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Quantitative imaging of sodium concentrations in soil-root
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Abstract
Aims Demonstrating the potential of MRI as a 3D, non-
invasive and continuous measurement technique to map
Na+ concentration distributions in soil and around roots.
Methods Dissolved NaCl in soil and soil-plant systems
was mapped by 3D 23Na-MRI. The lower limit of de-
tectability in saturated and unsaturated porous media
was evaluated, followed by evaporation experiments to
test the quantification. Finally, Na+ enrichment around
tomato roots, irrigated with saline solution under low/
high transpiration rates (LT, HT), was imaged in parallel
to the root system,.

Results A spin echo pulse sequence allowed the quan-
titative mapping of the volume concentration of NaCl in
sandy porous medium. Evaporation experiments
showed slight enrichment in the top surface layer, plus
uniform temporal enrichment in the deeper layers. In the
tomato experiments, enrichment was more distinct un-
der HT than under LT. Concentration-distance correla-
tion curves revealed thin enrichment zones ranging a
few mm around the roots.
Conclusions MRI can map Na+ non-invasively in 3D at
relevant concentrations for root activity. Visualizing
water content, roots and Na+ on the same scale is pos-
sible, despite limitations of different scanning times and
resolution. This opens a route for further quantitative
investigations of salt enrichment processes in soil and
soil-plant systems.

Keywords Na+ accumulation . Na+ distribution . Roots
and soil . Saline irrigation . NMR . 23Na-MRI

Introduction

Salinity is a major environmental factor limiting agri-
cultural crops productivity, since most crops are sensi-
tive to salinity stress caused by high salt concentrations
in the soil (Rodriguez et al. 1997). When plants tran-
spire, water moves from the soil to the roots and then to
the transpiring leaves along pressure gradients
(Denmead and Shaw 1962). Moreover, there is a corre-
lation between the amount of water transpired and min-
eral uptake from the soil (Barber 1962) so that Na+
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movement toward the root will also be affected by
transpiration rate. On the other hand, semipermeable
properties of the root surface lead to accumulation of salt
outside the root and give rise to an additional osmotic
potential, impeding water uptake. Thus, the interplay
between transpiration rate, osmotic potential and the
ability of roots to extract water from saline soil often
limits growth and development of plants (Rodriguez
et al. 1997). Previous studies have reported differences
in Na+ accumulation around roots depending on transpi-
ration rate, with higher Na+ concentrations around the
roots compared with the bulk soil for higher transpiration
rates (Riley and Barber 1970; Sinha and Singh 1974).

The sensitive nature of roots in soil often requires
special equipment and procedures for their studies
(Polomsky and Kuhn 2002). This applies in particular
to the investigation of the root-soil interface. Moreover,
studies aiming to quantify root growth in soils are often
limited by the lack of suitable methods for time-lapse,
non-destructive measurements (Kuchenbuch and
Ingram 2002). In today’s root research, there is therefore
a growing need to develop new imaging methods that
allow simultaneous, non-invasive mapping of root
growth and architecture in combination with a quantita-
tive mapping of the distribution of water and dissolved
substances in soils.

Various root studying platforms have been devel-
oped to track root growth non-invasively, hydroponics,
aeroponics, agar and germination paper (e.g., Hund
et al. 2009). Nevertheless, some are limited to primary
growth only and methods like hydroponics and
aeroponics are not suitable for measuring processes at
the root interface, like solute gradients. A solution to
these problems can be using a paper-based growth sys-
tem such as rhizoslides (Jorda et al. 2018; LeMarié et al.
2014; Perelman et al. 2020), as they provide a relatively
simple access to solute gradients around roots. Howev-
er, it is impossible to track root development in three
dimensions (3D) as the root system grows on top of the
paper. In contrast, quantitative imaging of 3D root traits
in soil can help achieving better mechanistic under-
standing of root system architecture (RSA) as it de-
velops in the natural soil environment (Metzner et al.
2015). X-ray-computed tomography (X-ray CT) is be-
coming a common method for 3D imaging of roots
(Flavel et al. 2012; Koebernick et al. 2014; Mairhofer
et al. 2015), but, in contrast to MRI, is unsuitable to
detect dissolved NaCl at low concentrations. Although
NaCl was used occasionally as contrast agent in medical

X-ray-CT (Billich et al. 2008), the concentrations of
such NaCl solutions are lethal for plants and therefore
inconvenient for plant studies. On the other hand, mag-
netic resonance imaging (MRI) offers the potential of
imaging root system architecture, processes at the root-
soil interface, and NaCl distribution at low concentra-
tions non-invasively and in 3D (Olt et al. 2000).

MRI is a convenient imaging technique for non-
invasive 3D imaging of subsurface soil processes in real
time and time dependent. It is best known from medical
diagnostics where it has been regularly used for over
30 years. Since then, applications of MRI for imaging
structures and processes in geo- and material-sciences
have become more and more common. Its advantages
are its non-invasiveness, its sensitivity to water or some
dissolved ions, and that it offers a many ways of spec-
ifying the signal information by variation of experimen-
tal parameters.

NMR microimaging methods have been developed
for applications in material and geosciences (Blümich
2000; Blümich et al. 2014; Callaghan 1991; Neu et al.
2010), but also for the imaging of root-soil processes
(Haber-Pohlmeier et al. 2019; Haber-Pohlmeier et al.
2018). They typically use vertical magnets with bore
sizes of only some centimeters and allow finer resolu-
tion and higher sensitivity for smaller specimens such as
plants or soil columns, although the sample size is
limited (Haber-Pohlmeier et al. 2019; Van As 2007).
The use of MRI in environmental sciences is not restrict-
ed to water but also allows the examination of hydrocar-
bons or other NMR active nuclei such as 23Na, 19F, and
others (Rokitta et al. 2004; Simpson et al. 2007). In this
context the imaging of Na+ in porous media is of high
interest especially due to the high ecological and eco-
nomical importance of salinization processes in soils
(Hadrich 2011; Welle and Mauter 2017).

SodiumMRI in porous media has some special prob-
lems, making it somewhat more difficult to use than
hydrogen nucleus MRI. The quadrupole magnetic mo-
ment of 23Na and the smaller gyromagnetic ratio cause
significantly lower sensitivity and enhanced signal de-
cay, i.e. relaxation (Kausik et al. 2018; Mitchell and
Fordham 2017). The stronger contribution of bulk re-
laxation compared to surface relaxation implies that the
relaxation acceleration of Na+ in porous media is only
observed for pore sizes smaller than 1 μm (Rijners et al.
2004). During the last decade, several groups have
started using MRI for studying Na+ transport and crys-
tallization in inorganic building materials (Pel et al.
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2016; Rijners et al. 2004) or food (Veliyulin et al. 2009),
but it has also been applied to plant sciences. For exam-
ple, Rokitta et al. (2004) and Olt et al. (2000) used 23Na+

microimaging for studying physiological adaptations of
salt tolerant plants by monitoring the Na+ distribution in
living plants and characterizing the tissue using relaxa-
tion time mapping. Nevertheless, none of these studies
monitored changes of Na+ distribution in the soil and its
accumulation at the root-soil interface as a function of
the plant water uptake and transpiration rate. Therefore,
the potential of 23Na MRI for investigation of soil sam-
ples should be explored in more detail.

This conceptual study intends to demonstrate the
potential of MRI as a 3D, non-invasive, non-
destructive and time lapse measurement technique that
quantifies spatio-temporal dissolved Na+ concentration
distributions in soil and around roots. The general ob-
jective was the non-invasive 3D monitoring of Na+

distribution in soil and around roots by MRI, which, to
our knowledge, has not yet been carried out. First, the
NMR relaxation properties of the 23Na signal in sandy
soil were determined since these properties are the basis
for any NMR image interpretation. Part of this step was
also the verification of proportionality of the observed
NMR echo intensity to the volume concentration of
dissolved Na+. In the second step, we monitored the
evaporation driven NaCl accumulation at the soil sur-
face in bare sand by MRI. The quantitative imaging of
Na+ in soils by MRI was evaluated by comparing the
total Na inflow with the amount determined in the MRI
images. The third step comprised a study of the Na+

accumulation patterns in soil columns during water
uptake by tomato root systems under high and low
transpiration conditions. The Na+ concentration was
imaged with 23Na-MRI and the roots with 1H-MRI.
The co-registered Na and root images were used to
assess Na accumulation patterns around roots for differ-
ent transpiration rates.

Materials and methods

MRI principles MRI is based on the quantum mechan-
ical effect of nuclear magnetic resonance, NMR. Nucle-
ar magnetism results from the nuclear spin of several
atomic nuclei such as 1H, 23Na, 19F, and 13C and the
linked microscopic magnetic moments. Among these,
the hydrogen atom nucleus with a spin of ½ is most
widely used due to its high abundance in many organic

or inorganic systems in form of water, hydrocarbons, or
lipids and its high NMR sensitivity. The spins interact
with an external magnetic field B0 by alignment of their
projection either parallel or antiparallel to its direction z
with given energy levels. Where γ is the gyromagnetic
ratio of the nucleus under consideration. The energy
levels, two in case of 1H, which are separated by an
energy of ħγ |B0|, are populated according to
Boltzmann’s law resulting in an observable macroscop-
ic magnetization for an ensemble of spins. This magne-
tization can interact with external rf – radiation if it is in
resonance with the Larmor frequency νL = γH|B0|/2π. In
most cases, the excitation radiation is applied in form of
a pulse with a length of some microseconds to few
milliseconds. It results in a precession motion of the
magnetization around z with the Larmor frequency
which is detected by the receiver system and creates a
signal S0. Immediately after excitation, the precessing
magnetization decays with two relaxation processes
termed as T1 and T2. For the sake of simplicity, we
restrict on NMR of liquids in the following, for details
please refer to the literature (Blümich 2000; Blümich
et al. 2014; Callaghan 1991; McRobbie et al. 2007). The
relaxation times as well as the signal depend on the
water content of the sample, the interaction of the liquid
with its chemical and physical surroundings, and of the
local diffusional and translational motion.

The inverse relaxation times are composed of differ-
ent terms describing bulk relaxation, surface relaxation,
and, in case of T2, relaxation due to diffusion in mag-
netic field gradients. In porous media one expects fol-
lowing relations (Coates et al. 1999):

1=T1 ¼ 1=T1;bulk þ ρ1S=V and 1=T2;e f f

¼ 1=T2;bulk þ ρ2S=V þ 1=T2;di f f
� � ð1Þ

where the subscript indices refer either to longitudinal
(T1) or transverse (T2) relaxation. The bulk relaxation
terms describe unrestricted motion of liquids or dis-
solved ions in solution. The influence of faster relaxa-
tion at the pore walls is incorporated by specific surface
relaxivity parameters ρ1 and ρ2 and the pore surface to
volume ratio S/V. The additional term in square brackets
for T2 relaxation describes the acceleration of relaxation
due to diffusion in internal magnetic field gradients.

Imaging The precessing magnetization can be manipu-
lated by additional switching of magnetic field gradients
plus additional rf-pulses. In magnetic resonance
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imaging, MRI, magnetic field gradients are applied in
the Cartesian directions, x, y, and z to spatially encode
the signal, for details please refer to the literature, e.g.
(McRobbie et al. 2007). Finally, the image is obtained
by Fourier transformation of the raw signal, which is
recorded in the time domain. It can be either a multi-
slice or a 3D image. Please note that this is one funda-
mental difference to other important 3D imaging
methods such as X-ray-CT and neutron-CT, where pro-
jection images are monitored in real space. Furthermore,
the MRI signal relies on the interaction of the excited
spin ensemble with the local dynamics of the liquid in
the porous system or the biological tissue, whereas for
X-ray- and neutron-CT the interaction is the attenuation
of the primary beam.

In MRI, the entire combination of magnetic field
gradients and rf pulses is termed as pulse sequence.
The contrast relies on the interplay of the physical
properties of the system with the type of pulse
sequence and its parameters. Thus, there are many
pulse sequences available, which are set up for spe-
cial purposes. In general, liquid content, relaxation
times or diffusion effects weight the contrast. More-
over, physical parameters such as spin density (vol-
ume concentration of the nuclei under consideration
such as 1H or 23Na, e.g. water or NaCl content),
relaxation times, diffusion coefficients, or flow ve-
locities can be mapped directly. This is possible
either by adequate setting of parameters (see below)
or by application of additional filters prior to the
imaging part of the sequence.

The working horse of MRI in porous media is the so-
called spin echo pulse sequence. The spatially resolved
voxel signal Sx,y,z obeys the following relation assuming
a 90° excitation rf-pulse:

Sx;y;z ¼ S0;x;y;z 1−exp −
tR
T1

� �� �
exp −

tE
T2;eff

� �
ð2Þ

where S0,x,y,z is proportional to the spin density, i.e. the
number of 1H or 23Na+ atoms or ions, respectively, per
volume. The repetition time tR and the echo time tE are
set by the operator. If the repetition time tR is signifi-
cantly longer than the longitudinal relaxation time T1
and if the echo time tE is significantly shorter than the
effective transverse relaxation time T2,eff, the signal
Sx,y,z is proportional to the water or sodium content in
the respective voxel. For this reason, one should deter-
mine the transverse and longitudinal relaxation times

prior to imaging experiments. In practice, it is possible
to tune the pulse sequence to be sensitive for the spin
density (water or NaCl content) by setting tE > > T2,eff
and tR > 5 x T1 in Eq. 2.

MRI experiments All experiments were conducted in
a Bruker super wide bore (SWB) scanner with a
field strength of 4.7 T corresponding to Larmor
frequencies of 52.9 MHz for 23Na and 200 MHz
for 1H. The system was equipped with a 600 mT/
m gradient system. Two 40 mm and 66 mm birdcage
resonators were available for imaging of 23Na and
1H, respectively. An insertable mini gradient system
with a maximum strength of 1.4 T/m and 25 mm
birdcage resonators for 23Na and 1H allowed higher
resolution. All scans were controlled by a Bruker
Avance III console and Paravision software (Bruker,
Rheinstetten, Gemany). 23Na imaging was per-
formed by a 3D spin echo sequence with an echo
time tE = 2.6 ms, an acquisition bandwidth bw =
50 kHz, and a repetition time tR = 0.3 s. Further
important parameters of the imaging experiments
are summarized in Table 1. With the given field-of
view (FoV) and image matrix sizes we could obtain
typical resolutions of 1 mm. NMR relaxation times
were measured additionally for diluted 0.2 mol/L
NaCl solutions in sand by CPMG and inversion-
recovery (IR) sequences with following parameters.
The echo times ranged from tE = 0.5 ms to 4.0 ms,
the acquisition bandwidth was bw = 50 kHz, and the
repetition time was tR = 0.3 s. The obtained relaxa-
tion curves were analyzed by inverse Laplace trans-
formation to calculate relaxation time spectra
(Prospa software, Magritek, New Zealand).

Calibration The calibration sample employed in this
study was composed of a bundle of four glass tubes
with 15 mm inner diameter and a porous plate as bottom
for wetting and desiccation. Each tube was filled with
sand (FH31, Quarzwerke Frechen, Gemany) with a
packing density of 1.6 g/cm3 and saturated from bottom
with NaCl solutions of 0.04, 0.1, 0.2 and 0.4 mol/L to a
volumetric water content of θ = 0.36 cm3/cm3. Subse-
quent degrees of water contents of θ = 0.30 cm3/cm3,
0.25 cm3/cm3 and 0.16 cm3/cm3 were adjusted by press-
ing the tubes on filter papers for desiccation. The bundle
was scanned by the 40 mm resonator at the given
saturation degrees using a 3D spin echo sequence, see
Table 1.
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Evaporation The NaCl accumulation in a sand pack-
ing was imaged in a Perspex column of 30 mm inner
diameter filled with sand (FH31, Quarzwerke
Frechen, Gemany) to a height of 50 mm so that
the entire sample fitted well into the irradiated vol-
ume of the 40 mm 23Na resonator (Fig. 1c). The
column was closed at the bottom by a porous plate
with an air entry value of −70 cm and connected to a
Mariotte bottle filled with 0.02 M and 0.03 M NaCl
solutions. It was placed on a balance outside the
magnet to monitor solution loss due to evaporation
and could be vertically shifted. Thus we adjusted
steady-state water contents corresponding to hydrau-
lic heads of −10 cm and − 20 cm for the two evap-
oration series. The evaporation was started by guid-
ing a stream of 120 L/h dry N2 gas 2 cm above the
surface of the sand packing inside the magnet and
monitored the 23Na for 8 days. Finally, we scanned
the water content distribution by replacing the col-
umn into the 66 mm 1H resonator without discon-
nection from the Mariotte bottle so that the hydrau-
lic head remained unchanged. Table 1 summarizes
the pulse sequence details.

Accumulation in tomato root systems Tomato plants
were grown in glass cuvettes (20 mm diameter,
100 mm height), filled with FH31 sand up to ca.
80 mm (Fig. 1d) and equipped with a 5 mm wide
marker tube containing 0.05 mol/L NaCl for calibra-
tion and positioning. Plants were irrigated with sa-
line water (EC = 4.5 dSm−1 or 0.0416 mol/L) and
were grown under two transpiration rates, high and
low (see section 2.1). The low transpiration rate was
adjusted by putting the plant into a desiccator so that
the relative humidity was close to 100%, whereas
for the high transpiration rate the plant remained in
the air-conditioned room at a relative humidity of
60%. The average transpiration rates were 0.54 cm/
day and 0.3 cm/day, the temperature was 23 °C, and
the illumination strength was 400 μmol/(m2s) for
12 h a day. The cuvettes were irrigated from the
bottom by capillary rise in a small container. Six
weeks after seeding, each plant was scanned twice:
firstly, with the 1H-coil for imaging the RSA, and
secondly with the 23Na-sensitive coil for mapping
the Na+ distribution. The samples were positioned in
the magnet’s bore at a temperature of 18 °C and in
the dark so that the plants were barely transpiring.
These conditions allowed long measurement times

without dehydration or significant changes in the
soil water content. The entire column was not
scanned since it would require three different scans
at three depths, which would have been too time
consuming. The duration of a single scans and their
FoV are included in Table 1.

Image processing The 1H images representing the
RSA were processed without filtering by segmenta-
tion of the roots from the surrounding soil material
using the region growing tool implemented in the
image processing software Fiji (Schindelin et al.
2012) and subsequent binarization. Finally, a 2D
Euclidean distance transformation was performed
on all slices of the binary RSA images for later
correlation with the Na+ concentrations using IDL
(Harris Geospatial Solutions, Inc., Broomfield, CO).

The 23Na images were sine-filtered before inverse
Fourier transformation to remove random noise out-
side the cuvettes. The sodium concentration maps
were calculated next by normalization of the inten-
sities of the 23Na images on the intensity of the
built-in marker tube, filled with defined NaCl solu-
tion. In the next step, the sodium concentration
maps, and the RSA images were co-registered man-
ually to match resolution and orientation by transla-
tion and rotation operations. This was followed by
the correction of systematic vertical signal intensity
inhomogeneities with help of the marker tube con-
taining a solution of 0.05 mol/L NaCl. Finally, Na+

concentration maps were obtained by normalization
on the marker tubes. The correlation diagrams be-
tween Na+ concentration and distance to the nearest
root were obtained analogous to the procedure used
for volumetric water content distance maps. First,
the co-registered Na+ images were scaled to the
resolution of the RSA images. Second, the data were
collected on Cartesian grid coordinates together with
the respective distance values, obtained from the
distance transform map of the RSA image and the
Na+ concentrations. Thus, the resulting 5 column
matrix was composed of the three Cartesian grid
coordinates, the distance to the nearest root and the
Na concentration. A plot of the concentration in
each voxel vs its distance to the nearest root is
termed “concentration distance correlation diagram”.
Figure 10 illustrates the procedure in the next sec-
tion. All image processing steps were performed
with Fiji (Schindelin et al. 2012) or IDL.
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Results

For an optimal setup of an imaging pulse sequence one
should first investigate the relaxation times of the NMR
active substance in the investigated system. Therefore
we started this study with the investigation relaxation
times of NaCl solutions in the given porous medium.
Figure 2 shows the obtained relaxation spectra for 23Na
in FH31 sand and, for comparison, the corresponding
spectra of 1H, taken from Stingaciu et al. (2010) and
Stingaciu et al. (2009). Both 23Na relaxation spectra
were essentially mono-exponential with T1,av = 47 ms,
and T2,eff = 43 ms. It can be seen that the rapid transver-
sal mode at about 5 ms contributed to less than 5% to the
total relaxation process and is therefore negligible. Most

obvious is that the average values of T1 and T2,eff for
23Na were almost identical. Furthermore, they also
match the values found in pure aqueous solution
(Rijners et al. 2004) and any dependence of 1/T2,eff on
the echo time was not observed. Thus, a possible con-
tribution of diffusion in internal gradients was negligi-
ble. In other words, the first terms in Eqs. 2a and b, i.e.
bulk relaxation, dominate over the further contributions.
It is in agreement with the findings of Rijners et al.
(2004) and Kausik et al. (2018) who observed a signif-
icant acceleration of the transverse relaxation by the
surface (i.e. the second term in Eq. 2) only for mesopo-
rous systems with a pore size of less than 1 μm. The
consequences for our investigations are i) that averaging
of the first few echoes with an echo time of 2.6 ms will

Table 1 parameters of the different imaging experiments

Sample nucl. coil sequence* FoV (cm3) matrix NE
# time (h) Nav

+ θ(cm3/cm3)§

calibration
experiment

23Na large 3D MSME 4.8 × 4.8 × 4.8 48 × 48 × 24 4 12.3 128 0.36, 0.30, 0.25, 0.15

Evaporation samples 23Na large 3D RARE 6.4 × 3.2 × 3.2 64 × 32 × 32 4 2.7 32 0.35 and 0.2
1H large 2D MSME 3.6 × 6.4 × 3.6 128 × 256, 18 slices 4 1.4 4

tomato, HT 23Na small 3D MSME 3.2 × 3.2 × 3.2 32 × 32 × 32 4 10.9 128 0.07

tomato, LT 23Na small 3D MSME 3.2 × 3.2 × 3.2 32 × 32 × 32 4 10.9 128 0.13

tomatoes, RSA 1H small 2D MSME 3.2 × 3.2 × 3.2 256 × 256, 64 slices 4 1.4 4

* Bruker’s notation MSME means multi slice multi echo. For 3D only one slice was selected, therefore it is in fact a single slice multi echo
sequence with 3D encoding. RARE is rapid acquisition with relaxation enhancement
# number of averaged echoes
+ number of scans
§ volumetric water content at time of scanning

Fig. 1 The experimental setup a) Bruker 4.7 T SWB MRI scan-
ner, b) columns with four different Na+ concentration for calibra-
tion, c) evaporation columns with liquid supply through a porous

plate at the bottom at a given hydraulic head and equipped with a
vertical calibration tube inside, d) tomato plant growing in sand-
filled glass column and e) tomato plant inside MRI coil
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have no influence on the proportionality between signal
intensity and bulk Na concentration, and ii) that a rela-
tively short repetition time of tR = 0.3 s can be set. It
allows a high number of accumulations in a reasonable
time even for 3D pulse sequences.

Calibration If the parameters tR and tE in Eq. 1 are set
appropriately, i.e. tR > 5 x T1 and tE < < T2,eff, the inten-
sity in a voxel is proportional to the volume concentra-
tion of Na+ in the unsaturated porous medium, cNa, vol.

cNa;vol ¼ nNa=Vbulk ¼ cNa;solθ: ð3Þ

In Eq. 3, cNa,sol is the solution concentration, nNa
is the number of moles, Vbulk is the bulk volume,
and θ is the volumetric water content. Figure 3
summarizes the average intensities of the individual
calibration tubes with different concentrations of
NaCl (Fig. 1b) in a central axial slice at different
degrees of saturation, plotted as a function of cNa,solθ
according to Eq. 3. The different degrees of satura-
tion were achieved by water extraction, not by evap-
oration, so that the solution concentration cNa, sol in
the porous medium remained constant while the
volumetric concentration decreased. The linear rela-
tion proves the validity of the above assumptions
that the terms in square brackets in Eq. 1 were close
to unity for the given parameters. Thus, the MRI

signal was clearly proportional to the volume
concentration.

Evaporation The second step was the investigation of
Na+ accumulation in pure soil by evaporation. Two
scenarios under steady-state evaporation conditions
were monitored: i) high, approximately constant water
content related to a small hydraulic head of −10 at the
bottom of the column and ii) lower water content com-
bined with a distinct moisture profile related to a hy-
draulic head of −20 cm at the bottom of the column.
Fig. 4a depicts vertical water content profiles, which
were obtained by normalizing the average, depth de-
pending MRI signal to that of the marker tube. The
water content for h = −10 cm was relatively uniform; it
decreased only slightly from 0.37 cm3/cm3 at the bottom
to 0.34 cm3/cm3 at the top. Lowering of the hydraulic
head to h = −20 cm resulted in a more pronounced
profile between 0.37 cm3/cm3 at the bottom to
0.1 cm3/cm3 at a depth of - 0.2 cm. A shallow dry layer
developed on the surface which caused a significant
reduction of the evaporation rate due to loss of capillary
continuity (Merz et al. 2016; Shokri et al. 2010). These
different scenarios resulted in different evaporation rates

Fig. 2 Relaxation spectra for 0.2 M NaCl solution and pure water
in FH31 sand obtained by inverse Laplace transformation of
CPMG, and inversion recovery curves for T2,eff and T1, respec-
tively. The data for pure water were taken from Stingaciu et al.
(2009)

Fig. 3 Result of the calibration experiment, Fig. 1b, scanned at
different water contents using a 3D-multislice multi echo sequence
(3D MSME). The insert depicts an axial cross section through the
column showing the four cuvettes with different solution concen-
trations of NaCl at θ = 0.34 cm3/cm3. On the ordinate the average
MRI signals of the individual cuvettes with solution concentra-
tions of cNa,sol = 0.04, 0.10, 0.20, and 0.40 mol/L are plotted. By
water extraction the different degrees of saturation are adjusted,
yielding the different volume concentrations according to
cNa,bulk = nNa/Vbulk = cNaθ, plotted on the abscissa
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of 1.0 cm/day and 0.51 cm/day for the high and low
water content scenarios, respectively (Fig. 4b). It led to
distinct differences in development of the Na+ distribu-
tions shown in Fig. 5a and c. Zones with locally stronger
accumulation were observed near the top and, for the
high water content scenario on day 7, above a local
depletion zone (Fig. 5a, right panel, yellow arrow). A
possible explanation for this phenomenon is lower local
flow velocity promoting the local accumulation.

The distribution patterns are best described by the
vertical concentration profiles, obtained by averaging
the Na+ concentration in each depth (Fig. 5b and d).
With the high water content conditions coupled to a
higher evaporation rate, Na+ accumulation was higher
than in the low water content scenario. In both cases, a
shallow surface layer of high concentration developed
after one day. In contrast, the Na+ distribution remained
homogeneous at depths below −0.3 cm and reflected the
vertical water content distribution after one week of
evaporation. This was especially true for the low water
content scenario, where the vertical Na-profile (Fig. 5c)
matched the vertical water content profile (Fig. 4a, blue
curve). Even the edge at −3 cm depth was mirrored. We
conclude that dispersive spreading exceeds the advec-
tive accumulation of Na+ at these given pore flow
velocities.

The total amount of NaCl inside the column was
calculated from the average Na+ concentration in the
entire soil column by multiplication with the volume
of the packing. The comparison of this MRI-derived
amount with the total inflow amount, obtained from
the total evaporation rate times the input solution
concentration is shown in Fig. 6. The data agreed
well for both scenarios. This closure of the mass
balance proves that the given approach, i.e. the used
MRI pulse sequence and its parameters and the data
evaluation by normalization on the marker tube,
yielded reliable Na+ concentration maps even in
the low concentration range above 0.01 mol/L. Such
low concentrations of Na+ could be imaged quanti-
tatively with the chosen spin-echo sequence, analo-
gous to applications on plants (Rokitta et al. 2004)
and in medicine and biology using gradient echo
sequences (Kopp et al. 2012). Complications by
relaxation acceleration occurring at high concentra-
tions were not encountered, which would require the
application of MRI methods with very rapid detec-
tion after excitation such as SPRITE (Veliyulin et al.
2009). However, such methods should be taken into

consideration if the relaxation of 23Na is significant-
ly accelerated e.g. in clayey and loamy soils.

Accumulation in tomato root systems After we showed
that MRI can quantitatively monitor the Na+ accumula-
tion in soil, we applied the method in the last step for
imaging of Na+ accumulation in the root zone of tomato
plant systems. The plants were grown from seeds for six
weeks under two transpiration regimes. They were reg-
ularly irrigated with saline water corresponding to an
e lec t r ica l conduct iv i ty (EC) of 4.5 dSm−1

(~0.042 mol/L). The average transpiration rate for the
high transpiration regime (HT) under 60% relative hu-
midity conditions was 1.2 cm3/day (0.54 cm/day),
whereas it reduced to 0.68 cm3/day (0.30 cm/day) in
the low transpiration regime under nearly 100% relative
humidity (LT). After 6 weeks of development distinct
differences in the complexity of the RSA became obvi-
ous. The RSA of tomato in the HT regime (Fig. 7a) was
considerably more complex than that in the LT regime
(Fig. 7e). Also, there was more Na+ accumulation in the
top soil region and in the taproot, visible in the slice at
+0.8 cm above the center of field-of-view (FoV) of the
Na+ sensitive images, see Fig. 7c. This becomes clearer
when inspecting axial slices, three of which are shown
in Fig. 7b and d for the RSA and the Na+ distribution,
respectively. Strong accumulation was found 0.8 cm
above the center of FoV, but also in deeper layers (at
the center of FoV and at −0.8 cm below FoV). The
accumulation around roots was less pronounced for
the low transpiration scenario, Fig. 7g and h. For exam-
ple, under LT, roots are barely visible in the Na+ scan,
while under HT the shape of the roots is very clear,
meaning higher Na+ accumulation at the roots or even
inside. The resolution of 1 mm for the Na+ sensitive
images did not allow differentiation between accumula-
tion at the soil-root surface and uptake, see the discus-
sion in the next section. The next step was the quantita-
tive analysis of the Na+ distribution in the part of the
column indicated by the dotted arrows in Figs. 7c and g.
The vertical concentration profiles in Fig. 8 show a
higher accumulation in the HT compared to the LT
scenario. In the center and bottom region, the concen-
trations were comparable, but in the topmost 1 cm it was
about a factor two higher in the HT scenario.

The calibrated images of Na+ scans allowed the
calculation of Na+ concentrations as a function of dis-
tance from the root, exemplarily shown in in Fig. 9. A
decrease in Na+ concentration was observed even in a
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short distance as 2 mm away from the root interface,
where the decrease in Na+ concentrations from the root
interface appeared steeper under HT than under LT
conditions.

The construction of distance - concentration correla-
tion plots allowed the calculation of this behavior for the
entire root system in the region of + − 1.5 cm above and
below the center of FoV of the Na-sensitive images. The

Fig. 4 aWater content vs. depth for the evaporation scenarios at different hydraulic heads of −10 cm and − 20 cm at the infiltration plate at
the bottom of the column. Zero refers to the soil surface. b Total evaporation (E) with time

Fig. 5 Results of the evaporation experiment.. Top row: The
series monitored at h = −10 cm corresponding to high water con-
tent. Bottom row: h = −20 cm corresponding to low water content.
a and c Maximum intensity projections of the Na+ distribution at

selected dates. The resolution is 1 mm isotropic. The yellow arrow
points to a zone with locally higher Na+ concentrations. b and d
Bulk Na+ concentration profiles on different days after starting
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first step was the calculation of the distance transform
map of the binary RSA images (see the example in
Fig. 10a). It yielded multislice distance maps of which
one slice is shown as an example in Fig. 10b). Next, the
distance - concentration profiles correlation diagrams
were constructed by plotting the Na-concentration vs.
the distance to the nearest root for each voxel. The result
is shown in Figs. 10d and e for the HT and LT scenarios,
respectively. It showed a stronger accumulation of Na+

near the roots under HT conditions, since the maximum
is more pronounced, and the decay is shorter. The noise
in the concentration-distance profiles agreed with obser-
vations from other tracer experiments in soil-root sys-
tems (Haber-Pohlmeier et al. 2017). It could be ex-
plained using model simulations by the impact of sev-
eral roots on the accumulation of a tracer/salt at a certain
location, by the fact that water uptake and accumulation
varies between different root segments, and by the im-
pact of 3D transport (Koch et al. 2019).

Discussion

The results from the calibration experiment showed that
MRI could detect Na+ volume concentrations in soil
also under unsaturated conditions. The relaxation times
of 23Na+ in the sand matrix were identical to the bulk
relaxation times, and no influence of the porous medium
by surface enhanced relaxation or internal gradients was

observed. This can be explained by the relatively high
bulk relaxation rate which dominates over the other
terms in Eq. 2. Moreover, the concentration range is
sufficiently low that changes in the hydration state of
23Na+ plays no role. This is in agreement with the
findings of Rijners et al. (2004). The facts that i) the
relaxation in medium-sized porous media was con-
trolled by bulk relaxation and that ii) a second, more
rapid relaxing mode was not detected, is advantageous
for Na+ imaging. It allowed to set up a spin density
controlled pulse sequence by using a moderately short
echo time of 3.4 ms and a sufficiently long repetition
time of greater than 5 times T1. A significant impact of
the porous medium is only expectable for significantly
smaller pore sizes of e.g. silt material. The approach was
validated by the calibration experiment where we found
that the image intensity is proportional to the volume
concentration of Na+ down towater content of 0.15 cm3/
cm3. Furthermore we could demonstrate by both evap-
oration experiments that this type of Na+ imaging yields
quantitative sodium concentration maps and the mass
balance was closed. The recovery rates were close to
100%. The evaporation experiments tell us further that
NaCl is highly mobile in the system and we conclude
that the diffusional redistribution compensates possible
advective enrichment toward the top (Nachshon et al.
2011; Nachshon et al. 2018; Shokri et al. 2010).

RSA scans were performed at relatively low water
contents to obtain good contrast between the roots and
soil. The plants were grown in the tubes from seeds for
six weeks, a period, which is long enough to detect
differences in root development between HT and LT,
but not too long to create an over-crowded root system.
Please note that the root systems of such young plants
were not far developed. They can be imaged well by
MRI as shown by Metzner et al. (2015) and Haber-
Pohlmeier et al. (2019). In the latter paper, we compared
also the detectability of the edges and diameters of
cylindrical structures in wet sand, mimicking roots, by
X-ray-CT, neutron-CT and MRI. Therefore, MRI imag-
ing of roots is adequate for the assessment of the range
of Na+ accumulation since the given resolution of 1 mm
for the 23Na images is coarser than the diameter of
possible fine roots. We therefore refrained from exca-
vating the roots and further analyzing the root system
architecture.

Sodium MRI scans were performed on the same day
as the RSA scans, thus it is important to assure that the
visibility of Na+ is not compromised due to the low

Fig. 6 Comparison of input amount, calculated from the tran-
spired volume times the original concentration, and the amount of
Na recovered by integration of the 23Na-MRI images over the
entire cuvette and normalization on the calibration tube. □: High
water content at h = −10 cm, O: Low water content at h = −20 cm
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water content in the sample at the time of scanning.
Concerning the detectability of Na+, the comparison

with the calibration experiment shows proportionality
between the 23Na MRI signal and the volume

Fig. 7 Results of the enrichment experiments with tomatoes. The
top and bottom halves refer to high and low transpiration scenar-
ios, respectively. The left panels show maximum intensity projec-
tions of the 3D datasets for roots, a and e, and for Na+, c and g. The
resolution of the Na images is 1 mm isotropic. The blue lines

indicate the selected axial cross sections at +0.8 cm, 0 cm, and −
0.8 cm with respect to the center of the field of view. The right
panels are selected axial cross sections for the root sensitive
images, b and f, and the Na+ images, d and h. The bright circles
are the marker tube, filled with 0.05 mol/L NaCl solution
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concentration at comparable water contents and no in-
terference is expected. This is also supported by the 2nd
evaporation experiment, where the recovery rate was
close to 100% although the water content near the
surface was below 0.1 cm3/cm3.

The analysis of the Na+ distribution around single
roots under low and high transpiration rates showed
different accumulation patterns. Less Na+ accumulated
around the roots under LT conditions and its distribution
was more homogenous through the soil profile. Under
HT, higher concentrations of Na+ were found around the
roots and more in the upper soil layers in comparison to
LT conditions, probably due to higher transpiration. The
entire column was not scanned since it would require
three different scans at three depths, which would have
been time consuming. The duration of a single scans is
included in Table 1.

These results support evidence found in former stud-
ies that Na+ accumulation was generally increased in the
root zone or at the interface of a single root under high

transpiration rates (Hamza and Aylmore 1992; Jorda
et al. 2018; Perelman et al. 2020; Riley and Barber
1970; Sinha and Singh 1974). Nevertheless, the present

Fig. 8 Average bulk Na-concentrations as a function of depth in
the range, indicated by the dotted arrows in Fig. 7 c) and g). The
data are obtained by integration over each individual cross section
excluding the area of the marker tube. Three cross sections are
exemplarily shown in Fig. 7 d) and h). HT and LT refer to the high
and low transpiration scenarios

Fig. 9 Construction of axial Na concentration profiles for LT (top
half) and HT (bottom half) plants. a and d are axial slices of the
RSA images, b and e are the corresponding bulk Na concentration
maps. For a given selected lateral root, axial profiles are calculated
in three directions, indicated by the numbers 1 to 3; these are
depicted in c for the LT and f) for the HT scenario
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MRI study provides finer resolution of down to 1 mm
and thus enables measuring Na+ gradients from the root
interface in a range of fewmillimeter. The sample size is
limited by the inner diameter of the rf-coil. For our
system it is 66 mm diameter and a vertical field of view
of 70 mm. The sample size should also not be signifi-
cantly smaller than the rf coil, since the sensitivity scales
with the ratio of the sample volume and the void volume
of the coil. Therefore, we have used for most of our
studies a smaller rf-coil and gradient system, which was
inserted into the built-in system of the Bruker SWB
magnet.

The low gyromagnetic ratio γ of 23Na combined with
low volume concentrations (0.02 mmol/L compared to
ca. 16 mol/L for water saturated sand) requires the usage
of 3D MRI pulse sequences instead of multi-slice se-
quences, which are significantly faster. Also, the num-
ber of scans are significantly higher. The consequence
are long scanning times – up to 12 h, and relatively low
resolution of the image (compared to the 1H+ scan).

Long scanning times also led to low number of repeti-
tions, which will require further research. This issue
might be overcome in future by the use of MRI pulse
sequences with ultrafast detection times such as SPRITE
or UTE due to the significantly shorter repetition time
(Konstandin et al. 2015; Romanzetti et al. 2006). A
second advantage of these type of sequences is the
higher resolution of up to 128 pixel per dimension
compared to 32 to 48. This will allow also the investi-
gation of longer samples by matching different scans.

Future studies combing data from MRI scans and
root uptake models can help to induct processes on a
field scale. Despite its limitations, MRI can provide a
finer resolution of Na+ accumulation on the root-soil
interface and improve existing knowledge about pro-
cesses and interaction between the root and the soil.
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