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Chapter 1 Introduction

Phosphogypsum (PG) is obtained as a by-product when phosphoric acid is produced from rock
phosphate, and it primarily comprises hydrated gypsum (CaSO4°2H,0). During the process of wet
phosphoric acid production, several times of PG is produced along with the end product; therefore,
a large deposit of PG still remains in of factories. PG comprises only around 4% of the total
agricultural use in a few countries or areas, while its world production is estimated to be
approximately 125 million Mg/year (Rechigl 1995). Therefore, the agricultural use of PG is very
important from the viewpoint of the stable reuse of industrial by-products.

The agricultural use of gypsum has been primarily examined to ascertain the improvement in the
chemical and physical properties of deteriorated soils. PG has been used as an effective ameliorant
for subsoil acidity in acidic and low base status soils, i.e., Oxisols and Ultisols (Shainberg I et al.
1989). Moreover, it is well known that gypsum application suppresses soil dispersion in sodic soils
(Harrison WJ et al. 1992). Since Saigusa et al. (1991) reported that PG is an effective ameliorant
for subsoil acidity in non-allophanic Andosols, many experimental studies on the agricultural use of
PG have been conducted in Japan, particularly for improving sulfur nutrition in Orchardgrass,
controlling the decomposition of rice straw manure, and improving the calcium (Ca) nutrition and
constraint effect of the russet scab in potato-(Toma M et al. 1995, 1997, and Toma M and Saigusa
M 1997). However, in Japan, most studies on the effect of PG application have been conducted
using nonallophanic Andosols, a few studies have been conducted on alluvial soils and terrace soils.
Therefore, it is necessary to examine the effect of PG in other soil types, particularly in allophonic
Andosols and other soils distributed in alluvial areas such as Inceptisols and Entisols.

Leaching of the base such as Ca and the resulting soil acidity are problems that occur in Andosols.
Therefore, in Japan, liming is performed by using' calcium carbonate or dolomite. However, they do
not supply a sufficient amount of Ca to crops due to its slight solubility. Since PG is moderately
soluble in water (0.2 g L™) in comparison with calcium carbonate or calcium chloride, it is a
promising Ca source for crops that require a large amount of Ca. Although many attempts have
been made to determine the amount of PG required supplying Ca to crops, few studies have been
conducted with a focus on growth response such as root development. In addition to the supply of
Ca, it is expected that PG application can improve the physical properties of the soils for upland
crops converted from paddy fields. In addition, it is also necessary to clarify the effect of PG in a
paddy field mainly distributed in an alluvial area because the soils converted from paddy fields
rotationally again reconvert to paddy fields.

Therefore, in order to clarify the effect of PG application on Andosols and other soils distributed
in an alluvial area, which are widely distributed in Japan, the following examinations were
conducted by considering the relationship between the changes in both the chemical and physical

properties of the soils and crop growth with special reference to their root growth.



Chapter 2 Effect of phosphogypsum application on the chemical
properties of alluvial soils and terrace soils

It is necessary to examine the basic reaction of PG in the soil, particularly in the alluvial and
terrace soils such as Inceptisols and Entisols in Japan because the information on these soils is
limited. Therefore, the changes in soil pH after PG application were examined with special
reference to the acidic character of the soil. Ten cultivated soil samples, which were classified into
alluvial and terrace soils, were used in this experiment. PG was applied at the rates of 0, 1.0, 2.0,
4.0, and 8.0 g kg "'air dry soil. |

Although the soil pH decreased in proportion to the application rate of PG regardless of the soil |
types (Fig. 1). There was a significant negative correlation between the apparent decrease in the soil
pH and the amount of constant charge in the soil at the 5% level (Fig. 2). In addition, the increase of
the AI** concentration in the soil solutions with PG application was less than 9% of the decrease of
both exchangeable Al and y; in all the soils tested. Therefore, it indicates that the Al released could
be irreversibly changed to other forms such as polymerized Al, as previously reported on

non-allophanic Andosols.

Chapter 3 Reaction of phosphogypsum in Andisols and its effect on
crop growth

Section 3-1 Evaluation of plant-available calcium

Exchangeable Ca does not necessarily correlate with Ca uptake by crops. Therefore, in order to
evaluate Ca availability to plants, the effect of PG application on the chemical properties of soil and
Ca uptake by Komatsuna (Brassica rapa L. cv. Natsurakuten) was examined in comparison with
that of calcium carbonate with special reference to both exchangeable and water-soluble Ca in the
soil. '

Exchangeable Ca increased in a similar manner in both the calcium carbonate and PG plots. On
" the other hand, water-soluble Ca increased in proportion to the PG application rate (Fig.3), and the
maximum increase was approximately 5 times higher than that observed in calcium carbonate plot.

In Komatsuna plant, PG application affected the root growth much stronger than the top growth;
the fresh weight of roots grown in PG plots was 6%—31% greater than that of roots grown in
calcium carbonate when the same amount of CaO was applied. The Ca content of Komatsuna plants
grown in PG plots was greater than that in calcium carbonate plots. Adding to this, Ca uptake by
Komatsuna plant was closely correlated to the water-soluble Ca content (r* = 0.8461)of the soil in
comparison with the extractable Ca content (r* = 0.4832) of the soil (Fig.4); Therefore, it was
clarified that water-soluble Ca was more suitable as an index for plant-available Ca than

exchangeable Ca in soil.



Section 3-2 Reaction of PG in Andisols with different colloidal components

In Section 3-1, it was clarified that PG application to allophanic Andosols was an effective
method for supplying Ca to crops and the evaluation of plant-available Ca became possible by
measuring the water-soluble Ca in the soil. However, it was also predicted that the effectiveness of
PG application on supplying Ca would be affected by the colloidal components in Andosols.
Therefore, in this section, the effect of Ca supply in Andosols with different colloidal components
was examined with special reference to water-soluble Ca. Five virgin Andosols with different
inorganic and organic colloidal components were used in this experiment. PG was applied to the
soils at the rates of 0, 0.3, 0.6, and 1.2 CaO gkg™.

In all the soil samples, the water-soluble Ca content increased with an increase in the PG
application rate; however, the increment differed among the soil types (Fig.5). The increment in the
water-soluble Ca content of non-allophanic Andosols was relatively higher than that of allophanic
Andosols. The apparent increment in the water-soluble Ca content tended to decrease exponentially
with an increase in the allophane content of the soil (Fig.6). Furthermore, on comparing between
non-allophanic Andosols with less than 50 g kg™ of allophane content, it was deduced that the
apparent increment in the water-soluble Ca content of humic non-allophanic Andosols was lower

than that of non-humic soils by 0.1 cmol, kg™.

Section 3-3 Effects of PG application to nursery media prepared from Andosols on
growth and calcium uptake of melon seedlings

Based on the results of Section 3-1, it was clarified that PG application could supply Ca to crops
without causing salt injury and could also promote the root growth of crops. It is well known that
the melon plant (Cucumis melo L.) is a crop with a high Ca requirement and that root development
in this plant is a key to promote initial growth. Therefore, considering the above-mentioned
advantageous PG effects, the effect of PG application to nursery media prepared from Andisols on
the quality of melon seedlings was examined in this section. Three melon varieties were used in this
experiment and PG was applied to the nursery media at the rates of 0, 2.0, 4.0, and 8.0 g L™".

PG application increased water-soluble Ca in the nursery media from 1.7 to 5.2 cmol, L™, Both
top growth and root growth of melon seedlings were enhanced by PG application regardless of the
melon variety (Tablel). Although Ca uptake by melon seedlings was promoted by PG application in
all the varieties, the relationship between Ca uptake and growth response of roots was different
among varieties (Fig.7). Considering the root growth, it was decided that the optimum PG

application rate for melon seedlings is 4 g L.



Section 3-4 Relationship between the nutrient uptake in cucumber and the root
response to phosphogypsum application

In the results stated in Sections 3-1 and 3-2, the effect of PG application on both Ca supply and
root growth of crops was clarified. In this section, the effect of PG on the growth of cucumber was
examined with a special reference to the soil-plant interaction.

The pot experiment with allophanic Andosols was conducted using the cucumber variety,
Cucumis sativus L. cv. Sharp-1. Calcium compounds such as calcium carbonate, calcium chloride,
and PG were used, and their application rates were 0, 0.15, 0.3, 0.6, 1.2,and 2.4 CaO g kg™

The dry weight of the root increased on the application of both calcium chloride and PG
compared with that of the control, regardless of the application rate (Table2). The amount of
rhizosphere soil differed among experimental plots and increased proportionally with the PG
application rate, reaching a value approximately 4 times greater than that of the control. There was
a positive correlation between the amount of rhizosphere soil retained by the roots and Ca/Total
cation ratio of the soil solutions at 0.01% level (Fig.8). Furthermore, microscopic observation
showed that root hair was well developed in the plants with PG application compared with the root
hair in the control plot. From the result of the examination on the relationship between root-related
factors and the nutrient uptake of Cucumis sativas L., the best correlations was obtained between
the net amount of rhizosphere soil retained by the cucumber root and the nutrients uptake, such as
N, P,0s, Ca, and S.



Chapter 4 Reaction of phosphogypsum in paddy soil and its effect on
crop growth
Section 4-1 Effect of phosphogypsum application on the chemical and physical
properties of the soils converted from paddy field and on the growth of soybean

In Chapter 3, the effectiveness of PG on Ca supply in Andosols was clarified from the viewpoint
of root growth. On the other hand, it is very important to improve field permeability in addition to
Ca supply in the soils converted from paddy field, in where poor drainage becomes a limiting factor
for a stable soybean production. Therefore, in order to clarify the effect of PG application in the
soils converted from paddy field, the following experiments were carried out.

A. Effect of phosphogypsum application on the chemical and physical properties of
the soils converted from paddy fields and on the root growth of soybean

The experiment was conducted using Glycine max L. Miyagishirome in the soils converted from
a paddy field in Furukawa, Miyagi prefecture. Calcium carbonate, powdery phosphogypsum (PPG),
and granulated phosphogypsum (GPG) were applied at the rate of 0.3 Mg CaO ha™".

Both PPG and GPG application remarkably increased the amount of water-soluble Ca in soil
compared with the control. On the other hand, the measurement of the three soil phases in the PPG
plot showed a 4.2% increase in the gaseous phase and a 3.5% decrease in the solid phase as
compared to the control. The soil dispersion ratio had decreased significantly with the application
of any kinds of Ca-containing compound. The infiltration rate in the field was measured, and the
following order of decreasing water permeability was obtained based on the n-value in infiltration
curves: PPG > GPG > calcium carbonate > control (fig.9). Furthermore, the remarkable decreasing
of the stagnant water in the furrow was observed in PPG plot after the heavy rainfall (Fig.10).

Top growth of soybean such as the length of the main stem and its node number were
significantly increased with PPG application (Table3). In addition, the descending order of the total
root length corresponded with the descending order of the field permeability. The amount of Ca
uptake by soybean plant was increased in the PPG and GPG as compared to the control. The results
of root distribution at the harvest time revealed that root development was vertically and laterally
promoted in the PPG plot compared with that in the control (Fig.11).

B. Evaluation of the effectiveness of phosphogypsum in different soil types

In the previous section, it was clarified that the effect of PG in the soils converted from a paddy
field. However, it was predicted that these effects would differ among the soil types. Therefore, in
this section, the effect of PG on soil dispersion in different soil types was examined by a simplified
method that measures the filtration speed in soil suspensions. PG was applied at rates of 0, 0.5, 1.0,
and 2.0 g kg™, Effect of PG on soil dispersion considerably differed among the soil samples tested.
The'suppression of soil dispersion by PG was greater in non-Andosols. It was also remarkably

higher, particularly in Takadate soil with dominant 2:1 type clay minerals.



Section 4-2 Effect of phosphogypsum application on the chemical properties of paddy
soil and the growth of rice plants |

In section 4-1, it was clarified that the effect of PG in the soils converted from a paddy field.
However, it is also necessary to examine the effect of PG in paddy fields. And the injury induced by
the generation of hydrogen sulfide following PG application has been considered. Therefore, in this
section, both positive and negative effects of PG on rice growth were examined, particularly with
respect to soil solution components and the root growth of rice.

A. Effect of phosphogypsum appli¢ation on the chemical properties of flooded soil
and on the initial growth of rice plants

The effect of PG on the initial growth of rice plants was examined using five soils with different
colloidal components. Pot experiments were carried out on Oryza sativa L. Koshihikari by using
1/5000 a Wagner pots, and the application rates of PG were 0, 1.0, and 2.0 g kg™

NH," concentration in the soil solution had been increased with PG application compared with
that in the control, irrespective of the soil sample used. Furthermore, the number of tiller in rice
plants tended to increase with PG application. The extent of increase in the number of tiller
corresponded well with the increase of NH," in the soil solutions.

B. Effect of PG application on the growth of rice plant and its productivity

In this subsection, the effect of PG on rice productivity and the hydrogen sulfide injury due to the
PG application in a paddy field were examined.

The experiment was conducted in a paddy field (Typic Melanaquands) by using Oryza sativa L.
Hitomebore. The fields where PG was applied at a rate of 0 (PGO0), 1.0 (PG100), 2.0 (PG200), and
5.0 (PG500) Mg ha™" were used as the main plots, while those with nitrogen topdressing were
considered as subplots.

Similar to the pot experiments, the number of tillers with PG application increased as compared
with that in the control, particularly in the case of PG500 (Fig.12). The rice roots were classified
according to their root color prior to heading, and the ratio of the black roots apparently increased
in proportion to the amount of PG applied (Fig.13). However, following the staining of a cross
section of a black root by Evans blue, cell death and morphological changes in the stele were not
observed microscopically. Therefore, it was considered that the proportion of the black root was not
well correlated with rice yield, and PG application does not necessarily induce hydrogen sulfide
injury. The ear number and total number of unhulled rice increased in proportion to the amount of
PG applied, resulting in an 8% increase in brown rice yield in PG500 (Fig.15). Additional effects of

nitrogen topdressing on the brown rice yield were also observed except PG500 plot.



5. General conclusion

The reaction of phosphogypsum (PG) in soil and its effect on crop growth in Andosols and other
soils distributed in an alluvial area were examined with special reference to root growth. The results

obtained in this study are as follows:

1. By examining the reaction of PG in alluvial soils, it was clarified that the soil pH decreased due
to PG application and the extent of this decrease was reflected by the amount of constant charge

in the soils.

2. By examining the effect of PG on Ca supply in Andosols, the following aspects were clarified:

(1) The amount of water-soluble Ca in the soil can be practically determined and is useful as an
index of plant-available Ca.

(2) The apparent increase in the water-soluble Ca content with PG application was influenced to a
greater extent by the allophane content than the humus content.

@3) The appliéation of PG to nursery media prepared from Andosols is a promising method for
supplying Ca to melon seedlings and consequenﬂy promoting root development, and the
optimum application rate is 4 g L. |

(4) PG application contributed to the nutrient uptake of cucumber by improving root hair

development, which resulted in an increased amount of retained rhizosphere soil.

3. By examining the effect of PG in both the soybean soils converted from a paddy field and the

paddy field soil, the following aspects were clarified:

(1) Powdery phosphogypsum (PPG) application was demonstrated to be a practical technique for
improving field permeability. Further, its promotional effect on root growth continued from the
initial growth stage to the harvest time. Moreover, it was confirmed that the effect of PG on soil
dispersion was the most pronounced in clayey soil with dominant 2:1 type clay minerals.

(2) PG application promotes the initial growth of the rice plant and shows the potential to increase

rice productivity with and without additional nitrogen topdressing.

From the abovementioned, it was clarified that PG application is significantly effective on
supplying Ca to crops in Andosols, particularly in allophanic Andosols, resulting in a considerable
improvement in root growth. Furthermore, the effectiveness of PG application as both a Ca source
and an ameliorant of soil physiology in the soils converted from paddy fields as well as the
possibility of the use of PG in paddy fields .were clarified by considering its positive and negative

effects on rice growth.
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Table1 Effect of PG application on the growth of melon seedlings ‘3
at 24 days after sowing. ,?_ 150 150 | e® 150
Varieties Treatment: Leaf Plant height Dryweight(gplant") TR ° T L ] - L4
number * (cm) Top Root ratio g 100 g 100 La® 100 R A
PGO 343 175a 1842 0.403b 46 5
Amus PG2 33a 19.2a 178 a 0.38 ab 4.7 %7 so | s s}
PG4 35a 221a 215b . 0S54c 40 =
PGS 35a 196a 203ah  043b 4.8 2
PGO 35a 140a 1926 0302 64 0 — 0 — 0 -
Earl's PG2 37a 124a 205h 032a 8.5 6 70 9% 0 56 70 90 110 s 70 90 110
PG4 37a 14.7 a 228 b 047 ¢ 4.8 Ca uptake amount Ca uptake amount Ca uptake amount
PG8 36a 142a 223b  Oddc 5.1 (mg plant!) (mg plant) (mg plant!)
PGO 42a 365a 234b 0370 6.3 . i
Midorishima  PG2 43a 38523  240b  045bo 5.3 Amusu Earl's Midorishima
:g; :: a ::; s ';’ﬁ :: ‘;2 : ;: Fig.7 Relationship between Ca uptake and root
2 2 .6 2 2 2 c 3 ’
Dataare as the deviation of ten growth of melon seedlings
Meoans with the seme letier are not significantly different at the 5% level by Scheffe's Ftast. The relative root growth is P d as the i t ag ¢
contro! in dry matter weight of root.
Table2 Effect of different Ca salts application on cucumber growth o
plots Leaf  Ptant height Dry weight 8 120 " y = 17.865Ln(x) + 101.03
Ca source Application rate number (cm} lant™ @ R2=0.6811** °
_(ca0 g kg) Top Root o 100 |
Contsal 61a 620 a 292 3 0481 a AN
Calcium carbonate 0.15 63a 614 a 285 a D.194 a 8 g
0.3 638 605 a 292 a 0211 a N =
06 63a 6263 293 a 0213 a £°
w O
1.2 642 639 a 3.07 a 0213 a [
24 63a 628 a 3.02 a 0.199 a b
Calcium chloride 0.15 62a 564 a 298 a 0233 a 3
0.3 62a 565 a 284 a 0217 a 1
06 62a 560 a 276 a 0210 2 <
12 62a 546 a 286 a 0212 a ° . . s ;
24 62a 604 a 278 a 0228 a
Phosphogypsum 0.15 6.2a 530 e 3.10 a 0.185 a 0.0 0.1 0.2 0.3 0.4
0.3 61a 564 a 303 a 0235 a Ca/ Total cation ratio of soil solutions
0.6 63a 597 a 311 a 0224 a
12 62a S87a 3218 0213 a Fig.8 Relationship between the Ca/TC ratio in the soil solution
24 62a 594 a 291 a 0.186_a

n=5, Tukey (p<0.05)
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Table 3 Effect of phosphogypsum application on the growth of soybean

Application Length of Node number of Total Dry Weight
Treatment rate the main stem the main stem root length Shoot  Root Shoot  Root Nodule

(CaO Mg ha™) (cm) ) (number plant™) (m plant™) (g plant™)

: 19DAS 34DAS 84DAS 19DAS34DAS 84DAS 19DAS 19DAS 124DAS

Control 0 127a 341a 944a 24a 77a 166a 978a 060a 0.0957a 59.7a 466a 0.158a
Calcium carbonate 0.3 13.3a 360a 996at 24a 79a  17.0a 11.1ab 060a 0.1t1a 544a 443a 0.155a
PPG 0.3 12.8a 350a 1023b 24a 78a 17.8b 13.1b 064a 0.122a 733a 650a 0.197a
GPG 0.3 13.2a 36.2a 994: 243 78a 174ab 116ab 068a 0.132a 682a 563a 0.128a

Data are expl d as the d deviation (n=4).
Means with the same letter are not significantly different at the 5% level by Scheffe's Ftest.
DAS: Days after sowing.
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