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Abstract

Soil compaction is one of the fundamental parameters to evaluate the environmental impact o f agricultural 
machinery traffic on soils. Compaction causes modifications on soil physical properties such as changes in porosity and 
structure that are related to  soil water movement and gas exchange The objective of this work was to evaluate soil 
surface sealing after sewage-sludge application, and the influence of agricultural machinery traffic, through computed 
tomography. A first generation tom ograph was used having a I37Cs source and a 3 in x 3 in Nal(Tl) scintillation crystal 
detector coupled to  a photomultiplier tube. Image analysis and tomographic unit profiles could successfully be used for 
the detection of soil surface sealing and soil compaction due to machinery traffic associated to  sewage-sludge 
application.
©  2003 Elsevier Ltd. All rights reserved.
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1. Introduction

Gamma-ray-computed tomography (CT) is a non­
destructive technique suitable to  investigate different 
phenomena. The first studies were performed in medical 
science, and lately with the success of the technique, the 
CT began to  be used in other areas. Coles et al. (1998) 
developed the computed microtomography employing 
synchrotron X-ray sources to  obtain pore level imaging 
o f fluid transport. Stenstrom et al. (1998) applied CT to 
investigate morphological changes in small animals. 
Braz et al. (2000) analyzed dental anatomy and some 
restorative materials through X-ray microtomography. 
Schroer (2001) combined fluorescence microanalysis 
with tomographic techniques to obtain map element 
distributions within a sample. In soil science, the first
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studies were introduced to measure soil density, soil 
water content, and soil water movement (Crestana et al.. 
1985; Hainsworth and Aylmore. 1983; Petrovic et al.. 
1982). Recently, Macedo et al. (1999) utilized X-ray 
microtomography, also to  characterize soil physical 
properties, and Brandsma et ai. (1999) applied the 
technique to  determine soil macroporosity by chemical 
mapping. Fante Júnior et ai. (2002) evaluated the 
occurrence of soil compaction caused by different soil 
management practices.

Soil compaction is one of the fundamental aspects to 
evaluate the environmental impact of agricultural 
machinery traffic on soils. It can also occur due to 
natural forces acting on the soil or several anthropo­
genic activities (Pagliai et al., 1998; Marsili et al., 1998). 
Soil compaction causes modifications on soil physical 
properties such as changes in porosity and structure that 
are related to  soil water and gas movement. Soil porosity 
modification has consequences as the decrease of the 
water infiltration rate and possibility of the occurrence
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of furrow erosion. Soil structure is one of the most 
important properties affecting crop production because 
it determines the depth that roots can explore, the 
amount o f water that can be stored and the movement 
o f air, water, nutrients, and soil fauna.

According to  Bavcr et al. (1973) soil-surface sealing is 
a specific physical modification of the soil, and this 
phenomenon is a  result o f the impact o f raindrops on 
bare soil, mainly after soil preparation operations, or 
during the initial growth stages of the crop. The impact 
energy of raindrops promotes the disintegration of soil 
aggregates by mass expansion and explosion o f trapped 
air, promoting the dispersion and orientation of the 
finest particles, which infiltrate along with water, 
plugging smaller pores. During the drying process, 
deposition, migration, and orientation lead to  the 
formation of a fine hard surface layer. This layer reduces 
the time for surface flooding, increasing run-off volume, 
favoring laminar and furrow erosions (Pagliai and 
Vignozzi, 1998; Pla, 1985).

During the last decade, many studies have been 
carried out on the application of sewage sludge as 
fertilizer and a soil conditioner (Tsutiya, 2001). Several 
results have shown that the application of sewage sludge 
promotes a significant change on the soil surface, 
causing an additional surface sealing (Pires et a!., 2002; 
Macedo, 2002), and modifications in soil physical 
properties (Macedo et al.. 200i; Marciano, 1999; Logan 
et al., 1996; Bcrnardes. 1982).

The objective of this work was to  evaluate soil-surface 
sealing through CT after sewage-sludge application, and 
the influence of agricultural machinery traffic on 
sewage-sludge-treated soil.

2. Theory

When a gamma-ray beam passes through an hom o­
geneous material of thickness x  (cm) several electro­
magnetic interaction processes occur (Wang et al., 1975), 
and the transmitted photons follow the Beer-Lambert 
law

N  =  Aro exp px ds, (1)

where N  and N 0 (number o f photons m - 2 s~’) are, 
respectively, the emerging and incident monoenergetic 
photon flux densities of energy E~ (keV), ,u (cm-1) and 
p /p  (cm2g-1) are the linear and mass attenuation 
coefficients, and p (gem -3) is the physical density of 
the material.

The mass attenuation coefficient can be obtained from 
Eq. (1), since N , No, p and x  can be measured:

i . w-In
p x N (2)

It measures the photon absorption or scatter probability 
per unit length while interacting within the sample, and 
is proportional to the cross-section per electron rcc (cm2/ 
electron), therefore,

KçZ N ;icjv
: A ’ (3)

where Z  is the atomic number, N adv Avogadro’s 
number, and A  the atomic mass of the material.

Values of the attenuation coefficient o f the soil in the 
CT image can be associated with numbers called 
tomographic units (TU) that are numerical values 
assigned to gray levels (Naime et al.. 2000; Crestana 
and Vaz, 1998). TU takes the air as the media with the 
minimum possible p. value. It is related to the Hounsfield 
unit (HU) that takes the water as a  reference media for 
which HU =  0. The relation between the TU and the p of 
the sample is given by

. , A v(£v)^TU (Ê,) =  ap(Ey) =  a
Ps

Ps + V P w
(4)

where a represents the correlation between the linear 
attenuation coefficient and TU, ps/p s and uw/p w 
(cm2g- i ) are the mass attenuation coefficients o f soil 
and water, respectively, and 6 (cm3 cm-3) is the 
volumetric soil water content.

The variations in TU values correspond to differences 
in soil density and water content. When the soil sample 
is dry or its water content is uniformly distributed, the 
TU distribution reflects only the soil bulk density 
distribution, and consequently, the soil image obtained 
through the CT can be used to  determine soil compac­
tion (M acedo et al.. 2000):

Pi
TU

* [(ps/ ps) + (A«*/Pw )* r
(5)

where $  (gg ')  represents the gravimetric soil water 
content.

3. Material and methods

3.1. Soil samples and preparation

The sewage-sludge field experiment was established in 
1998 at the National Center for Environment Research 
(CNPM A-Embrapa) [22°41'S, 47C00'W, 570m above 
mean sea], Jaguariuna, SP, Brazil, on a medium-clayey 
soil, a dark-red Latosol according to  the Brazilian Soil 
Science Society classification. The experiment consists of 
four treatments [three sludge rates +  one control (abso­
lute control)], using split-plot blocks with three repli­
cates. The term absolute control refers to the control 
plots that did not receive neither sewage sludge nor 
inorganic fertilizer. The rates o f sludge application were 
calculated on the basis o f dry weight of mineral
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nitrogen, corresponding to: 10, 40 and 80kgm -2 of N 
and here identified as IN , 4N and 8N, respectively.

The vehicle utilized for soil preparation practices and 
sewage-sludge application was a  tractor (MF 275— 
2 x 4) of 2.553 kg. The vehicle passed none and twice on 
the same track while performing soil preparation and 
sewage-sludge application.

F or CT analysis, 12 soil samples were collected at the 
soil surface using cylinders o f 5 cm high and 5 cm 
diameter, nine o f which from areas receiving different 
rates of sewage sludge, in order to obtain tomographic 
images. Average dry bulk density was measured by the 
volumetric ring method (Embrapa. 1998) and CT 
methods by taking samples of soil below tractor tracks 
after none and two passages.

3.2. Tomographic system

A first-generation gamma-ray CT system was used in 
this experiment, having a fixed source-detector arrange­
ment in which soil samples are translated and rotated. 
Translation and rotation movements were controlled by 
a microcomputer through coupling interfaces. The 
radioactive source is 137Cs with an activity of 7.4 GBq 
that emits monoenergetic photons (661.6keV). The 
detector is a  3 in x 3 in Nal(Tl) scintillation crystal 
coupled to a photomultiplier tube. Circular lead 
collimators with a diameter o f 1 mm were utilized for 
both source and detector. The acquired data for soil 
samples were stored in a PC memory and a reconstruc­
tion image algorithm was used to  process images and 
display them on the computer screen (Fig. i).

The calibration of the tomographic system was 
obtained through the correlation between linear a t­
tenuation coefficients o f different homogeneous materi­
als (water, alcohol, nylon, acrylic, aluminum and brass) 
using the gamma-ray transmission method and the 
respective tomographic units (Pires ei aL  2002; Macedo 
et al.f 1998; Cassaro, 1994).

The tomographic images of soil samples were taken at 
vertical planes crossing the center o f the sample, and TU 
values w'ere converted into soil bulk density profiles 
using Eq. (5).

4. Results and discussion

The values obtained for linear and mass attenuation 
coefficients of the soil (,us =  0.0836+0.0025 cm2 g_I) and 
water (pw =  0.0850 +  0.0005 cm2 g_1) are in accordance 
with those found in the literature for 661.6keV photons 
of I37Cs (Ferraz and Mansell, 1979).

The average soil bulk density values obtained by both 
volumetric ring and CT methods are shown in Table I.

Table 1
Average values of soil bulk density (ps), density of the layer 
presenting soil surface sealing (pcrast) and density of the 
compacted soil layer (p^) for samples of treatments ( r abs: 
absolute control; IN, 4N and 8N: rates of sewage sludge)

Treatment Ps (gem 3)a Pcrust (gem 3)b f —3\b
Pcc (gcm )

Tabs 1.08 ±0.07 1.12+0.08 1.11 +  0.08
IN 1.05+0.08 1.15 + 0.02 1.15 +  0.06
4N 1.02+ 0.12 1.20+0.04 1.19 +  0.11
8N 1.09 +  0.11 1.22+0.03 1.24+0.12

“Measured by the volumetric ring method. 
b Measured by the CT method.

0.0 0.2 0.4 0.6 0.8 1.0 1.2 

density p {g.crrr3)

Fig. 2. Average soil bulk density for not compacted soil (ps), 
for samples presenting surface sealing (pcrost) and for com­
pacted soil samples (p^).

Fig. 1. Schematic diagram of the first-generation tomograph used for CT measurements: (1) lead collimators; (2) Nal(Tl) detector; (3) 
photomultiplier; (4) high-voltage unit; (5) 137Cs source; (6) amplifier; (7) monocanal analyzer; (8) counter; (9) timer; (10) 
microcomputer; (11) soil sample, and (12) rotation-translation system.
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Fig. 3. Vertical profile of tomographic units obtained for samples that did not receive wheel tractor passages during sewage-sludge 
application: (A) absolute control (without any treatment); (B) IN  sample; (C) 4N sample; and (D) 8N sample. In these samples the 
presence of soil surface sealing can be observed.
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Fig. 4. Vertical profile of tomographic unit obtained for samples that received two-wheel tractor passages during sewage-sludge 
application: (A) absolute control; (B) IN  sample; (C) 4N sample and (D) 8N sample. For these samples soil-surface sealing is disguised 
by bulk soil compaction caused by the tractor passage.
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Values o f volumetric ring density ps are averages of nine 
rings per treatment. The average data of the density of 
the sealed crust pcrust obtained by CT correspond to 
the average of three samples and to a surface thin 
layer o f about 2-4  mm. Column 4 shows the average 
density values of p ^ , which correspond to compacted 
soil samples that were exposed to two-wheel tractor 
passages.

Fig. 2 indicates that average bulk density values of the 
soil surface sealing region (pcrust) and compacted soil 
region (p^.) do  not differ. These results show that for the 
sample that presents compaction it was not possible to 
identify the presence of soil surface sealing, probably as

E

®
|  20 J 
0!>(0

o J — ,— LJ— T— U — ^ — J — j,— L,
i 2 3 4

samples

Fig. 5. Histogram of tomographic unit values obtained for the 
samples (1 (absolute control), 2 (IN  sample), 3 (4N sample), 4 
(8N sample)) that received two-wheel tractor passages during 
sewage-sludge application. Vertical bars indicate one standard 
deviation.

a consequence o f increment of the soil bulk density due 
to wheel compaction, which disguised the sealing. The 
higher densities pcrust and p ^  in relation to ps (not 
compacted soil) indicate the presence of soil surface 
sealing as a result of sewage-sludge application (see Pires 
et al.. 2002) and soil compaction caused by agricultural 
machinery.

Analyzing Table 1 it can be seen that with the increase 
o f the sewage-sludge rate, pOTSt increases, reaching 
values that are larger than those obtained for deeper 
layers (Figs. 3B D). F or the compacted samples (p^) 
that received the same treatments (IN , 4N and 8N) of 
the soil samples with surface sealing, the values o f TU 
obtained in depth practically did not differ from those of 
the soil surface (Figs. 4B-D). This is an indication that 
the approximate homogeneity of TU values is a

sample thickness (mm)

Fig. 7. Tomographic units distributions for the absolute 
control samples: r abs (not submitted to tractor passages) and 
rabs(2) (two-wheel tractor passages).
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Fig. 6. Tomographic images for the absolute control samples. r abs and Tabs(2) represent samples not submitted to tractor passages and
submitted to two-wheel tractor passages, respectively.
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10.00 -

4N (2)
J f  c y l in d e r  w a l l re g io n

10.00 20.00 30.00 40.00 50.00 S0.00 70.00 80. 10.00 20.00 30.00 40,00 50.00 80.00 /0 .00 80.0

L. -MM-r-W 
L ....14N(2) -

—  soaiing region

10 15 20 25 30 

sample thickness (mm)
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Fig. 10. Tomographic images from the 4N samples. 4N and 4N(2) represent samples not submitted and submitted to two-wheel tractor
passages, respectively.
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consequence of the effect o f the tractor passage during 
soil preparation and sewage-sludge application, disguis­
ing the surface sealing.

In order to  confirm the results obtained in Fig. 4  an 
average TU histogram (Fig. 5) was constructed that 
shows the values for the different treatments ( r abs, IN, 
4N, and 8N). These values practically did not present 
differences between treatments, indicating the formation 
of homogeneously compacted layers.

Figs. 6-13 represent a comparison between soil 
samples submitted to none and two-wheel passages. 
Observing the CT images it can be seen that for the 
samples that were not submitted to  tractor passages 
there are less compacted regions in relation to the 
samples that were submitted to  two passages.

Fig. 6 shows the images obtained for the absolute 
control samples, i t  can be seen that there is no formation 
o f a surface compacted layer, confirming that for T-Abs 
samples the CT analysis is capable of identifying the 
absence of soil surface sealing. Fig. 7 displays vertical 
scans of these images to facilitate the interpretation of 
the images of Fig. 6.

Fig. 8 shows the tomographic images for the IN  
treatment. F or samples that did not receive wheel 
passages a compacted region in the surface can be 
observed ratifying a possible surface sealing due to 
sewage-sludge application. On tomographic images of 
samples submitted to  tractor passages it was not possible 
to observe a compacted region in the surface, because 
the sample presents compaction due to  tractor traffic, 
which disguises the presence of surface sealing. Vertical 
scans of these images (Fig. 9) confirm the existence of 
soil surface sealing for sample IN, and display an 
approximately uniform variation of tomographic units

for sample IN (2) ratifying the existence of soil compac­
tion.

Figs. 10-13 show the tomographic images and vertical 
scans of tomographic units for samples that received 
sewage sludge at rates 4N and 8N. Through the analyses 
of images and vertical scans it is possible to  detect the 
same tendency obtained for samples that received 
sewage sludge as fertilizer at rate IN. These results 
confirm the presence of soil surface sealing for samples 
that did not receive wheel tractor passages and the 
existence of soil compaction for samples submitted to 
tractor passages, again disguising soil surface sealing. 
The variations of density in the soil surface region

sampie thickness (mm)

Fig. 13. Tomographic units distributions for the 8N samples: 
8N (not submitted to tractor passages) and 8N(2) (two-wheel 
tractor passages).
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observed for samples that were not submitted to tractor 
passages ( F ig s .  8A. iOA and 12A) are, most probably, 
consequence of soil preparation and sewage-sludge 
application.

The results obtained in this work confirm the effect of 
soil compaction due to wheel tractor passages, and that 
this compaction disguises the presence of surface sealing 
caused by the sewage-sludge application.
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