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Abstract

Nuclear Magnetic Resonance (NMR) spectrometry has proved to be a good technique for
determining the petrophysical properties of reservoir rocks; such as porosity and pore size
distribution. We investigated how pore water rich in divalent ions affect the NMR signal from
chalk with two different depositional textures. We compared two cases. The first experiments
on outcrop chalk with high salinity brines showed that saturation with divalent ions
(Mg**,Ca**and SO,%) cause major shifts in the 7 distribution curve, probably due to
precipitation in the pore space. In a second set of experiments, fluid samples where
precipitation takes place were found to show shifts in the 7, relaxation curve due to the
creation of crystals. We were able to identify how differences in the rock texture and
precipitants within the pore space may affect the transverse relaxation time by altering the
surface-to-volume ratio of the pore space. The results of this work could benefit the ongoing
study on the optimization of the water composition for Enhanced Oil Recovery (EOR)
methods and shed light on how it can affect the mechanical and physical properties of the
rock.
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1. Introduction

One of the ongoing challenges of the oil and gas research is to enhance the oil recovery by
altering the salinity and the composition of the ions in the water used in advanced
waterflooding methods. Low salinity flooding has been used in sandstone reservoirs [7] and
indications of an effect of divalent ions have been observed in carbonates [1, 8] but the
mechanisms behind these observations are poorly understood. By varying the salinity and
ionic composition of the brine used for saturation, the mechanism behind pore water action in
the chalk can be revealed. Studies have shown that seawater contains divalent ions (calcium,
magnesium and sulphate) that are potential determining ions for the chalk surface [6, 8].
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Laboratory experiments show that the variation of the salinity and ion concentration can
improve the oil recovery in carbonates [9]. But this water injection in carbonates could affect
the mechanical properties of the rock. Previous studies have illustrated the effect of the
chemical composition of the fluid used for saturation and flooding on the mechanical strength
of the chalk [5]. Precipitation reactions that may occur after the injection of water that contain
those responsible ions may also affect the mechanical properties of the rock and could
damage the contact between the grains of the porous medium [3]. Changes in the grain
contact may alter the surface-to-volume ratio of the pore space and thus the relaxation rate.
These phenomena create a complex problem that is related to a variety of parameters;
temperature and pressure at reservoir conditions, alterations of wettability or chemical
processes on the surface of the calcite due to the brine used for the saturation or injection. As
a result we need to simplify the system and check the effect of each parameter individually on
the porous medium under investigation. Previous work [3] has shown that the potential
determining ions Mg+2 and Ca* may change the specific surface of the pore space of the
outcrop chalk from Stevns Klint and affect the mechanical properties of the rock. These
effects were successfully illustrated in the T, distributions of the saturated rock. Checking
each of the responsible divalent ions alone could help us identify how each one could affect
the pore space stiffness and consequently the surface-to-volume ratio in a carbonate reservoir.
This evaluation may lead to better predictions of the reservoir response to water injection.
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F1g Backsatte electron microgrphs of cha sampe ro ock ST with mstone texture
(left), and chalk sample from block MA with wackestone texture (right).

In the current paper, we present data from petrophysical investigations of outcrop chalk to
illustrate the interaction of divalent ions with the surface of this porous medium with the use
of low-field NMR. Laboratory experiments and mineralogical investigation were conducted
on core plugs saturated with different fluids to evaluate the effect of salinity and specific ions
(Mg**, Ca® and SO,*) on the surface-to-volume ratio of outcrop chalk samples with two
different textures (Figure 1). We studied the T, relaxation distributions of the fully saturated
chalk samples and how they are affected by the presence of individual ions.

2. Theory and Methods

2.1 Rock materials

Outcrop chalk from Stevns Klint near Copenhagen, Denmark, was used for the present study.
We obtained two different blocks (MA and ST-block) from the same area but different beds.
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The two blocks differ in texture as ST represents carbonate mudstone and MA represents
carbonate wackestone (Figure 1).

2.2 Mineralogical Investigation

Table 1. Physical properties of the blocks of outcrop chalk, ST and MA.

Parameter ST-Block MA-Block
Mean value of gas permeability (mD): 6 5
Mean value of porosity (%): 42 38
p2 in water saturated conditions (um/s): 1.5 2.5
Carbonate content (%): 99 99
Specific surface, Sggr (mz/g): 1.7 1.6
Specific Surface of IR, Sggr (mz/g): 50 70

2.2.1 Carbonate content

For the outcrop chalk under investigation, approximately 100 milligrams of each block
were crushed in order to specify their carbonate content. The sample was suspended in 250 ml
distilled water and 25 ml (£0.01) of 0.5 N (x0.001) HC] were added. After 24 hours the
solution was boiled on a hot plate for 20 minutes to remove the CO,. The solution was then
cooled to room temperature. After adding a known amount of phenolphthalein indicator (~5
ml), the solution was titrated with NaOH of 0.5 N (£0.01). The above-mentioned procedure
was performed twice for each block and the average results are presented in Table 1.

2.2.2 Collection of Irreducible Residue (IR)

The insoluble residue (IR) in both blocks of outcrop chalk represents all the non-carbonate
minerals within our samples. The carbonate was totally dissolved in 2 N CH3COOH solution
at pH =2.23:

CaCO; + 2CH3;COOH — 2CH3(CO0),— + Ca® + H,0 + CO, 1. 2)

The products of the reaction and excess acetic acid were removed by washing with distilled
water. The insoluble residue, that represents 1% of the chalk, was dried at 60°C for 48 hours.

2.2.3 Specific Surface

The specific surface of the samples was obtained with the nitrogen adsorption method,
BET [2]. The dry sample had to be partially crushed in order to fit the test tube (~5 mm). The
same technique was used to acquire the specific surface area of the insoluble residue. The
measured specific surface, Sggr (m2/g) was recalculated to specific surface with respect to
bulk volume, S, (1/um), using the following equation:

S, =Sperp, (1 @), (3)

where ¢ is the porosity and p, (g/cm3) the grain density.
Finally we obtained the specific surface with respect the pore space (Table 2 and 3) by
using the following formula:

S,=5,/9. )
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Table 2. Core plug properties from the ST-block of outcrop chalk.

Core ID Bullgcxrfr(l)})u e Grzzgr}cdrigl)sny por}cl)zliltl;r?% ) Sy (1/pm) T5.nax (mMS)
ST-02 54.67 2.71 42 6.4 117
ST-03 55.03 2.71 42 6.4 100
ST-06 55.54 2.71 41 6.6 105
ST-11 53.34 2.71 42 6.4 110
ST-12 53.68 2.70 42 6.3 105
ST-13 56.26 2.71 41 6.6 100
ST-15 54.81 2.71 42 6.4 64
ST-16 53.81 2.71 43 6.1 66
ST-17 54.96 2.70 43 6.1 70
ST-19 55.53 271 43 6.1 143
ST-20 55.29 2.71 42 6.4 145
ST-21 54.26 2.71 41 6.6 146
ST-22 52.68 270 41 6.6 138
ST-23 55.55 2.71 43 6.1 137
ST-24 55.07 2.71 43 6.1 140

Table 3. Core plug properties from the MA-block of outcrop chalk.

Core ID Bull((c\rfrcl)})u me Grzzgr}cdrigl)sny por}cl)zliltl;r?% ) Sy (1/um) T3 pax (msS)

MA-01 52.54 2.71 38 7.1 52

MA-02 50.81 2.71 38 7.1 58

MA-03 53.18 2.70 38 7.0 58

MA-04 51.75 2.70 38 7.0 49

MA-05 50.93 2.70 38 7.0 47

MA-06 51.36 2.70 36 7.7 44

MA-07 50.69 2.70 39 6.8 42

MA-09 50.37 2.70 38 7.0 42

MA-10 50.04 2.70 37 7.4 38

MA-14 51.98 2.70 37 7.4 49

MA-15 49.66 2.70 38 7.0 61

MA-16 50.22 2.70 38 7.0 49

MA-17 51.16 2.70 37 7.4 58

MA-18 50.35 2.70 38 7.0 58

MA-19 51.14 2.70 38 7.0 58

2.3 Porosity and permeability measurements

After drilling the core plugs, they were dried for 4 days at 55°C; helium porosity and gas
permeability were measured (Tables 2 and 3). The bulk volume of the samples was
determined with the use of Archimedes’ method using mercury immersion. The calliper was
also used to measure the length and diameter of the samples so as to confirm the evaluated
bulk volume. The two results were in good agreement.
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2.4 Saturation

Samples were placed in desiccator and vacuum was created by a water pump while brine
was poured into the desiccator gradually until the samples were covered with brine. After one
week the achieved level of saturation was calculated for each core plug. The degree of
saturation was determined using the dry weight, the saturated weight, grain volume by helium
expansion and brine density. The density of the brines was measured using a digital density
meter of high accuracy (+0.001 g/cm®). The achieved level of saturation is shown in Table 4.

2.5 Nuclear Magnetic Resonance

Low-field NMR is a technique commonly used in petrophysical logging and core analysis.
It involves a series of manipulations of the hydrogen ('H) nuclei, which are abundant in both
water and hydrocarbons.

The NMR measurements consist of the alignment of the hydrogen nucleus (proton) with
the use of static and oscillating magnetic fields and their relaxation after the removal of the
second field. 7 is a characteristic time that represents the decay of the protons within the
fluid after their polarization. The T, decay time is a function of the distance of the protons
from the surface walls, fluid properties (hydrogen index, viscosity, ionic composition),
formation mineralogy and molecular diffusion.

After each NMR measurement, an inversion technique converts the decay curves into a 7
spectrum. The relaxation of protons close to the solid surface is faster than that of the protons
in the free flowing fluid [4]. The T, relaxations were measured using the Carr, Purcel,
Meiboom, Gill (CPMG) pulse sequence. With the use of a CPMG pulse sequence, effects of
magnetic gradients can be minimized and therefore relaxation due to diffusion is negligible.
Assuming that the bulk fluid relaxation is slow compared to surface relaxation, the relaxation
rate, 1/T, (1/ms), in these NMR experiments is proportional to the surface-to-volume ratio,
S/V (1/um) of the pore space, and the surface relaxivity, p, (um/s), in a homogenous porous
system [4]:

1

=P

S (5)
T, "V

The surface-to-volume ratio represents the specific surface of the pore space, S¢ (1/um),
hence the above-mentioned equation could be written as follows:

1
T_2 =S (6)

If we assume the surface relaxivity constant, then the transverse relaxation time is very
sensitive to changes in the surface-to-volume ratio of the porous medium. The specific surface

of the pore space of the chalk under investigation, S¢ (1/um), was measured by nitrogen

adsorption, BET, and the 7 in equations (5) and (6) represents the value of 7, at maximum
amplitude; hence we obtained the surface relaxivity.

In the present study, NMR measurements were made using a GeoSpec2 NMR Core
Analyzer at 2.25MHz, 35°C and atmospheric pressure.. The T, relaxation spectra were
generated using the WinDXP (Oxford Instruments, UK) software. All measurements were
conducted at high Signal to Noise Ratio (SNR>200) for bigger reliability of our results. The
recycle delay (repetition time) was selected at 40s, number of echoes at 16000, and the CPMG
inter echo spacing (1) at 50 ps. The n/2 and = pulses were 9.75 ps and 19.5 ps, respectively.
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2.6 Chalk samples and brine

Fifteen cylindrical samples from each block were collected and divided into groups of six
and then saturated with five different aqueous solutions (deionized water, sodium chloride
solution, magnesium chloride solution, calcium chloride solution and sodium sulfate
solution). The concentration of the salts (NaCl, MgCl,, CaCl, and Na,;SOy4) in each solution
is selected so as to maintain the same ionic strength (1.83 mol/L) in all cases. The selection of
multiple plugs allowed us to verify the repeatability of our results.

Table 4. Saturation of core plugs.

Brine used Fluid . Brine used Fluid .
Conc. . Saturation Conc. . Saturation
Core ID for (o/L) density (%) Core ID for (e/L) density (%)
saturation & (g/cm3 ) ¢ saturation & (g/cm3) ¢
ST-02 o 96 MA-01 o 99
sT-03 Deiomized 9093 g6 MA-o2 Delonized 0903 0
water water
ST-06 96 MA-03 99
ST-11 97 MA-04 99
sT-12 Nadl 100 1.0687 95 MA-0s 100 1.0687 97
solution solution
ST-13 95 MA-09 99
ST-15 95 MA-06 97
sT-16 MeCh o se 1 0a36 95 MA-00  MeCho o se a3 99
solution solution
ST-17 95 MA-10 98
ST-19 97 MA-14 98
ST-20 CaCl, 68  1.0492 926 MA-15 CaCl, 68  1.0492 97
solution solution
ST-21 99 MA-16 98
ST-22 100 MA-17 96
sT23 NSO o001 o7 MA-18  NSO«a o0 g1 oo
solution solution
ST-24 95 MA-19 99

Table 5. Physical properties and information concerning the saturation of the samples saturated with
calcite equilibrated water.

Bulk Grain Helium Fluid

) . So . Saturation  Topax P2
Core ID volume density porosity density
em) (gem) (@) () (gem (B M) ()
ST-07 56.21 2.71 42 6.4 95 106 1.5
ST-08 55.02 2.71 42 6.4 0.9974 95 106 1.5
ST-09 54.70 2.71 42 6.4 95 121 1.3

For the preparation of the brines, which were used for the saturation, all salts used were
dissolved in calcite equilibrated water. For the equilibrated calcite solution, synthetic CaCOj3
(>98% CaCOs3, 10 microns) was used. Approximately 50 grams of this powder was poured
into a beaker containing five liters of deionized water. The solution remained on the stirrer at
room temperature (~20°C) and equilibrated with atmospheric CO,,, until the calcite
concentration indicates that it is equilibrated. The concentration at this stage was 24 ppm. For
the preparation of the brines all salts used were dissolved in the calcite equilibrated water
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(Table 4). In addition to the cases of saturation presented above, three more plugs were
saturated with calcite equilibrated water (24ppm) to illustrate that this brine does not affect
the T, relaxation time on chalk. Information concerning the physical properties and the
saturation of those samples is given in Table 5.

While preparing the magnesium and calcium solution for the saturation, in which we
mixed MgCl, and CaCl, salts with calcite equilibrated water, we observed their reaction with
the use of low field NMR. Two samples were prepared and their 7, relaxation was measured
every few hours, till a shift to lower relaxation times occurred due to a precipitation reaction
that took place within the solution. In the case of the Ca-rich brine a few crystals were visible
in the bottom of the beaker where the salt was mixed with the calcite carbonate equilibrated
water a few minutes after the dissolution of the salt. The results of those measurements are
shown in Figure 2. In both samples the 7 distribution stopped shifting to lower times after
100 hours. The shift of the T, curve happened faster for the case of the Ca-rich brine. Since
these brines were later used for the saturation of our samples they were filtered in order to
remove as many precipitants as possible. Further precipitation took place in the solutions,
after they spent seven days under vacuum conditions along with the chalk samples during the
saturation.

2500 |
2400 A 1 \
2300 ~ \ i
H \
2200 ~ N,
2100 +
1111 I —
~ 2000
E
e [}
% 1900 -
il
1800 - 1.
1700 . . )
= Magnesium chloride solution
1600 | = Calcium chloride solution
1500 ‘ .
1 10 100 1000

Time of measurement (hr)
Figure 2. Observed precipitation reaction for the cases of MgCl, and CaCl, dissolved in the calcite
equilibrated water. On the y-axis is shown the maximum value of the 7, distrbution for every
measurement. On the x-axis it is the time of each measurement; the solution was prepared at time zero,
while it required approximately 15 minutes to finish the first NMR measurement.

Low field NMR measurements were performed on the brines used for the saturation, after
they spend seven days in vacuum conditions along with the chalk samples. In addition to
those brines we prepared similar brines (sodium chloride solution, magnesium chloride
solution, calcium chloride solution and sodium sulphate solution) with the same ionic strength
(1.83 mol/L) but this time the salts were dissolved in deionized water.
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Figure 3. The T, relaxation of (a) 20 ml fluid samples of the solutions based in deionized water and (b)
30 ml fluid samples of the solutions used for the saturation. In case (a) no carbonates are present inside
the fluid. In case (b) the salts where dissolved in water that contained calcium and carbonate ions and
they spend seven days under vacuum conditions with the chalk for the saturation. The T, relaxation
time is given in milliseconds on the x-axis while the amplitude is normalized in machine units on the
y-axis.

3. Results

3.1 Brines before and after contact with chalk

Figure 3 presents the T, distribution of the brines prepared with deionized water and after
these brines spent seven days along with the chalk samples during the saturation. Figure 3
illustrates that when no precipitation took place the T, curve of the brine is always similar to
the T, curve of the deionized water. In the cases of sodium chloride solutions and when the
salts of MgCl,, CaCl, and Na,SO,4 where dissolved in deionized water, there is no extra
surface inside the fluids to speed up the relaxation. Changes in the amplitude of those curves
are due to changes in the amount of water molecules within the samples. When MgCl,, CaCl,
and Na,SO,4 were mixed with calcium carbonate equilibrated water, the NMR signal shifted
to low T, (Fig. 3a).

3.2 Outcrop chalk saturated with divalent ions (ST-block)

Figure 4 presents all the T, distributions obtained from the plugs from the ST-block after
the saturation. The repeatability among the measurements is illustrated in the same figure
since for each case of saturation all three plugs gave similar results. In Figure 5 we present the
average of the three curves of each case in one so as to illustrate the effect of the deionized
water and each ion (Na*', Mg**, Ca** and SO4) on outcrop chalk. From the T, distributions
we can observe that saturation with deionized water, Ca-equilibrated water and sodium
chloride rich water results in similar 7>-distribution. By contrast saturation with Mg-rich
brines leads to faster relaxation of the protons and saturation with Ca and SOy-rich brines
leads to slower relaxation than the deionized water.
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Figure 4: The T, distribution of the saturated ST-plugs. Different colours represent saturation with
each of the solutions. The three lines of the same colour represent the three different samples saturated
with the same solution. The 7, relaxation time is given in milliseconds on the x-axis while the
amplitude is normalized in machine units on the y-axis. A clear representation of Figure 4 is shown in
Figure 5 where the average lines are illustrated.
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Figure 5: The average T, distribution of the saturated ST-rocks. Each of the lines represents the
average line of the three cases with the same colour from Figure 4. The T, relaxation time is given in
milliseconds on the x-axis while the amplitude is normalized in machine units on the y-axis.
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3.3 Outcrop chalk with high surface-to-volume ratio saturated with divalent ions (MA-
samples)

Figure 6 presents all the 7, distributions obtained from the plugs from the MA-block after
the saturation. From those curves we can identify two connected pore spaces. The first peak of
those curves represents the typical pore space of chalk; just a few micrometres, and the
second peak represents the relaxation of the fluid that exists in intra fossil porosity. In that
case the fluid is freer and requires longer time to relax.

Again, the derived curves for each saturation match, so we illustrate their average
distributions in Figure 7. From the derived average T, curves we can conclude that saturation
with Mg-rich brines leads to faster relaxation of the protons than Ca and SO4-rich brines.

18000
16000 - = Deionized water
== Sodium chloride solution
= Magnesium chloride solution
14000 - === Calcium chloride solution
== Sodium sulfate solution
12000 -~
~— 10000 -
=
=
o 8000 -
=
=
o, i
= 6000
e
4000 -~
2000 A
0 < :
10 100 T, (ms) 1000

Figure 6: The T, distribution of the saturated MA-plugs. Different colours represent saturation with
each of the solutions. The three lines of the same colour represent the three samples saturated with the
same solution. The T, relaxation time is given in milliseconds on the x-axis while the amplitude is
normalized in machine units on the y-axis. A clear representation of Figure 6 is shown in Figure 7
where the average lines are illustrated.

4. Discussion

The T, distributions of the brines used for the saturation show that excess surface is
generated in the fluid when magnesium, calcium and sulphate ions are in contact with the free
carbonates that exist in the calcite equilibrated water (Fig. 3). This excess surface increased
the surface-to-volume ratio and as a result the relaxation rate increased as well since the
surface relaxivity is always the same for the bulk fluid in equation (6). The water close to the
surface of the precipitants obtains faster relaxation than the free fluid. The 7, distributions
show that even the smallest amount of calcium and carbonate in the water can contribute to
the creation of magnesium- and calcium carbonates as well as calcium sulphate that are
responsible for the creation of excess specific surface within the fluid.
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Figure 7: The average T, distribution of the saturated MA-samples. The T’ relaxation time is given in
milliseconds on the x-axis while the amplitude is normalized in machine units on the y-axis.

Checking the signal of the brines in Figure 3, we can observe that the precipitants within
the calcium chloride solution lead to faster relaxation than the precipitants within the
magnesium chloride solution. This could be an indication of their quantity; more and smaller
precipitants create more surface within the bulk fluid causing the molecules to relax faster.

As concluded in earlier studies [3, 5], saturation of carbonates with divalent ions as Mg+2
and Ca*” leads to precipitation reactions that might change the surface-to-volume ratio and as
a result affect the 7', relaxation time. As shown in Table 2 and 3, we measured the specific
surface at dry conditions and used the porosity, and grain density to get the surface-to-volume
ratio of the porous medium. For the samples that were later fully saturated with deionized
water, NMR measurements were performed and we were able to obtain the 77,,.x. Using this
value and the surface-to-volume ratio in dry conditions and equation (6) we obtained the
surface relaxivity. This value is independent of any surface reactions that may have occurred
after the saturation. If we consider that the surface relaxivity does not change after the
saturation, and the shifts in the 7, distribution are only due to changes in the surface-to-
volume ratio we can calculate the specific surface of the plugs after the saturation with
divalent ions. We consider, p,= 1.5 um/s for the ST-samples and p,= 2.5 um/s for the MA-
samples after the saturation and using equation (6) we recalculate the specific surface of the
pore space as presented in Table 6.

As observed the surface-to-volume ratio increases in all cases after the saturation with Mg-
rich brines while reduces after the saturation with Ca and SOy-rich brines. Possibly the
precipitants of magnesium carbonates remain in the pore space of the medium increasing the
specific surface, while the calcium and sulfate cover the surface of the grains and as a result
reduce the specific surface.
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Table 6. Surface-to-volume ratio after the saturation if the surface relaxivity is not affected by the
presence of divalent ions.

Brineused S;indry  S,in wet Core Brineused S,indry  S,in wet

Core ID for conditions conditions D for conditions  conditions
saturation (1/pm) (1/pm) saturation (1/pm) (1/pm)
p2=1.5 um/s p2=2.5 um/s
ST-15 MoCl 6.2 11.1 MA-06 MeCl 6.9 9.5
} gll, } ghlz
ST-16 solution 6.1 10.7 MA-09 solution 7.1 9.5
ST-17 6.1 10.1 MA-10 7.2 10.6
ST-19 CaCl 6.1 5.0 MA-14 CaCl 7.2 8.1
aCl, aCly
ST-20 solution 6.2 4.9 MA-15 solution 7.1 6.5
ST-21 6.4 4.9 MA-16 7.1 8.1
ST-22 N2.SO 6.4 5.1 MA-17 Na.SO 7.2 6.9
a20Uy4 a20Uy4
ST-23 solution 6.1 5.2 MASES solution 7.0 6.9
ST-24 6.1 5.1 MA-19 7.0 6.9

In Figure 8 we compare the case studies of ST and MA-samples under investigation.
The area under the curve that represents the porosity of the samples remains similar, since it
corresponds to ~38% and ~42% respectively, but the T, curves for MA-samples are broader
and shifted to lower relaxation times. In Table 1 we presented the surface relaxivity of those
blocks, and although the specific surface is comparable, MA-samples have a larger surface
relaxivity than the ST-samples. The specific surface of the non-carbonate components of the
MA-block is approximately 1.5 times higher than the one of the ST-block (Table 1). The MA-
samples thus have a broader pore-size distribution than the ST-samples, so that the use of the
T, peak for calculating p, for MA samples may give less reliable results than in the case of
ST-samples where the T, peak is narrow.

5. Conclusions

Low field NMR was successfully used to identify changes in the surface-to-volume ratio of
outcrop chalk after the saturation with brines containing divalent ions. The same technique
was also used successfully to detect the precipitation reactions that occurred among the
magnesium, calcium and sulfate ions and the carbonates.

In the NMR experiments conducted in this study the relaxation rate was significantly
affected by changes in the surface-to-volume ratio when the surface relaxivity was assumed
constant. Chalk saturated with Mg-rich brines resulted in a shift to low 7, indicating
precipitation within the pore space of the medium that increases the specific surface of the
pore space. The precipitation reaction between calcium and sulfate ions and carbonates led to
an increase in 7, probably resulting from coating of the calcite crystals of the chalk and the
resulting reduction of the specific surface of the pore space. Two different blocks of chalk
with different texture illustrate how T, relaxation time varies as a result of different pore size
distribution.
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Figure 8: Comparison of the average 7, distributions of the saturated ST and MA-samples. The 7,
relaxation time is given in milliseconds on the x-axis while the amplitude is normalized in machine
units on the y-axis.
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