of almost 16.25 ppm for Berea 500 exceeds broadening that one
could expect from inhomogeneities due to diamagnetic suscepti-
bility alone, and quadrupolar broadening or broadening due to
paramagnetic impurities may be expected. Berea 500 is known to
exhibit strong IGFs (Ref. [27]), which are perceptible even at low
magnetic field [49]. The ratios of the peak integrals of Ben-
theimer:Austin:Berea 500:Fontainebleau 1 are 1:0.87:0.66:0.53.

3.1. Transverse TQF experiments

The potential influence of a quadrupolar interaction and associ-
ated quadrupolar relaxation needs to be investigated as well,



Table 2
Experimental parameters used in TQFs experiments (Fig. 1e and f).

Materials Methods NSa SWb (kHz) AQc (s) D1d (s)

Sandstones Trans_TQF 3600 25 0.05 0.4

Austin Trans_TQF 480 25 0.05 0.4
Long_TQF 2400 25 0.05 0.4

a Number of Scans.
b Spectral Width.
c Acquisition time.
d Recycle delay.

Table 3
Experimental parameters used in QSP and QSP-SE experiments (Fig. 1g-h).

Materials Methods NSa SWb (kHz) AQc (s) D1d (s)

Austin QSP 480 25 0.05 0.25
QSP-SE 512 25 0.05 0.25

a Number of Scans.
b Spectral Width.
c Acquisition time.
d Recycle delay.

Fig. 2. 23Na spectra of brine-saturated (32 ppk, ppk defined as g NaCl/kg H2O) in
Bentheimer (black line), Austin (red line), Fontainebleau 1 (blue line) and Berea 500
(pink line). The resonance offsets of the peaks were calculated with respect to a
NaCl solution (in the plastic tube) (0.135 M) and the full width at half height (Dm)
was determined. In all cases, mrf = 4 kHz. Bentheimer: offset = 49 Hz, Dm = 345 Hz;
Austin chalk: offset = 89 Hz, Dm = 350 Hz; Fontainebleau 1: offset = 34 Hz,
Dm = 364 Hz; Berea 500: offset = 450 Hz, Dm = 1720 Hz. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of
this article.)
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which can be done with Multiple Quantum Filter methods [35].
Fig. 3 shows Transverse TQF (pulse sequence in Fig. 1e) spectra
of sodium ions in four rock samples at different values of the delay
time s. 3600 scans and 480 scans were used for the sandstones and
the Austin chalk, respectively. While there are some weak signals
for the sandstones, only Austin chalk shows significantly intense
signal (Fig. 3d, 2.3% with respect to 90� pulse excitation).

For Berea 500 (Fig. 3a) and Fontainebleau 1 (Fig. 3b), TQF signals
are difficult to distinguish from noise. The sodium TQF signal in the
case of Bentheimer (Fig. 3c) is the largest among the sandstones.
Since all three sandstones contain IGFs, there is some loss of TQF
intensity because of partial cancellation of anti-phase signals
[50]. There is therefore a limit to the ability to quantify the
amounts of bi-exponentially relaxing spins or spins with residual
quadrupolar distribution.

Nonetheless, from these experiments, one may conclude that in
the case of sandstones mono-exponentially relaxing sodium ions
account for the major part of the visible signal, being in fast motion
regime. Slow motion sodium ions represent a minor part. The pos-
sible source of the slow motion signal can be the spins involved in
slow exchange between the surface and the bulk volume of the
pores.

In the case of Austin chalk slow motion sodium ions are
detected, which can have bi-exponential relaxation or residual
quadrupolar distribution, since T�1

3 operators are excited under
both interactions [35].
3.2. Inversion recovery experiments

Fig. 4 shows the T1 distribution obtained IR data using an ILT for
the different rock samples.

As seen in Fig. 4, the T1 distribution of sodium ions can be con-
sidered to be mostly mono-exponential, except for Austin chalk
(Fig. 4e), where a significantly broader distribution is seen. All
peaks for the NaCl solution (Fig. 4a) and the three sandstones
(Fig. 4b–d) have almost the same width, whereas the width of
the peak in the case of Austin chalk is 2.5 times larger. This feature
could be seen as an indication that the distribution of the pore
sizes is broader for Austin chalk than it is for sandstones. Sodium
spins in Fontainebleau 1 (Fig. 4c, T1 = 53 ms), and Bentheimer
(Fig. 4d, T1 = 52.35 ms) exhibit similar T1 as a 0.135 M NaCl solu-
tion (T1 = 53 ms). For Berea 500 (Fig. 4b), T1 = 47.5 ms, which is
only slightly shorter (10%). T1 of 23Na in Austin chalk (Fig. 4e)
has the largest deviation, T1 = 41 ms (23%). For sandstones, we
can conclude that T1 relaxation values of sodium ions are not influ-
enced by the pore surface, whereas in the case of Austin chalk,
there is an influence on T1.

Taking into account TQF experimental results (Fig. 3), T1 distri-
butions (Fig. 4) and the known pore distributions of the investi-
gated rock samples (single pore for sandstones and dual pore
size distributions for Austin chalk), T2 experiments should be done
to demonstrate mono-exponential dependence of the measured
signals for 3 sandstones and multi-exponential dependence for
Austin chalk.
3.3. Qualitative comparison of CPMG and SE signals

For measurements of T2 relaxation values, we performed CPMG
and SE experiments under different experimental conditions of mrf



Fig. 3. 23Na TQF spectra for different delay times s for Berea 500 (a), Fontainebleau 1 (b), Bentheimer (c) and Austin chalk (d). s: 0. 6 ms – black line (in the case of (a) it is
0.2 ms); 2 ms – red line; 4 ms – blue line; 8 ms – pink line and 16 ms – green line. The relative intensity of the red peak was calibrated with respect to 90�-pulse excitation.
3600 scans and 480 scans were used for the sandstones (a–c) and the Austin chalk (d) respectively. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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and tE. Figs. 5 and 6 show CPMG and SE experimental signals as
function of time, respectively.

Comparing Fig. 5 with Fig. 6 a conclusion can be made that the
CPMG signals decay significantly slower than SE signals. For exam-
ple, for Berea 500, CPMG signals decay between ntE 2 0 : 65ð �ms
(Fig. 5a), whereas SE signals decay between tE 2 0 : 20ð �ms
(Fig. 6a). The same behavior can be found by comparing CPMG sig-
nals with SE signals of the other three rock samples.

ILTs of CPMG signals show multi-exponential distributions
(Fig. A1b–e in Appendix A) for all four rock samples. ILTs of SE sig-
nals show mono-exponential distributions for sandstones
(Fig. A2b–d in Appendix A) and multi-exponential for Austin chalk
(Fig. A2e in Appendix A).

Taking into account TQF experimental data and knowledge
about single pore distributions in the case of sandstones, the mea-
sured signals should have mono-exponential decay. Therefore, SE
experimental data are more reliable with respect to CPMG experi-
mental data.

The deviations of CPMG experimental data with respect to SE
can be explained by the fact that some part of the macroscopic
magnetization is not excited and converted properly during the
range of pulses, especially with weaker rf-field due to the influence
of IGFs.

For example, under conditions of tE = 2.29 ms (Fig. 5a, blue line
with squares), CPMG signal decays slower with respect to the case
when tE = 0.34 ms (Fig. 5a, red line with stars). For Fontainebleau 1
(Fig. 5b), a small change of tE from 1.53 ms (red line with stars) to
1.55 ms (blue line with squares) has influence on the behavior of
CPMG signal at longer times (greater than 20 ms). The same behav-
ior can be found in for Bentheimer (Fig. 5c), where CPMG signals
under different tE values begin to diverge with respect to each
other from 50 ms of ntE.
SE signals in 3 cases (except Berea 500, Fig. 6a) also have a
dependence on the experimental conditions. However, this depen-
dence can be explained by the influence of the diffusion in the
presence of IGFs for Fontainebleau 1 (Fig. 6b) and Bentheimer
(Fig. 6c); and bi-exponential relaxation or residual quadrupolar
interaction in the case of Austin chalk (Fig. 6d).
3.4. Quantitative processing of SE signals

Fig. 7 shows experimental SE signals under 4 kHz of rf-field and
comparisons with single exponential decay signals. We fitted sin-
gle exponential decay signals to Berea 500 (T2 = 6.95 ms), Fon-
tainebleau 1 (T2 = 15.1 ms), and Bentheimer (T2 = 17.7 ms), and a
bi-exponential decay signal to the Austin data (T2 = 1.6 and
11.3 ms with probabilities 0.32 and 0.68, respectively). For Berea
500 (Fig. 7a) and Austin chalk (Fig. 7d), the exponential decay sig-
nals fit the data well. For Fontainebleau 1 (Fig. 7b) and Bentheimer
(Fig. 7c) these single exponential decay signals generally fit the
data well, except for tE � 10 ms.

It is clear that bi-exponential models (‘‘agarose gel model”) also
would not be suitable to describe the data for Fig. 7b,c. In the case
of bi-exponential dependence of the signal, the signal decays faster
at short times and slower at long times. If the measured signals in
Fig. 7b,c would have bi-exponential dependence, the single expo-
nential decay signals had to decay faster with respect to measured
signals at long times. Fig. 7b,c show opposite behavior. Therefore
the measured signals cannot be fit with bi-exponential decay
signals.

This deviation can be explained by the influence of the diffu-
sion, which in turn, can be assessed quantitatively (Fig. 8) assum-
ing that the value of the effective T2 changes with the delay time tE.



Fig. 4. T1 probability distributions from 23Na IR experiments in NaCl, which represents bulk sample (a), Berea 500 (b), Fontainebleau 1 (c), Bentheimer (d) sandstones and
Austin chalk (e) under mrf = 3.5 kHz in the case of (a) and mrf = 4 kHz in other cases. The scale of the x-axis is linear.
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Eq. (6) shows the dependence of inverse effective spin-spin
relaxation on echo time:

T�1
2;eff tEð Þ ¼ T�1

2 þ T�1
D 1� exp � tE=Bð Þ2

n oh i
ð6Þ

With this formulation, the data for Fontainebleau 1 and Ben-
theimer fit quite well (Fig. 8).

The values of TD and B of 23Na in Fontainebleau 1 and Ben-
theimer are almost equal: TD ¼ 52:08 ms;B ¼ 28:6 ms and
TD ¼ 69:4 ms;B ¼ 29:4 ms, respectively.

The time-dependence of T�1
2;eff (Eq. (6)) proves an influence of

the diffusion in the presence of IGFs, since effective spin-spin
relaxation is decreased with increasing tE.

Eq. (6) does not have a theoretical basis and was obtained
experimentally. However, some conjectures can be made, taking
into account possible regimes like free diffusional and motional
averaging. In order to interpret the relationship between the
parameters and these possible regimes, it is helpful to expand
Eq. (6) into a Maclaurin series,
T�1
2;eff tEð Þ � T�1

2 þ TDB
2

� ��1
t2E þ 3TDB

4
� ��1

t4E þ 	 	 	 ð7Þ

It is clearly seen that if we take into account the first two terms of
Eq. (7) (the constant and the t2E term), this expression corresponds to
the expression as in free diffusional regime [27]. At times tE > 1:7B,
the inverse of the spin-spin relaxation time (Eq. (6)) becomes time-
independent like for motional averaging regime [27].

The parameter B defines how fast the inverse of the spin-spin
relaxation achieves its plateau value. In the case where the brine
is diluted, it should depend on the pore size lS and inversely on
the diffusion coefficient D0, and hence may have a proportionality
according to

B / l2S=D0 ð8Þ
Such inverse dependence of parameter B on D0 and indepen-

dence from IGFs can be simply explained by the fact that in the
case of D0 ? 0, IGFs should not have any influence on the measured
signal, even when IGFs?1.



Fig. 5. Experimental CPMG S(ntE) signals as function of ntE: (a) Berea 500, (b) Fontainebleau 1, (c) Bentheimer, (d) Austin for different values of rf-field, mrf and the delay time
tE: (a) mrf = 3.5 kHz and tE = 0.34 ms – red line with stars, mrf = 0.5 kHz and tE = 2.29 ms – blue line with squares; (b) mrf = 3 kHz and tE = 1.53 ms – red line with stars, mrf = 4 kHz
and tE = 1.55 ms – blue line with squares; (c) mrf = 3 kHz and tE = 1.53 ms – red line with stars, mrf = 3 kHz and tE = 3.93 ms – blue line with squares; (d) mrf = 4 kHz and
tE = 0.85 ms – red line with stars, mrf = 4 kHz and tE = 2.25 ms – blue line with squares. In all cases, tE = 2s + t180, where t180 is the length of 180�-pulse. The scale of axis x is
linear and y is logarithmic. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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If lS value is very small, the ions will jump multiple times
between walls with respect to the measured time, which will aver-
age out the influence of IGFs to some constant value. In the case of
very large lS, this influence is not averaged and it should be time
dependent. Therefore, parameter B should have direct dependence
on lS.

Substituting Eq. (8) into Eq. (7), taking into account the second
term only (the t2E term), and comparing it with the known expres-
sion of the free diffusional regime without constants [27], one
obtains

D0=l
2
s

� �2

TD
t2E / D

0
cgð Þ2t2E ð9Þ

where c- is the gyromagnetic ratio and g is the internal magnetic
field gradient (linear approximation). From this expression, one
can obtain TD. The value of TD�1 is defined as:

T�1
D / cgð Þ2l4S=D0 ð10Þ

which defines the known motional averaging regime [27].
Therefore, free diffusional and motional averaging regimes are

linked with each other and they are not independent as reported
previously [15].

In the case when the brine is not diluted, in all Eqs. (8)–(10) the
value of the pore size lS is replaced on the mean free path, which
determinates the average distance traveled by the sodium ion
between collisions with other sodium ions.

The last statement can be validated experimentally. We per-
formed additional experiments using 2 bulk. 7LiCl solutions under
0.5 M and 15 M of concentrations were put in 5 mm glass tubes
and SE experiments were performed (Fig. 9). 7Li ions were chosen
as detected spins due to their long relaxation times (in seconds).

Dependence of T�1
2;eff of lithium ions on tE in the bulk samples can

be described in the same way as in the case of sodium ions in the
pores of the saturated rock samples (Eq. (6)).

The same behavior of T�1
2;eff of lithium ions in the bulk samples

can also be considered as an additional confirmation that SE exper-
imental data are more reliable than CPMG. If we assume that the
obtained SE T2 values of sodium ions in all four rock samples are
smaller than CPMG T2 values due to the influence of the diffusion
(and not due to another reason), we would not observe the same
behavior of T�1

2;eff for lithium and sodium ions.
Figs. 7 and 8, showed the influence of the diffusion in the pres-

ence of IGFs in the case of two of the sandstones, where during SE
experiment free diffusional regime was transformed into motional
averaging. For Berea 500 (Fig. 7a) the experimental and single
decay signals fit well for all tE. Therefore, for Berea 500 we could
assume that the sodium ions are in motional averaging regime
from the beginning of SE experiments. This assumption can be
rebutted though, by performing 23Na nutation experiments
(sequence in Fig. 1a) for the four saturated rock samples, where
the magnetization is measured as function of the flip angle of the
excited pulse. Fig. 10 shows the results of 23Na nutation experi-
ments for the 4 saturated rock samples using different rf-fields, mrf.

Berea 500 has IGFs, which are detectible even at low magnetic
field [49]. At 9.7 T, IGFs have strong influence, which is noticeable
at 4 kHz of rf-field (Fig. 10a, thick black curve). Regardless on the
value of rf-field the minimal negative signal is higher in absolute



Fig. 6. Experimental SE S(tE) signals as function of tE: (a) Berea 500, (b) Fontainebleau 1, (c) Bentheimer, (d) Austin for different values of rf-field, mrf: (a) mrf = 3.5 kHz – red line
with stars, mrf = 0.5 kHz – blue line with squares; (b) mrf = 4 kHz – red line with stars, mrf = 0.3 kHz – blue line with squares; (c) mrf = 4 kHz – red line with stars, mrf = 0.1 kHz –
blue line with squares; (d) mrf = 4 kHz – red line with stars, mrf = 0.1 kHz – blue line with squares. The scale of axis x is linear and y is logarithmic. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 7. Experimental (red) and the fitted (black) 23Na SE data as a function of tE: (a) Berea 500, T2 = 6.95 ms; 1 (b) Fontainebleau 1, T2 = 15.1 ms; (c) Bentheimer, T2 = 17.7 ms
(d) and Austin T2A = 1.6 ms, T2B = 11.3 ms. In all experiments mrf = 4 kHz. A mono-exponential fit was used in (a)–(c), and a bi-exponential fit for (d). The scale of the y-axis is
logarithmic and x is linear. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 8. The experimental (red, mrf ¼ 4kHz) and fitted (black) SE signals as a function of tE for 23Na in Fontainebleau 1 (a) and Bentheimer (b), where spin-spin relaxation
includes the transition from the free diffusional regime to the motional averaging regime according to Eq. (6). Inserts show the functions describing the change of the effective
T2 rate. The fitted parameters become (a)T2 ¼ 15:1 ms; TD ¼ 52:08 ms; B ¼ 28:6 ms; (b) T2 ¼ 17:7 ms; TD ¼ 69:4 ms; B ¼ 29:4 ms. The scale of y-axis is logarithmic. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 9. (a) The experimental (markers, mrf ¼ 4kHz) and fitted (lines) SE signals as a function of tE for 7Li in 0.5 M (blue color) and 15 M (red color) of LiCl concentrations, where
spin-spin relaxation includes the transition from the free diffusion regime to the motional averaging regime according to Eq. (6). The scale of y-axis is logarithmic and x-axis is
linear. (b) Change of the effective T2 rate in time in the case of 0.5 M (blue line) and 15 M (red line). The fitted parameters become: blue line -
T2 ¼ 15:87 s; TD ¼ 2:35 s; B ¼ 2:24 s; (b) T2 ¼ 3:33 s; TD ¼ 4 s; B ¼ 3:78 s. (For interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)
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value with respect to the positive. The measured signal achieves
the largest value under 0.5 kHz of rf-field with 227� of the flip
angle.

It was previously shown that IGFs are relatively small at low
magnetic fields for Fontainebleau 1 (Ref. [46]) and Bentheimer
(Ref. [15]). The nutation curves in Fig. 10b, c are consistent with
these findings – the minimal negative signal, which is higher in
absolute value with respect to the positive signal, is detected under
weak rf-field only (0.1 kHz, pink lines).

The last observation shows the similar behavior of the nutation
curves for all three sandstones. Since for Fontainebleau 1 and Ben-
theimer the influence of the diffusion was observed after at least of
6 ms of echo time, the diffusion should not have an influence on
sodium ions in Berea 500 during this period of time, too. Therefore,
the diffusion does not have influence on the measured SE signals of
Berea 500 in Fig. 7a.

The behavior of sodium ions in Austin chalk under weak rf-
fields is opposite with respect to sandstones. For rf-fields like
0.5 kHz and 0.1 kHz the minimal negative signals in absolute val-
ues are smaller than the positive ones. This could be explained
by strong spin-spin relaxation, or a residual quadrupolar distribu-
tion. The possibility of a residual quadrupolar distribution is con-
sidered latter in the next section.
To summarize this section, SE experiments show mono-
exponential behavior of the measured signals in the case of the
sandstones and multi-exponential behavior for Austin chalk. CPMG
experiments show multi-exponential behavior of the measured
signals for all the rock samples. CPMG experiments are found unre-
liable, because TQF experiments performed here (Fig. 3a–c) and
previous knowledge of macroscopic mono-modal pore distribu-
tions prove that measured signals should have mono-exponential
dependence.

For all the sandstones, the T1 values are similar to that of NaCl
solution, whereas the values of T2 are significantly smaller (3–7.6
times).

Additionally, in the case of Fontainebleau 1 and Bentheimer, for
tEJ6 ms, the diffusion in the presence of IGFs started to influence
the experiments, which led to a decrease of T2 in both the cases
(Fig. 7b,c and Fig. 8). The quantitative influence of the diffusion
on the total value of the relaxation time is described by Eq. (6).
Sodium ions during the SE experiments are in free diffusion regime
initially, which transforms to motional averaging regime after time
tE > 1:7B: This demonstrates that these regimes are linked and can-
not be considered independently from each other. Such behavior is
also detected in the bulk fluids like 7LiCl solutions under different
concentrations.



Fig. 10. Dependence of 23Na signal in Berea 500 (a) Fontainebleau 1 (b), Bentheimer (c) and Austin (d) on the flip angle of Single Pulse (Fig. 1a) under different values of rf-
field, mrf: mrf = 4 kHz – thick black line; mrf = 3 kHz – red line; mrf = 0.5 kHz – thick blue line and mrf = 0.1 kHz – pink line. All signals were normalized to the absolute maximum
value of the signal for each sample. The maximum signal points are in Berea 500 for mrf = 0.5 kHz with flip angle 227�; in Fontainebleau 1 for mrf = 0.5 kHz with flip angle is
248�; in Bentheimer for mrf = 4 kHz with flip angle 85� and Austin for mrf = 4 kHz with flip angle 81�. The flip angles are based on the nominal flip angles at found at this power
for a NaCl solution of concentration 0.4 M (5 mm quartz tube). All intensities were taken in absolute values. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)

E. Nimerovsky / Journal of Magnetic Resonance 302 (2019) 72–87 81
The behavior of sodium ions inside porous media is definitely
different from the behavior of protons in porous media or behavior
of sodium ions in agarose gel. Decrease of T2 and unchanged T1 do
not occur due to the influence of diffusion and not because ions are
‘‘outside the motional narrowing regime” (Ref. [21]).

This difference in the behavior is not easy to explain. The
sodium ions are sensitive to the electric fields gradients, since
the quadrupolar interaction is a consequence of the interplay
between the quadrupolar moment of spins and the electric fields
gradients. The electric fields gradients could also decelerate the
motion of the ions to cause anisotropic motion and increase the
rotational correlation time (sc), thereby affecting the relaxation
rates further. In the case of Berea 500, strong paramagnetic impu-
rities contribute to the electric fields also, thus leading to a larger
decrease of T2 in this rock as compared to other sandstones.

3.5. Austin chalk

Comparison between the simulated and the experimental data
on Austin chalk (longitudinal TQF, QSP-SE) establishes the model
of the distribution of sodium ions inside chalk pores.

Austin chalk displays a significant TQF signal (Fig. 3d). The ori-
gin of the signal is not self-evident. The case of a residual
quadrupolar interaction needs to be considered too. In order to
determine whether sodium ions have residual quadrupolar distri-
bution or motion-induced bi-exponential relaxation, we compared
the simulated and experimental transverse and longitudinal TQF
signals. If the signal depends on bi-exponentially relaxing spins
only, the obtained relaxation parameters in Fig. 11a (transverse
TQF experiment) have to be the same as in Fig. 11b (longitudinal
TQF experiment).
The obtained relaxation times in Fig. 11a and b have a large dif-
ference between them. For example, the short component of the T2s
is 0.53 ms in the case of Fig. 11a, whereas it equals to 7.75 ms in the
case of Fig. 11b. Since the longitudinal TQF signal depends on the bi-
exponential relaxation only, whereas the transverse TQF signal
depends on the residual quadrupolar interaction it is reasonable
to develop a model where sodium ions in Austin chalk has both a
bi-exponential and a residual quadrupolar coupling pools of spins.

This is further investigated using a modified QSP-Spin Echo
experiment (sequence in Fig. 1h), where the first 90�-pulse in the
SE experiment was replaced by a QSP-block (sequence in Fig. 1g).
The QSP-pulse is sensitive to the quadrupolar interaction (the sen-
sitivity of QSP-pulse depends on the experimental parameters, mrf
and j, as was described in Ref. [44]). This pulse also excites the
spins with different values of T1 and T2. However, the efficiency
of the pulse is significantly smaller in the last case.

Therefore the QSP-SE experiment can be used as an additional
tool for the investigation of the different types of spins. With the
best-fit simulated data, we calculated the outcome of the QSP-SE
signals and compared them with the experimental signal
(Fig. 11c). The experimental QSP-SE signal (red stars) deviates from
the simulated signals as a function of the delay time (the spectral
densities were used from Fig. 11a and b in each case), which shows
that sodium ions do not have bi-exponential relaxation and resid-
ual quadrupolar distribution at the same time.

Comparing the experimental and simulated data of four differ-
ent experiments (longitudinal and transverse TQF, SE and QSP-SE),
the relative population of sodium ions in Austin chalk was
obtained. Table 4 shows the relative concentrations, relaxation
times and the values of the quadrupolar distribution of the differ-
ent types of sodium ions in Austin chalk.



Fig. 11. (a) and (b) 23Na experimental (red stars) and simulated optimal (blue and black lines) transverse (black curve) and longitudinal (blue curve) TQF curves as a function
of s: (a) The optimal values of spin-spin relaxation times are T2s = 0.53 ms, T2l = 12.27 ms and T1s = 7.69 ms, T1l = 29.94 ms (J0 ¼ 1800 Hz; J1 ¼ 65 Hz; J2 ¼ 16:7 Hz. J0; J1; J2
are the spectral densities35); (b) The optimal values of spin–spin relaxation times are T2s = 7.75 ms, T2l = 18.72 ms and T1s = 12.82 ms, T1l = 34.72 ms
(J0 ¼ 90 Hz; J1 ¼ 39 Hz; J2 ¼ 14:4 Hz). (c) 23Na experimental (red diamonds) and simulated (blue and black lines) QSP-SE curves as a function of s. The black curve was
obtained with the values were found in (a) and the blue curve was obtained with the values found in (b). The rf-field (0.8 kHz) and the lengths of adjacent pulses (j = 1.25 and
tp = 0.25 ms) were chosen such that the QSP signal had the maximal value. All simulations were performed using a set of tensor differential equations as described in Ref.[35].
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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The ratios between the first, second, and third types are
0.12:0.39:0.49. The spins with concentrations of 49% and 39% have
a quadrupolar distributions with single T2 values of 5.75 ms and
0.75 ms, respectively. The probability of the quadrupolar distribu-
tion was modeled with the normalized Lorentzian function:

P mQð Þ ¼ 2p�1c= c2 þ m2Q
h i

ð11Þ

where P(mQ) is a probability to find a spin with the quadrupole fre-
quency mQ. For 49% concentration, c ¼ 0:21 and the quadrupole fre-
quency values span between mQ ¼ ½0 : 1:4� kHz, whereas for 39%
concentration c ¼ 0:3 and the quadrupole frequency values span
betwen mQ ¼ ½0 : 2� kHz.

The spins with 12% concentration has bi-exponential relaxation
with values of spin-spin relaxation times T2s = 4.48 ms and T2l =
17.82 ms (J0 ¼ 180 Hz; J1 ¼ 43 Hz; J2 ¼ 13:1 Hz). The values of
spin-lattice relaxation times are T1s = 11.62 ms and T1l = 38.2 ms.

Fig. 12 shows the experimental and the simulated transverse
and longitudinal TQFs, SE and QSP-SE signals with these
parameters.

There is a good agreement between the simulated and the
experimental signals (Fig. 12). However, a deviation is observed
in the SE experiment (Fig. 12c) after a delay time of 
22 ms. This
deviation also can be explained with the influence of the IGFs in
the presence of diffusion. After 
22 ms, only bi-exponentially
relaxing spins contribute to the signal (because of the long part,
T2l = 17.82 ms), and therefore only they are subjected to the influ-
ence of the diffusion.

Fig. B1-3 in Appendix B provide further proof for the hypothesis
of the distribution sodium ions in porous media of Austin chalk.

Fig. B1 shows that the location parameter in normalized Lorent-
zian function (Eqs. B(1) and B(2) in Appendix B), mQ ;mean, is zero and
the probability of the quadrupolar distribution is described by Eq.
(11). Fig. B2 shows QSP spectra at j = 1.25 under different values of
rf-field, in which background spectra become larger with increas-
Table 4
The values of the relative concentrations, relaxation times and the values of the quadrupo

Group of spins Relative concentration (%) Type of the relaxation T2 (ms)

1 12 bi- 4.48; 17
2 49 Mono- 5.75
3 39 Mono- 0.75
ing values of rf-field. The background spectrum is a sign of the
presence of residual quadrupolar distribution.

Fig. B3 compares experimental and simulated QSP curves [44],
which show a good agreement.

To summarize, this section shows the analysis of the experi-
mental data of 23Na in the pores of Austin chalk, obtained with dif-
ferent experiments. The model of the population distribution of
sodium ions in the pores of Austin chalk was obtained by compar-
ing the simulated and experimental signals in SE, TQFs and QSP
experiments. The characteristics of the 3 populations are:

– 39% of the population have mono-exponential distribution with
0.75 ms T2 and Lorentzian quadrupolar distribution with values
between [0:2];

– 49% of the population have mono-exponential distribution with
5.75 ms T2 and Lorentzian quadrupolar distribution with values
between [0:1.4];

– 12% of the population have bi-exponential relaxation with
T2s = 4.48 ms, T2l = 17.82 ms and zero averaged quadrupolar
interaction.

The relative concentrations of 3 populations are not exact, since
8 variables were optimized to determine them (two relative popu-
lations, two mono-exponential values, two bi-exponential values,
two quadrupolar distributions). However, we can say with cer-
tainty that spins with bi-exponential relaxation and residual
quadrupolar distribution are different and the population of the
first is significantly smaller with respect to the second.

Austin chalk has a dual microscopic pore system. 39% and 49%
population of sodium ions are absorbed in the pores with smallest
and largest sizes, respectively.

The third population of bi-exponentially relaxing spins arises
from the exchange of spin ions between these different pores as
well as between the walls and the bulk of the pores. This exchange
leads to the dependence of this population on the influence of the
diffusion in the presence of IGFs.
lar distribution sodium ions in Austin chalk based on assuming three types.

Type of the quadrupolar distribution Width of the distribution (kHz)

.82 None –
Lorentzian [0:1.4]
Lorentzian [0.:2]



Fig. 12. (a) and (b) 23Na experimental (red stars) and simulated (black line) transverse and longitudinal TQF curves as function of s. mrf ¼ 4 kHz. (c) 23Na experimental (red
stars) and simulated SE curve (black line) as function of tE. mrf = 4 kHz. The scale of the y-axis is logarithmic. (d) 23Na experimental (red stars) and simulated QSP-SE (black
line) curves as function of s. The scale of the y-axis is logarithmic. All simulated signals were calculated with the parameters are shown in Table 4. All simulations were
performed using a set of tensor differential equations as described in Ref. [35]. (For interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)
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4. Conclusion

Here we reported the investigation of the unique properties of
sodium ions in the pores of Berea 500, Fontainebleau 1, Bentheimer
sandstones and Austin chalk under external magnetic field of
9.39 T.

SE experimental data were consistent with the previous obser-
vations – mono-exponential distributions for sandstones and
multi-exponential for Austin chalk. CPMG experimental data
demonstrated false multi-exponential distributions for sandstones.

Two models (Brownstein-Tarr model or ‘‘agarose gel model”)
could be used for characterization of the behavior of sodium ions
inside porous media based on previous findings. The first model
has been successfully used when protons are detected spins. The
second model recently was applied in 23Na 2D T1-T2 experiments,
where mesoporous systems [20] and Stevns Klint chalk [21] porous
media were investigated. However, our findings indicate that ions
in general could not be accurately described by these two models.

Brownstein-Tarr model takes into account the influence of the
diffusion in the presence of IGFs. However, it does not take into
account the anisotropic motion which causes a decrease in T2
and leaves T1 unchanged; and the slow motion regime, which
can cause bi-exponential relaxation and residual quadrupolar dis-
tribution in the same pore.

‘‘Agarose gel model” considers the presence of bi-exponential
relaxation only and therefore the influence of the diffusion, the ani-
sotropic motion or residual quadrupolar distribution can be
overlooked.
We showed with different NMR experiments that T2 values of
sodium ions inside all four saturated rock samples decreased due
to the anisotropic motion. However, we did not provide any quan-
titative description of this phenomenon and further investigations
are required. For the theoretical description, the interactions
between the electric moments of sodium ions and the instanta-
neous electric moments linking to the porous media should be con-
sidered. In addition to anisotropic motion, for Fontainebleau 1,
Bentheimer and Austin chalk we detected influence of the diffusion
in the presence of IGFs. Moreover, we found the link between free
diffusional and motional averaging regimes. We also demonstrated
that the link between these two regimes could be detected in the
bulk samples, e.g. LiCl solutions in 5 mm tubes. Since the quantita-
tive link between these regimes were derived empirically, further
investigation of this phenomenon is required.

In the case of Austin chalk, we obtained three different popula-
tions of sodium ions. Two of them had mono-exponential relax-
ation and Lorentzian residual quadrupolar distributions. The
third small population had bi-exponential relaxation.

A new theoretical model is needed for the accurate interpreta-
tion of the unique behavior of spin ions.

Although pore size cannot be obtained directly from 23Na relax-
ation experiments as in the case of 1H experiments, different
unique and important data can be obtained with these
experiments.

We believe that the data and conclusions will be useful in future
investigations where spins in ionic states are considered regardless
of the size and nature of media.
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Appendix A

Inverse Laplace transforms of SE and CPMG experiments

Fig. A1 shows T2 distribution from CPMG data. In all four cases,
the distributions are multi-exponential (Fig. A1b–e). For compar-
ison, T2 probability distribution of sodium ions in NaCl solution
(0.135 M) is shown (Fig. A1a).

Fig. A2 shows T2 distribution from SE data. The distributions for
3 sandstones are mono-exponential (Fig. A2b–d) and for Austin
), Fontainebleau 1 (c), Bentheimer (d) sandstones and Austin chalk (e). The scale of x-



Fig. A2. Probability distribution of T2 of 23Na SE experiments in NaCl (a), Berea 500 (b), Fontainebleau 1 (c), Bentheimer (d) sandstones and Austin chalk (e). The scale of x-axis
and y-axis are linear.
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chalk is multi-exponential (Fig. A2e). For comparison, T2 probabil-
ity distribution of sodium ions in NaCl solution (0.135 M) is shown
(Fig. A2a).
Appendix B

QSP experiments

We assume here that the quadrupolar distribution of sodium
ions in the pores of Austin chalk can be considered as Lorentzian:

P mQð Þ ¼ 2p�1c= c2 þ mQ � mQ ;meanð Þ2
h i

ðB1Þ

where mQ ;mean is the mean quadrupole frequency (the localization
parameter), and mQ � mQ ;mean.

Fig. B1a and b show the simulated QSP curves when mQ ;mean ¼ 0
(a) and when mQ ;mean ¼ 0:2kHz (b). Fig. B1c shows experimental QSP
data of sodium ions in Austin chalk.
When mQ ;mean–0 (Fig. B1b), the behavior of the simulated QSP
curves depends on the values of the rf-field significantly, whereas
for mQ ;mean ¼ 0, the reverse is true. The trend for mQ ;mean ¼ 0 is also
observed in the QSP experiments (Fig. B1c). Therefore, we conclude
that sodium ions in Austin chalk can have a quadrupolar distribu-
tion with mQ ;mean ¼ 0 and Eq. (B1) can be written as:

P mQð Þ ¼ 2p�1c= c2 þ m2Q
h i

ðB2Þ

Fig. B2 shows QSP spectra under different values of mrf and
j = 1.25.

In all cases of Fig. B2, we observe that the width of the back-
ground spectrum increases until mrf = 0.8 kHz (the QSP signal has
a maximal intensity of 5.3% with respect to the hard 90�-pulse
signal). Beyond this power, the width no longer changes with
increasing rf-field. This proves that some parts of the sodium ions
in Austin chalk have a residual quadrupolar distribution.

Fig. B3 compares the experimental (red stars) and simulated
(black lines) QSP curves of sodium ions in Austin chalk, where



Fig. B1. (a) and (b) Simulated QSP curves under different values of mrf, when mQ ;mean ¼ 0 (a) and mQ ;mean ¼ 0:2 kHz. In two cases c ¼ 0:15. (c) 23Na QSP curves in Austin chalk
under different values of mrf. In all cases, mrf (kHz) = 0.3 (thick blue line), 0.4 (red line), 0.5 (thick black line), 0.6 (cyan line), 0.8 (thick pink line). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. B2. 23Na QSP spectra in Austin chalk for different values of rf-freld: mrf = 0.3, 0.4, 0.5, 0.6, 0.8, 1.173, 1.5, 2 (kHz). In all cases, j = 1.25.

Fig. B3. The comparison of the experimental (red stars) and simulated (black lines) QSP curves for different values of the rf-field: mrf (kHz) = 0.3 (a), 0.4 (b), 0.5 (c), 0.6 (d), 0.8
(e) and 1.173 (f). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

86 E. Nimerovsky / Journal of Magnetic Resonance 302 (2019) 72–87
simulations were performed with the parameters from Table 4 in
the main article. The simulated QSP curves are in good agreement
with the experimental data points for different values of rf-field. In
Fig. B3a, the simulated QSP curve has a significant deviation from
the experimental data with respect to the other cases. This devia-
tion can be explained with the influence of rf inhomogeneity and
IGFs during weak pulses (0.3 kHz). Nevertheless, the dependence
of QSP on j is similar in both simulated and experimental data.
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