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Low-Field NMR of Water in Model Soils
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Abstract: The evolution of water contained in soils is a physical phenomenon of importance in soil science and climatol-
ogy. This work presents preliminary results from the use of mobile NMR to measure moisture in soil columns. To demon-
strate the ability of the NMR technique to follow the drainage process of water in model soils, moisture measurements
were performed at a certain depth with a mobile NMR sensor during an one-step outflow experiment. The NMR sensor
exhibits a cylindrical geometry incorporating the principle of the u-shaped NMR-MOUSE. It could be raised and lowered
inside a plastic tube in the soil column similar to a wire-line logging tool. Working with a frequency of 8.8 MHz, the sen-
sitive volume lies 3 mm deep into the soil and 2 mm away from the tube walls, making the technique truly non-invasive.
For the purpose of quantitative analysis, the temporal evolution of moisture (described by the Richards Equation) was
modelled with the Hydrus1D Program. Out of these simulations, an assessment of the hydraulic parameters (Ks, a, n of

the Van Genuchten model) of the soil was achieved.
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1. INTRODUCTION

The question of how water moves in soils is of impor-
tance in agriculture and climatological sciences.

Being a partially saturated porous medium, soil in the
vadose zone can either stop or permit the transport of water
depending on gravity, surface tension and evaporation. Prob-
ing of moisture on field plays a central role in addressing
these issues, and several techniques have gained acceptance
in the soil science community to perform that measurement:
Time Domain Reflectometry (TDR) [1] and Neutron Absor-
tion [2] among others.

The application of Nuclear Magnetic Resonance (NMR)
in soils is not new, as it has been applied to gain information
about the pore size distribution [3, 4], in the search of aqui-
fers [5] or to study the chemistry of soil organic matter [6,
7]. However as far as we know, little has been done to de-
velop an NMR instrument that can be deployed on field to
measure local values of soil moisture, taking advantage of
the non-destructive nature this technique possesses. In this
sense, NMR at low fields has just begun to make its way
among the above mentioned techniques. It can even show
some comparative advantages over TDR: As the signal to
probe water comes from the atomic nuclei (in case of water,
simply protons), it is not affected by any ions in solution, so
the NMR technique happens to be immune to any salt con-
tent in water absorbed in soil. Furthermore, due to the reso-
nance condition and the inhomogeneous magnetic fields
generated the sensor senses water in a very well defined vol-
ume [8], making the measure well resolved spatially. For
those reasons we believe the NMR can become standard to
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sense moisture among soil scientist. It has even reached a
mature stage in its development as a logging tool for the oil
industry [9, 10]. Undeniably NMR is no excepted from ex-
perimental diffculties: low inherent signal-to-noise ratio con-
stitutes its main drawback. Common way to improve this
ratio is to average over repeatedly acquired data, however
that can make the whole profiling of soil moisture costly in
terms of time.

This article reports progress in probing soil moisture by
low field NMR. The work was performed as a part of the
interdisciplinary project Transregio 32 [11] (funded by the
German Research Council DFG): the drainage processes in a
first column filled with FH31 model soil and in a second
column with W3 model soils under known boundary condi-
tions were investigated with a newly developed low-field
NMR sensor: the slim-line NMR logging tool. The moisture
profile before and after drainage, and the moisture loss at
certain depth during drainage were thus recorded with this
instrument. To validate the results, the associated drainage
problem is solved numerically, producing a theoretical curve
that can be compared to the experimental results. By chang-
ing soil hydraulical parameters in the numerical solution the
better correspondence between theory and experiment is
found and the so obtained values are compared to reported in
the literature.

2. EXPERIMENT AND MATERIAL

The experimental setup is shown in Fig. (1) and consists
of two concentrical tubes, being the space between them
filled with the model soil to research. This arrangement or
soil "column" stays in a water tank. A copper fabric was
wound around the outer tube to shield it from electromag-
netic noise. The central inner column has a diameter of 31
mm and walls 1 mm thick. The NMR sensor moves within
the inner tube. Initially the model soil is completely saturated
by raising the water level in the tank up to top of the column.
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The top of the column is then closed with a rubber seal that
allows the entrance of air (necessary for pressure balance
during drainage) and limits evaporation as well. The bottom
plate is connected to the water tank through perforations 4
mm wide and covered by a sheet of filter paper. This lets the
water drain out from the column and gives hold to model soil
lying thereupon. To obtain a complete profile of the satura-
tion along the column the sensor is displaced with a stepper
motor from the bottom to the top while NMR signal is ac-
quired.
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Fig. (1). Setup for soil drainage experiments.

Two experiments of drainage were performed, one on
coarse sand FH31 (distribution of grain size classes 2%
(>0.72mm), 8% (0.71-0.5mm), 30% (0.5-0.355mm), 41%
(0.36-0.25mm), 16% (0.25-0.18mm), 3% (<0.18mm)) and
the other on fine sand W3 (distribution of grain size classes
7% (0.6-0.2 mm),60% (0.2-0.063 mm), 20% (0.063-0.02
mm), 6% (0.02-0.0063 mm), 3(0.0063-0.0002 mm), 2% (<
0.002mm)). Both obtained in Quartzwerke Frechen, Ger-
many. Relevant parameters in these experiments are the cor-
responding column height, measurement time and the sample
porosity 6. They are summarized in Table 1.

Tablel  Sample Porosities and Experimental Parameters
Sample Height (cm) Time (min) 05
FH31 67 1372 0.36
W3 59 14400 0.36

After having reached complete saturation, the columns
were let to drain by allowing the water to flow out of the
tank. In the special case of FH31, the initial fall of the water
level in the tank was recorded in time (Fig. 2). This is be-
cause the duration of the drainage process in FH31 (about 90
min) is comparable to time the tanks needs to release all wa-
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ter (15 min) setting a boundary condition that must be taken
into account for modelling. Afterwards the water is kept at
the same level during the rest of the experimental time. Due
to the fast drainage in FH31, moisture profiles were acquired
before and after the drainage only.
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Fig. (2). Pressure head at bottom outside the column.

Another important aspect in the experiment for FH31 is
the drainage dynamics. Since the drainage occurs so fast in
comparison to the time needed to perform a sole moisture
profile, we decided to follow it by maintaining the sensor at
a depth of -22.1 cms during the first 150 min of experimental
time. At this depth, following previous moisture profiles, we
are certain of sensing a considerable drop in moisture. Al-
though this corresponds to read the water content at a sole
point, the data so obtained contains enough information to
characterize the temporal behavior of the drainage com-
pletely. Here the number of NMR acquisitions per moisture
measurements (scans) plays a critical role: It must be high
enough to guarantee a small uncertainty (say 7%) but it
should be made in a time suficiently short to follow reliably
the temporal change in water saturation. In our case, given
the NMR longitudinal relaxation time of water in our sand
(T,=800 ms) and a signal-to-noise ratio per echo and per
scan of 0.17 (in FH31), 64 scans with 128 echoes were
enough to achieve the aimed uncertainty (7%) at each point.
In the case of W3 a moisture profile of the water content was
measured each two days.

3. INSTRUMENT AND DATA PROCESSING

Initially perceived as a potential tool for medical research
[14], the NMR slim-line logging tool has been built with a
cylindrical shape. It is an inside-out NMR instrument similar
to some others found in the literature [12]. Fig. (3) shows a
picture of the sensor. Generally speaking, conditions to ob-
serve the nuclear resonance are a constant magnetic field Bo
and a radiofrequency (rf) field Bi. The latter is generated by
a coil and the former by a magnet body, establishing together
a sensitive volume about 3 mm above the coil (Fig. 4). A
sequence of pulses is applied in the rf field, exciting there-
fore the spins in resonance. Since the inner tube where the
sensor is displaced is only 1 mm thick, the sensitive volume
is 2 mm well inside the soil, avoiding disturbance in the



Low-Field NMR of Water in Model Soils

The Open Magnetic Resonance Journal, 2010, Volume 3 65

Fig. (3). Photo of the slim-line NMR soil sensor.

measurement due to any possible overlapping between the
walls and the sensitive volume. This depth of the sensitive
volume was experimentally checked by measuring the NMR
signal of rubber layers of different thickness. The main body
of the sensor consists of two cylindrical magnets 8 cm long
each (I in the Fig. 4) and 3 cm in diameter (D) and with a
magnetization M pointed as depicted, separated by a gap g
of 4 mm. Just above the gap lies the rf coil (c). The sensitive
volume is around 30 mm?, being its position and thickness
determined by profiles of the magnetic fields Bo and Bi,
the operation frequency (8.8 MHz), the local value of the
magnetic gradient (30 T/m) and the pulse length used
(6 usec) in the pulse sequence [8]. The coil has a dead time
of 20 usec approximately. The NMR spectrometer used was
a Minispec Serie mq from Bruker.

In low field applications, the NMR signal is usually ac-
quired with a Carr-Purcell-Meilboom-Gill (CPMG) [12]
pulse sequence, with pulses separated by a echo time te. The
succession of NMR echoes, sequentially acquired, compose
altogether a decaying signal with a effective transverse re-
laxation time (here simply denoted by T, ). Its decay under
highly inhomogeneous magnetic fields is governed by trans-
lational diffusion of molecules, interactions among nuclear
spins (the proper transversal relaxation) and interactions be-
tween the surface of the solid matrix and the nuclear spins
[13]. In spite of this variety of relaxation mechanisms, aver-
aging over a number of echoes (Ng) still yields a figure di-
rectly proportional to water content, provided the time span
that corresponds to these echoes (teNg) is small compared to
Tt - This can be easily shown by describing the succession
of echoes with these following formulae, being j an index
that labels the echo number (between the 1 and Ng), n(j) the
noise at the echo j and A; the amplitude of the initial echo:
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Fig. (4). Main parts of the slim-line NMR logging tool. M labels the
magnetization vector.
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If we average over the first Ng echoes and apply well
known mathematic formulae, we obtain < S >:
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As long as Nete < 0*,*3T, o, We can approximate the ex-
ponential term to a linear function (™ = 1 - x) with an uncer-
tainty of 5%. Easy manipulations will lead to the following
equation:

< S >= Aot <n >N

So it is proven that averaging over the first Ng echoes has
no further effect on the obtained data than averaging the ran-
dom noise. This way of data processing has the advantage
that for a complete signal of Ng echoes, we diminish the
noise amplitude to that we had if the experiment were re-
peated NE times. When acquiring noisy signals, this proce-
dure is of not little advantage.

To give an example of this statement with real numbers,
consider the Fig. (5) where data for water in saturated sand is
depicted as it is supplied by the spectrometer. Experimental
parameters in this decay are 256 scans, an echo time of 50 us
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Fig. (5). NMR signal acquired in saturated sand FH31. T, = 28
ms.
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and 3000 echoes. With a exponential function fitted to this
whole data, an effective T, of 28 ms can be easily ob-
tained. The inset of this figure shows the first 128 echoes,
corresponding to a time of 6.4 ms, a time lower than the
boundary of 30% set by the demonstration given above. So
we can confidently average this first 128 echoes to obtain a
relative measure of the partial saturation in sand. With prior
knowledge of the signal level for completely saturated sand,
the partial saturation in soil @ can then be calculated by a
linear interpolation. This was the way of processing data for
all the moisture profiles presented here.

4. RESULTS

The evolution of water saturation as a function of depth
is shown in the Figs. (6 and 8) for the sand and the silt col-
umns, respectively. A fact easy to recognize is the big differ-
ence in time evolution: while the FH31 has reached its equi-
librium state in 1.5 hours, W3 does not show any important
difference in saturation during 10 days.
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Fig. (6). Moisture profle in a column of model soil FH31.
Height=67 cm.

Four profiles were measured in FH31, one prior to drain-
age (t = 0 min, Fig. 6) and three thereafter (t = 182, 891,
1372 min). Experimental parameters for these measurements
were: Echo time: 50 usec, 256 scans, 3 sec of recycling de-
lay and 128 echoes. The similarity of these three last profiles
reveals that the equilibrium state of the column had been
reached already at the time of the first measurement (182
min). As is well known in soil physics, the profile in this
state corresponds to the retention curve 6(h) [16]. We used
therefore the profile at t = 891 min for fitting of the retention
curve.

For the dynamical measurement, done by leaving the
sensor measuring at certain depth during drainage as it was
explained before, the results are depicted as open symbols
the Fig. (7). Experimental parameters were the same as for
the moisture profiles with the sole exception of the scans: 64
instead of 256, for reasons already explained. The continu-
ous curve correspond to the numerical solution for perme-
ability at complete saturation K.

The situation with the model soil W3 was completely dif-
ferent. It retained water during 10 days with no measurable
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Fig. (7). Moisture drop at depth -22.1 cm during 150 min for FH31.
In color, numerical solution for Ks=0.62 cm/sec.

change. Experimental parameters were the same than for
FH31, although the used NE for averaging was 64 instead of
128, as the T, for this soil was 20 ms. Given the height of
the column the retention curve of this soil cannot be estab-
lished (Fig. 8). However, a slight drop of 5% from the value
at the bottom can be observed along the profile, correspond-
ing probably to the water loss in the biggest pores.

0.40 - E .
035 - \ixéfiixiﬁ/ifiﬁy
0.30 -
- ]
S 025
E 4
g 02- Day2
% 0.15 - Day4
E 1 —v— Day6
g %197 <« Days
0.00 T T T T T T T T T T T T
60 50 -4 30 20 -0 0

Depth (cms)

Fig. (8). Moisture profile in a column of model soil W3. Height=59
cm.

5. MODELING WITH RICHARDS EQUATION FOR
THE FH31 COLUMN

To validate the measurements obtained with this new
method to probe soil moisture, we use the well known Rich-
ards equation (eq. 1) [15, 16]. It establishes the theoretical
framework to model the evolution of moisture profile in the
sand column, where h is the hydraulic head, 6 the partial
saturation, and K the permeability of the soil at complete
saturation. After starting the drainage process the level of the
water mirror that initially was at the top of the column re-
cedes completely to the bottom in about 15 min, setting a
variable pressure head (Fig. 2) at the bottom. This data was
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taken as lower boundary condition for a numerical solution
of eq. 1.

00 0 oh
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To undertake the simulation of the drainage problem, we
use the Van Genuchten Model [17] for the retention curve
(eq. 3) (where o and n are the Van Genuchten parameters)

and the permeability in dependency of the relative saturation
(4), having K, the meaning explained in the previous section.

Parameter m equals 1—l and 1=0.5 for most soils [15]. With
n

the relative saturation S, defined by eq. 2 in terms of the real
saturation 6, the porosity 6 and the residual saturation 6r; we
obtain a complete set of equations to solve eq. 1. The
HYDRUS code [18] supplies the computational tool to per-
form 1D simulations to model the illustrated drainage proc-
€ss.

Several forward simulations were carried out to find the
values of the Van Genuchten parameters o and n that would
reproduce the measured data. The best fit was corresponded
to or=0.0268 cm™ and n = 9.0. The numerical profile and the
experimental data are depicted in Fig. (9).
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Fig. (9). Moisture profile in FH 31 at t=891 min and theoretical
profile using the Van Genuchten model. o = 0.0268 /cm™ and n =
9.0.

With these gained values for oz and n, further simulations
were performed with several values of the permeability at
full saturation K, using the temporal change in partial satu-
ration measured at a depth of -22.1 cm for comparison (Fig.
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7). Best fit among the numerical and the experimental curve
was found for K;=0.62 cm/min.

CONCLUSION AND OUTLOOK

The instrument has shown its capability of following the
fast drainage process in model soil (FH31). The so obtained
data can be analyzed to extract hydraulical parameters of the
model soil. However, experimental parameter like repetition
time (recycling delay), number of scans and number of ech-
oes must be carefully selected to follow the drainage process
successfully. One interesting remark can be made when ex-
amining Fig. (7): There is some small delay in the moisture
drop that the simulation does not reproduce, perhaps due to
the hysteresis behavior in the retention curve of sand.

What information can be won of this information is still
an open question, however we can see that small features in
the temporal evolution of moisture can be followed with this
instrument. About the Van Genuchten parameters obtained
for FH31, that Kastelanek reports for a sand fraction with a
grain sizes between 150 and 300 um a value of n= 8.35 [19].
The obtained permeability corresponds to 80 % of the value
previously reported [20], measured with Darcy's Law. The
values agree satisfactorily with literature data for a fine sand
of the textural composition like ours, and thus prove the va-
lidity of the NMR sensor.

Work in progress concerns the construction of a sensor
with a larger diameter of 48 mm that allows to measure 6
mm inside the soil at a frequency of 12 MHz. Our short term
goal is to reach a signal to noise ratio per scan and per echo
of 18, similar of the NMR-MOUSE [12] at the same depth.
This would in principle enable us to measure moisture pro-
files in shorter time, to avoid any surface effects due to wall
proximity and to essay external noise suppression tech-
niques, opening the way to a robust instrument which could
be deployed outdoors.
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