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COMPUTERIZED TOMOGRAPHY AS A METHOD FOR PHYSICAL
STUDIES OF SOIL WATER

Dr. Silvico Crestans and Prof. Sérglo MHascarenhas(!)

INTROBUCTION

The etudy of bulk density, water content and mo
tion of water in soil has fundamental importance to so0il wscj
ence. Usually several methods have been applied to measure bulk
density and or water content such as gravimetyy, gamma-ray
absorption-acattering. neutron-probe technique snd othere. Only’
Qammd-ray and neutron methods can be used for dynawical studies

of water in soil. All thess wethods do not take into account

80il inhomegeneities and do hot evaluste tri-dimensional prg

files of bulk density, water content and motion, The ideal tech

nique for wmonitoring bulk density, water content and other phy

sical parameters in 80il should be nondestructive, sensitive,

rapid and able to resolve small differences in the measured
Parameters over distances of a few millimeters,

A quite similar problem was solved in diagnostic
zadioiogy by using cthe technique of computer-assisted tomography
(CAT) (or only computerized tomography CT). Essentially CT scap
ning is Penetrating electromagnetic radiation, euch as X or
gamma ray. The sxpreession (Bear’'s law)

I = lo exXp ~dx

can be used to evaluate the emerging intensity I of the radigh
tion beam of incoming intensity to after traversing a sample of
homogensous matevial of absorption coefficient B ang thickness .

A typical spparatus that we veed (Crestana, 194%
and Crestana et al, 1986) for neasuring attenuation coefficient k
of e0il pamples is schematically shown in Fig, 1. -t
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Fig. 1., Appatatus for sessuring attenvation coefficients of woi)

It consiota of a radicisotopic source of Auz‘l {6@Kev) or X-ray !

tube with wsecondary taxgets, snd an Nal{Ti)-X-Ray detector. When

the Bremsstrahlung radiation of the tube interacts with the ag

condary tacget, qual{-wono-norgctic A~rays are smitted,, charag .

terized by Ky and K3 radietion of the element congtituting the .

target. By varying the sscondary targst, one can therefore have ,%

radiation over a large interval of energy, The source-detector
®clid angle was very small (diameter of both collimatore; @ = |}
to dmn; distance source-collimator: about 20cm) to avoid the
contribution of undesired Compton ecattered radiation in the ) i
detector, As an alternative to the Hal(Th)-detector an
HP-Ge-detactor was ouplo&ed. charactsrized by an eneray rescly

tion of 250ev at 6.4Kev.

' Fig. 2 show maes esoil attenuation coefficients of ¥

EEs

}
fine sandy loaw ®0il, collected from the Ap horizon of a brazi]l '

ian wsoil, water and silica as 8 function of incident snecgy.
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Fig.2. Mags eoil stteoustion coefficients of #o1l, water, and silics
a3 a function of incident energy. The mean error ranges from 2 to 4%

From Fig. 2, it is clearly vimible that the difference in attenu
ation coefficient between 80il and water increases with decreas
ing energy. On the other hand, the optimum thickneas of the
crossed scil sample decreapes, requiring more and more intensity
for samples of constant thickness,

We conclude that 319 to 40Kev is the best energy
to use for water-content re;olution. Uaually, in wmo0il physics
st;dies, the energy of 60kev and &62Kev are employed bhecause of
the commercial availability of radiocactive sources as am° ! and
C8137. Thus, the use of X-Ray radiation and X-ray fluores
cence of secondary targets (monoenergetic radiation) is an advan
tage. .

When the material ia not homogeneaus, as in =&
sample of real soil or a part of the human body, the more gener

al expression

I = Io expif;fda

must be used where f is now a distribution function for the
varying absorption coefficient along any direction 3 acrosa the
sample.

The centra! problem of CT is obtaining the distri
bution function £ (am a function of pomition for any direction
in the sample) when a sufficiently large number of absorption
measurements along different scanning directions 3 have been
performed. The image of the object is then obtained as a msp of
absorption coefficients for any desired mection (8lice) of the
sample. Thie process is performed mathematically with the help
of computers and is called image recomstruction.

A typical commercial third-generation CT scanner

for medical use is shown in the Fig. 3.

X-Ray Tube

Detector

Electronics
System -

Dispaly
Syatem

Fig. 3. Typical diagram of a CAT syatem dedicated to medical purposes



Easentially in the video of & CT scanner a plot

¢f the attenuation coefficient is ahown on a gray-level view

ing syetem in so-called Hounsfield Unita (H.U.), defined ag

ho-ow
H.U. = loge ('—-“—"’) .

where [ is the attenuation coefficient of water. For the plaot
ing, a relative scale is sometimes used, where By is taken ae a
reference level arbitrarily considered as zerc.

In practice, CT scanners are now sophiaticated
machines capable of on-line image reconstruction or image stor
age for later analysie in dedicated consolen. For instance,
third-generation CT scanners are also capable of being used in
dynamic modes with scanning timee as short as 5.7s and Bcan
interval timees of la.

Though CT scanners are expensive, they are now
comnonly found in most large hospitals and may eventually be
used for such other applications as the one we propose in this
text (Crestana et al, 1984, 1985). We alewo propoaed and built a
small wini-CT ecanner to be used for special purposes, such as
in acil science, &t & vastly reduced cost (50 to 100 times lower
than commercial medical tomography) (Crestana et al, 1986 and

Cruvinel, P.E., 1987 and Cesareo et al, 1988).

THE C.T. AS A NEW METHOD IN SOIL SCIENCE

We introduced (Creetana et al, 1984, 1985) several
experimental techniques to atudy bulk density, water content

and motion. We briefly dencribc them in sequence.

We used different soil textures collected from

the Ap horizon of & Trieste, Italy sandy soil and a Barretos,
Brazil, fine sandy loam soil. We alsc used two types of acrylic
cylindrical columns: for horizontal flow a syringe Scm in diamg
ter and 20cm long; and for vertical flow a eylinder 10cm in dj
ameter and 38cm high, internally divided by & thiﬁ plastic wall,
80 that dry and wet 80il could be compared simultanecusily during
acans. For the CT acans of soil samplea we employed a third-gen
eration General Eletric CT/TS880¢ scanner of the Tetituto di
Radiologia, Universitd di Trieste, Italy (Picture 1).

The experiments, as shown in Figs 4, 5 and 6.c1eai
ly indicate the appropriateness of CT for weasuring water copn
tent or bulk density. By selecting an appropriate area in the
image, the sttenuation in H.U. cen be measured directly in the
video console. Indicators of variable geometry and area like
circles (Fig.4) or retangles (Figs 5 and 6}, allow the attenua
tion to be measured in the region of interest {ROI}). The system
alao furnighes coordinatew, area, and the standard devistion of

the attenuation in the ROI box.
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Picture 1. Third-generation Medical Computerized tomograph GE CT/T8800,

employed to perform several experiments with scil., At the first plane

it is possibla to observe the wovable table used to position the pat ient.

At the sscond plane, it {s poswible to observe the gantry for exemina

tion of the patient. Notice the colusn of soil inside the gantry, used
to sccomplish an experiment with plant (a sead of corn).
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Fig. 4. Dynsmic experisent made after introducimg
water lato a horFsontsl coluse showing & fixed
wlice. Ten ssquentisl scans (right-vide curve)

in HU (sbsolute ecala) as & function of tiwe
are shown. The number 1 represents
points st the chosen slice.
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Fig. 3. Spatial sod real-tine (dymsmic) measucemsnt mede with a
wrtical columa (left vide) ot different time intervals. The
attenustion wae wedsured in different regione with the ROL (region
of interest) boxes indicated by pumbere 1, 2, 3 and & from top
to bottow of the column. On the right side we plotted the variastion
of water content as » functios of time for the diflerent regions,

Fig. 6. With the ssme system described in Fig.5, we plotted the
differences of water content tor different regions 1, 2, 3 and &
o9 a function of time. In region 3, for instance, we see » continusl
incresss in weter content with s wore drastic ralative change.
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In Fig. 7, we show the results of the calibration
curve of the eyatem expressed in H.U., aes a function of dry bulk
density (P). A linear dependence was found, showing the varia
tion of attenuation coefficients for each soil.

in Fig. 8, we show the reaults of the calibration
curve of the system, also expressed in H.U., as a function of
water content in soil (9). As with dry bulk density, we found a
linear dependence for the different soils and densities. With
these resulte, it is possible to obtain the bulk density and the
water cantent directly from a complex image containing inhomoge

neous soil or water distribution for the pample,
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Fig.?, Lioear calibration curve of Houng Fig.B. Linear calibration curve
field Unite (HU) ae & function of dry of Hounsfield Unite (HU) a8 a
bulk density (maes of dried eoil per function of water content (6)
volume of dried soil). The average valus (volume of water per volume of

of atanderd deviation is 32,5 W. soil). The sverage bulk density
vas obtained from fig. 7, and
the avecrage atandard deviastion

is 63,2 HU,

lo.

We perfo:med dynamic experiments after introducing
water into the columne. Results are shown in Figs 4 and 5. In
Fig.4, we see the crose section (one slice) of the horizontal
eyringe with wet soil. We took several scans at the same posj
tion at different times and chose a circle as the ROI box..qith
appropriate software for the CT Scanner, we plotted the curve
ABS scale (H.U.) versus time (s). The ROI cicle, indicated by
the number 1, expresses the variation of the attenuation
coefficient (H.U.) with time in the area enclosed by tpe circle.
For thie experiment, the slice was located 50um from the eop
trance section of the column; which corresponds to an average
apeed as large am l.6mm/s, for from Fig.4 (right-mide curve) it
is possible to observe the sudden arrival of the water front in
the chosen slice (abou{ 308 after the introduction of water) we
used scan intervals of about 5s and alice thickness of 1.5mm.
The number ] indicates sequential scanm in Fig. 4 (right side).

A combined spatial and real-tiwe (dynamic) measg
urement was also wade for the vertical column. In this cage, to
obtain slower water speeds, we put cotton in contact with the
top of the column. With this limited amount of fluid available
it was possible to ecan at different time intervals and measure
the attenuation in different regiocns with the ROI boxes indj
cated by the numbers 1, 2, 3 and 4 from top to bottom of the
coelumn. In Fig. 5, right side, we show a plot of the wvariation
of water content as a function of time for the dJdifferent re
gione. In Fig. 6, for the aswe system and configuration, we show
a very inatructive curve obtained from the data of the experi
ment of Fig. 5 by plotting the differences of water content for
different regione, 1, 2, 3 and 4, as & function of time. It is
seen that in ROI box 1 the water content quickly became constant

(in about 15%8); in ROI box 2, heterogeneities can be seen from
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11.

the CT acan, but the average water ccntent increases with time
and attains a smaller aversge value. In region 3 thare ims a
continual increase in water content with a more Jrastic relative
change. Finally, like region 1, which attained a constant value,
in region 4, where the water had not yet arrived there was no

change in attenvation.

THE COMPUTED TOMOGRAPHY MINISCANNER

From all previous results we demcnetrated the
possibility of using computed tomographic (CT} scanning for
investigations in soil science. Ohe of the main limitations was
the complexity and high cost of medical CT scanners. Now, we
report briefly on the characteristice and use of a very inexpen
sive, CT miniscanner dedicated to moil science analysis. More
details can be seen in Crestana et al, 1986. This new apparatus
was applied to carrying out tomographies of scil with various
water contents and bulk densities.

For medical CT the limitations of dose to the
patient impose wevere restrictlions on the mode of operation of
the system. For instance, the radiation exposure sand thus tube
conditions of operation, 1like KV and mAs are correspondingly
liqited. Patient motion and positioning are others limitations
that again impose particular ampects on the design and functiop
ing of CT scanners. Obviously, for socil science, such reatric
tions are not necessary. Also image reconstruction need not be
made on-line. Due to themse aspects it was poseible to build a
much simpler instrument.

The miniscanner, dedicated to scil science analy
gis, built at the UAPDIA-EMBRAPA (Empresa Brasileira de pesquina

Agropecudria, Sao Carlos, Brazil) has similar characteristics

fosareo atoll 1993
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of the miniscanner consetructed at the University of Rome,
Centre for Bioengineering, dedicated to biomedical analyuiua.)
The characteriastics of the miniscanner are (fig,
9):
- monoesnergetic sources obtained both with radioimotopes and an
X-ray tube with secondary target -
=~ an Nal(Ti}-X-ray-detector
- 8 rotation-translation aystem
= a multichannel analyzer employed as wultiscaler or a quad
counter-timer
- 8 personal computer - Apple I! with a reconstruction algorithm
working in PASCAL,
The cost os the apparatua with the radioactive
source is aspproximately US$ 2 x 104, which is a factor of 162
lower than the commercial medical scanner, With the X-ray tube

the cost increases to about Uss 5 x 104.

Fig. 9. Complete diagram of the CT miniscanner used
to obtain tomographies of =soil samples

s -
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One of the wain advantages of the miniscanner is the puasibility
of varying the moncenergetic incident energy by varying the aec
ondary target coupled to the X-ray tube. It is therefore impor
tant to select the optimal energy of the radiation to obtain the
best conditions. We deduced that the best spatial contrast j.e.,
the greatest difference (in percentage) in the attenuation
coefficient for a given quantity of water in =soil ia reached at
energy values greater than about J0Kev (gee figure 2). One of
the advantages of using lower energy values lies in the possibj
lity of having at our disposal higher intensities, which imply
smaller scanning times,

Using the miniscanner, after peveral experiments
with different 80il samples under different bulk denaities {(p)
and water contents (8), we obtained the same linear behavior
previously described using the medical CT ecanner, relating
Hounsfield Units, p and @.

Typical tomographies made using the winiecanner

can be seen in figures 14, 11, 12, 13, 14 and 15.

14,

OTHER RESULTS FROM COMPUTERIZED TOMOGRAPHY WITH
POSSIBILITIES OF APPLICATIONS IN THE STULY OF THE
SOIL-PLANT-AIR CONTINUUM

We present here some qualitative results cbtained
with the medical CT scanner and the winiscanner dedicated to
80il science applications.

Our intention is to show some potentialities of
this new wethod of investigation {CT), leading to new reaults
{otherwise impossible to be obtained) in the arese such as Scil
Science, So0il Physica, Plant Physiology and others.

These new possibilities are consequences of the
peculiarities of thism new method. This im the cesee of bi apd
tri-dimensional image reconstruction of tha object (such as moil,
water, seed, root, etc), absolute and ‘relative non-invasive
messurements of TBulk density and water content of soil as fung
tion of time, detection of inhomogeneitiea, and so on. Besides
this, resources such as the dynamical technique and amplificy

tion of the image resolution (extended scale} can be used,

1. COMPACTION AND DISTRIBUTION OF SOIL IN A COLUMN USING THE
C.T. MINISCANNER

The quantification of the physical parameters
bulk density, water content and reaistance of the s8o0il to the
penetration (and their correlation “a posteriori®) is a problem
of fundamentsl importance in wodelling and studying the compac
tion phenomenon. This is the case of detection of a "blade" of
compacted soil. Such millimeter thick “bladea® ‘may occur on

sucessive plowing.

e
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Several columns of dry soil profiles with differ
ent bulk densities and compactions were mimulated in our labora
iory. After the scanning of these columns, tomographic sections
were obtained and guantified possibilitting the accurate measure
ment of a "blade” about 3 milimeter-thick and density variations

of about e.alg/cm3 {Crestana et al, 1988).
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Fig. 10. Towogeafic wcenning of a retangular column of scrylic
(26mm x Stwm) with s0il inside not compacted
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Fig. 11. Vertical profile of the column of Fig. 10, showing
quantitativelly the densities of air, acrylic and moil
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Fig. 12, The same column scanning of Fig. 10, after :onpugtion of
the soil on the top. The displacement of the top soil was about 4w
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Fig. 13. Verticsl Profile of the compacted column showed at Fig, 12.
The gradient of eoil distribution can be obaerved
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Fig. l4. Column scanning of woil,performed in lab simulating a
"blade" of Imm of dry compacted soil (density about 1.4g/cw?®, nsar
the centar of the column) with & bulk density about l.lg/cw?.
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Fig. 15, Vertical Profile of the column of Fig. 14 clearly shoving
the "blade™ of compacted s0i} nesr the center of the column.

Using a calibration curve (H.V. as & function of density) for
this scil it waa possible to calculate the accurate deneity dig
tribution in the profile and the position of the "blade".
Consequently these results open new frontiers of
investigations in the research of the compaction phenomenon.
Another immediate application of this result s in aiding to
analype and to construct homogenecus soil columns in the laborg

tory.
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2. DYNAMICAL AND TRI-DIMENSIONAL SIMULATION OF DRIP IRRIGATION
IN A COLUMN OF SOIL

The study of drip irrigation has a large pratical
intereat.On the other hand, it is impossible to solve analitical
ly Darcy’m equation in three dimensions considering the specific
boundary conditione of this problem (a complicator element is
the discret mource of water). Experiwentally, usmsing the usual
techniques of Scil Physices, such as T-Ray absorption, it is not
peessible to accompany tri-dimensionally the wetting frontier, even
the two-dimensional horizontal plane. Due to these limitations
we used medical CT scanner to make several tomographies to intro
duce a new tool in this important area.

The tomographies of Fig.16 and Fig. 17 illustrate

this.

Fig. 16. Cylindrical columa of 7.5ce height, B,3cm of internal
dismeter submitted to a constant dripping flux of water equai
to 4,8cw’/min. It is possible to obeerve from the indicated points
1, 2 and 3 the distribution of water in the horizontal plane in
function of time, measured in M.U. and seconds. Note thet the water
prefarentially flows to the region 3 than to the region 2,

20,
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Fig. 17, View of tri-dimensicual image rccon-tzucti?u of water
drainning in soil, pisuleting drip irrigation (hﬂtllﬂﬂ?ll and
vertical infiltration) of the wetting Froot. It ie possible to
cbserve detaile of the boundaries {frontiers) of the water
ia the soil.

From these two tomographies it 1is poasible to
observe preferential directions in the movement of water in the
80il. Certainly, this is due to the premence of heterogeneities
in the soil {distribution of densities not homogeneous in the
column}, compaction, different hydraulic conductivities, holes,
difficulty in the remotion of water out of the pores, etc.

Other tomographiee such as tomography of Fig.
17 under other views (angles, planes or positions) in a certain

instant of time also are possible to be reconstructed.
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3. SEED GERMINATION, GROWTH AND UPTAKE OF WATER BY ROOTS

We present here two towographies of a column of
80il with a peed of corn ineide.

As the two previous examples, the application of
C.T. to phyeico-chemical atudies concerning the germination of
& seed, growth of plant roots, evapotranspirastion (like a
wmatricial poptencial) alao can furnish subsidies and the observa
tion of new results in different fields of Soil Phyeics, Plant
Nutrition, Morphogeny ané Plant Phyeiology.

The fact that the C.T. mathod, is non invasive
has advantages, allowing studies involving, for instance, the
genetic seletion of the best meeds and planta, studiea of sty
tistice of germination wmotion of solutes in the 80il (nutriests

and polluents), evapotranspiration and eo on.
UNIY  MOBPLTAL TRIRSTE
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Fig. 18. Tomographic view of a cylindrical colusn of goil of 25cm
height and 57cm internal diameter contaioning & grain of carn
bafore garmination. Notice the presence of inhomogeneities in the
digtribution of density of the column and the presence of wataer
on the top sed batrow of it,
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Fig. 19. Tomograephie bi-dimensional view of the pravious seed

(Fig.18) germinated, where it is po
®oasuremants of soil water content (1112,38K.0.), the densities of the
roots (819 H.U, and 870 H.U.), the densities of the seed {115.534.0,
and ~186H.U.) as well as that of the plaat (482 N.U.). As in the
previous tomography, the presance of ichomogensities cas be obaazrved.
Periodical messurements of the densities of the 00il, of the seed and
of the roots in the same position or io different sngles allow the
folloving of the detailed germination of the seed, the development
of roots, as well the uptake process of vater and mutrients, the
distribution snd redistribution of water in the column etc.

svidle to obsecve clearly the

The tomographies shown are all in two dimensions.

On the other hand a tri-dimensional and real time view is also

poasible.

This is carried out using & smuitable computer

brogram of tri-dimensional i{mage reconstruction employing the
dynamical techmique (llke those 1n figs 4,5,6) or by means or

several bi-dimensional tomographies taken at different times and
angles.

N R

PR

T

w0

T



23,

Finally, it is interesting to observe that period
ical measurements of the region of seed revealed that from the
beglnning to the end of the germination process the mean denalty
of the seed changed from a value of 267,9 H.U. to ~15,9TH. . The
variation of the standard deviatlion changed from 182,86 to
212,92 respectively. After the germination, the seed presents at
least two distint regions: one of mean density equal 115,53 H.U.
and other of mean density equal -186,04 H.U.. We know that nega
tives values imply the presence of air. In conclusion it i3 evi
dent that the process of germination of a seed accurs fFrom a
larger consumption of nutrients of a certain reglon of the seed,
leading finally to a hole of air. The high value of the standard
deviation (higher than the value of itaelf measurement) 1is a
demonatration of the high non uniformity of the measured region,
which i3 the case of the presence of a hole of air. Though more
detajled studies are needed it is evident the great potentiality

of the method.

2k,

CONCLUSTONS

From this exposition, we can draw various basic

conclusiona and we summarize them below.

1. CT secanning can be used to observe and measure quantitatively

bulk density and water content in soll;

2. CT scanning can be used for dynamic (real-time) studies of
water motion in soll, ineluding measuring water speeds as high

as 1,6mm/s;

3. CT secanning can be used to obtaln infarmation on heterogenel

ties of bulk density, water content and 3-D information;

4. Simultaneous spatial and time distributfons of water content
and bulk density can be obtained by the uae of appropriate CT

techniques;

5. The slope of the linear dependence of Hounafleld Unita (H,U.)
on water content (8) changes for different soils, but is inde
pendent of bulk density for the same soll. Thus, the H.U. aie
a function of both p and 8, that ia, a CT image of soil 13 1in
fact at least a bidimensional functlon H.U. (p,®). This very
important point has to be taken into account il a quantitati

ve interpretaticn of soll CT images {s required;
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It was possible to design, bulld and use a CT Miniscanner ded
icated to soil sclence research, such as to perform bulk

density and water content tomographic analysis;

The CT miniscanner has advantages over the commercial medical
scanner, particularly allowing the use of several beam ener
gles and different radiation sources, such as isotoplc

sources or X-ray lluorescence targets;

The use of 38 to 4dKev is the best energy for water-content

reselution;

The cost os the CT Miniscanner is 199 times lower than commer

cial medical tomographs;

The use of CT scan opens new possibilities of research in Soil

Physics such those shown in the sections 1, 2, and 3.

b
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X- AND y=RAY, NMR AND ULTRASONIC TOMOGRAPHY: ITS CAPABILITIES AND

LIMITATIONS FOR STUDYING SOIL-WATER-PLANT RELATED PHYSICAL PROCESSES

5. Crestanal’z, D. R. Nielsenz, A. Orhun2 and J. Biggar2

lUAPDIA—EHBRAPA-SAB CARLOS-SP~BRAZIL

2Un1versity of California-LAWR-Davis, CA .

Important and challenging research problems such as ground-water contamination,
miscible and immiscible displacement of nutrients in the presence of roots, prefer-
ential flow of pollutants in fractured porous media, seedling in cracking and swell-
ing soils, raindrop 1mpact, scil tillage, wetting-drying or freezing-thawing cycles
are some real examples of many coupled and time-dependent processes occurring in
the soil (Nielsen et al., 1986). Considering these processes by employing the
conventional techniques such as neutron-probe, gravimetry, direct y-ray transmission,
tracers and others 1s practically impossible in either the laboratory or the field.

In the last few years, with the advent of new methodologles coming From
different areas like Physics, Space Science, Cybernetics, Geophysics and Medicine,
gome experimental techniques have been Improved or proposed for the firse time in
the domain of soill or water rescurces reseatrch. Among theth we can cite: neutron
radiography {Brenizer et al., 1987), seismography (Birkelc et al., 1987), remote
sensing (Froidevaux, 1986), magnetic susceptibility (Martin et al., 1987) dielec-
tric conductivity (Topp, 1987), resistivity (Kean et al., 1987), and laser (Huang
et al., 1988}).

In vur laboratory we have already successfully employed the X- and y-ray
computerized towmography (CT) and recently started to apply nuclesr magnetic
resonance (NMR) and ultra-sound imaging in soil investigations.

1) Soll-water ultrasonic tomography: preliminary experimencs

Using a medical image ultra-sound equipment {Ultramark-8-ATL)}, the penetration
of ultra-sound waves in differemt soil samples at several water contents were
tested. Four probes (transducers) available from the equipment employing 3,5;

5; 7, 5 and 10 MHZ frequency were experimented., As the results have been demon-
strated the ultra-scund penetration in the soil 1in the employed frequency range

is practically zero, The 1deal frequency to perform ultra-sound images in soil
samples iz in the range of a few Kilohertz. Nevertheless the spatial Image
resolution 1s very poor, as recently confirmed by Lo et al., 1988 using a laboratory
ultra-sound miniscanner.

2) Soil-water-plant magnetic resoniuce imaging
The fdeal potential technique to measure water content in the soil and teo

observe soil systems (plants, roots, and organisms) would be NMK due to the high
concentration of H+ protons in these systems. Recently using the UCD-NMR-CSI-2

spectrometer we have achieved some encouraging results employing sand samples.
It was possible to qualitatively observe the water content distribution in a
saturated sand sample and to observe the root distribution of a bean seedling.

Our preliminary results using soil samples (sand, silt loam and clay soils)
ylelded images sufficiently poor (broad peak signals) to render Inconclusive
interpretations. Bottomley et al., 1986; Anderson and Gantzer, 1987; and
Tollner et al., 1987 also reported problems concerning comsistent results
analyzing real soil NMR imaging. The presence of paramagnetic and ferromagnetic
materials in the soil (or porous med{um), producing local heterogeneities, disturb-
Ing the image and limiting its spatial resolution is ome of the constraints of the
gsoil-water-plant NMR imaging. Another limitation is the short NMR decay time (and
complex Free Induction Decay-FID) not allowing its detection by the NMR spectrometer
when the conventlonals spin-echo image sequences are employed (spin-echo time equal
te or less than 15 ms, Moreover, the NMR signal is not only sensitive to the water
content of the sample byt 1t is also sensitive to the porosity of the sample.
Because of this fact, we can anticipate that a simple relationship involving NMR
signal and the soll-water content of the sample is practically difficult or even
impossible.

3) Scil-water-plant X~ and y-ray CT imaging

We have obtained results showing the appropriateness of CT to measure soll
bulk density, soil water content in 2- and 3-dimensions, as well as related measure-—
ments for transient flow (Crestana, 1985; Crestana et al., 1985, 1988a). Three-
dimensional measurement of transient flow from drip irrigation in a soil column
and seed germination growth and uptake of water by roots (Crestana, 1985; Hainsworth
and Aylmore, 1986; and Crestana et al., 1988a) has been achieved. Several results
involving soil systems like plant, seeds, insects and cone penetrometer interactioms
have also been presented (Tollner et al., 1987). Using a third-generation commercial
X-ray computerized tomograph, several non-swelling soil columns of different initial
water contents and bulk densities were scanned to obtain 2-dimensional images
(Crestana et al., 1988b). The infiltration process was capable of being monitored
every 6-7s. Water content distribution as a function of position and time allowed
the calculation of the soil-water diffusivity. A comparison of the data from
infiltration and the solution of Richards' equation has demonstrated the veflity
of the method.

Two limitations of the CT technique exist: the complexity and the high cost
of commerciazl tomographs., We were able to design and build for the first time
a simple and inexpensive X~ and y-ray CT micro-scanner dedicated to soll sclence
investigations (Crestana, 1985; Crestana et al., 1986, 198B8a; Cruvinel, 1987; and
Cesareo et al., 1988). Subgequently, we have successfully used the instrument in
a variety of measurements described briefly im the following paragraph.

Undisturbed scil clods submitted to successive plowing processes in the
field were scanned using the CT micro-scanner (Vaz et al., 1988). It was possible
te observe and measure a thin compacted layer present in the clods. Cne of the
advantages of the CT micro-scanner over the y~ray absorption apparatus is the
possibility to perform 2- and 3-dimensional scans of soil samples (non-disturbed)
independent of the geometry and the shape of each sample.



Qur CT micro-scanner allows the use of several beam energles and different
radiation sources stemming from different isotopes or X-ray fluorescence. We
have demonstrated that the use of 30 to 40 Kev is the best energy for water-
content resolution rather than that of 60 Kev supplied commercially. The
technique of differential tomography (DCAT) was also employed to quantify water
draining in soil, taking advantapge of the photoelectric discontinuity of lodine
when we employed the radiation of Barium (32 Kev) or Cerium (34.5 Kev) as
secondary targets of an X-ray source. The use of Thulium (59.3 Kev) in the seil
as a tracer allows us to enhance the seil-water images when we employed a source
of Americium (59.6 Kev).

Briefly concluding, we can affirm that some techniques using ultra-sound,
neutrons, microwaves, laser and others mentioned above are encouraging new
experimental possibilities in soil-water-plant investigatilons, still depend
upon future improvements. On the other hand, though more X- and y-ray CT
research is necessary {Anderson et al., 1988) we can also affirm that fluorescent
radiation, differential tomography and new tracers are already an available
oppertunity for imaging real soils. Undisturbed, and high resolution two- and
three-dimensional analyses of a 2- or J}-phase system in a porous material such
ag transport of water and solutes within the scil is a particular example,
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