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leaching from paddy soil
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Abstract: Additional potassium (K) fertilization, a prac-
tice undertaken to reduce the absorption of radioactive ce-
sium (Cs) by rice in paddy fields where radioactive Cs was
deposited, is gradually being discontinued owing to cost
issues. Understanding the dynamics of K in paddy fields
and establishing a reliable and efficient K fertilization tech-
nique is necessary to continue reducing the absorption of
radioactive Cs by paddy rice. Therefore, to help under-
stand the factors that cause K leaching from paddy soils
and the effect of K supply by irrigation water, we used a
compact thumb-size column (diameter 2.1 cm X length 5
cm) and examined the K leaching from paddy soil follow-
ing influents of different concentrations and cation compo-
sition ratios. The test soil (fine-grained ordinary lowland
paddy soil) was collected from a paddy plot that received
additional potassium application. The coefficients of vari-
ation during soil filling of the columns were less than 2 %
on average and approximately 6 % for soil exchangeable
K in the column tests, with sufficient reproducibility. The
equilibrium content of soil exchangeable K formed after
water percolation was determined by the concentration of
K™ and the composition ratio of major cations — K, Na,
Ca, and Mg — in influent water. The potassium adsorp-
tion ratio (PAR) of influent water was a valid indicator of
K leaching. The effects of ion species on K leaching were
in the order Mg?>* > Ca’* > Na* based on a 1 mmol L~!
change in their concentration and Ca’>* > Mg>* > Na™
based on a 10 % change in their concentration, with di-
valent cations having a greater effect and Na™ having a
smaller effect.

Key Words : potassium leaching, thumb-size column test,
PAR (potassium adsorption ratio), irrigation water quality,
paddy soil
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Holdings’ Fukushima Daiichi Nuclear Power Station
caused by the Great East Japan Earthquake and subse-
quent tsunami in March 2011 resulted in the release of
large amounts of radioactive materials. In farmland where
absorption of radioactive materials by crops was a con-
cern, an additional application of potassium (K) fertilizer
effectively reduced radioactive Cs concentrations in rice
plants (Fujimura et al., 2013) and supplemental K appli-
cation was initiated in 2012. As a result, the quantity of
brown rice exceeding the food standard for radioactive Cs
content has greatly reduced since 2012, and a significant
effect of additional K fertilization on the reduction has
been confirmed. However, starting in 2015, trials began to
discontinue additional K applications due to high expen-
ditures, and since 2016, an increasing number of regions
have gradually discontinued additional K applications (Fu-
jimura, 2021). Therefore, establishing a reliable and effi-
cient K fertilization technique is required for rice cultiva-
tion, and understanding the dynamics of K in the soil is a
critical issue.

The migration of K in the soil is affected mainly by
cation exchange and selective adsorption by some clay
minerals. Cation exchange was identified in the late 1800s
as a phenomenon in which bases of alkali salts, including K
in soils, were exchanged and transferred primarily through
the negative charge possessed by clay particles (Johnston
etal., 2016). Thus, K migration is closely related to the dy-
namics of other major cations. The magnitude of the rela-
tive cation selectivity of clays is affected by the ionic radius
and the amount of charge per ion, which is known exper-
imentally to be in the order Cs* > Rb™ > K™ = NH] >
Nat > LiT for the monovalent cations (Bolt et al., 1978).

Additionally, 2:1 type layered silicate minerals, such as
illite and vermiculite, are highly selective for K+, along
with Cs*, Rb", and NH; (Sawhney, 1972; Goulding,
1987), which also affects K mobility. These ions with
small ionization and relatively large ionic radii are easily
dehydrated and adsorbed as naked ions to be sandwiched
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between the unit layers of 2:1 type layered silicates (Wada,
1997).
many clay minerals and contain many cations, it is gen-

However, because soils are mostly mixtures of

erally difficult to describe the dynamics of ions in a rig-
orous theoretical or experimental manner (Evangelou and
Phillips, 2005). Furthermore, the migration of K in the
form of clay colloids and the ionic form has been pointed
out (Brouder et al., 2021).

Some studies on the soils of upland fields have inves-
tigated the effect of the quality of irrigation water on
soil K leaching (Kolahchi and Jalali, 2007; Jalali and
Merrikhpour, 2007; Heidari and Jalali, 2016). However,
studies on K leaching in paddy soils have been scarce until
recently.

The content of exchangeable K in soil significantly
affects the radioactive Cs concentration in brown rice.
Therefore, among studies related to Fukushima, studies on
K balance in paddy fields, including studies on K supply
by irrigation water and leaching by percolation, have been
conducted in recent years. Nishikiori et al. (2020) mea-
sured the K balance, including the K supply from irrigation
water and K leaching to the subsurface, in a paddy field lo-
cated on an alluvial river site with a considerable level of
percolation. They found that K leaching was greater when
there was excessive irrigation water.

In cooperation with five prefectural agricultural exper-
iment stations in Japan, the National Agriculture and
Food Research Organization (NARO) compiled guidelines
(NARO, 2021) for applying K in paddy rice based on the
K balance of paddy soils to promote appropriate K fertil-
ization in paddy fields. According to the report, the pres-
ence or absence of return of rice straw has a decisive effect
on the K balance. If the rice straw is returned, it almost
compensates for the amount of K carried out by harvest;
therefore, the K balance of the paddy field will not become
negative due to fertilization and supply from irrigation wa-
ter. Here, the amount of K supplied by the irrigation water
was assumed to be approximately 15 kg ha~! when the K*
concentration in the irrigation water was 2.5 mg L1,

As mentioned above, the dynamics of K in agricultural
lands, including the quantity of K supplied through wa-
ter, has been a focus of research in recent years. It can be
expected that differences in the quality of irrigation water
or water infiltrating into the soil would affect K leaching.
However, few studies have quantitatively evaluated the ef-
fect of water quality on the dynamics of K in paddy soils.

Therefore, in this study, we attempted to investigate the
relationships between various influent water qualities and
responses of K leaching by using compact thumb-size col-
umn experiments. We first examined the effects of dif-
ferent concentrations of major cations in the influent wa-

ter on the leaching of K from paddy soils. Subsequently,
we hypothesized that the Kt concentration of influent and
the composition ratio of the major cations would affect the
leaching. The potassium adsorption ratio (PAR) was used
as an indicator to test this hypothesis.

In addition, leaching tests were conducted using thumb-
size columns. Column sizes used in similar studies varied;
for example, 5 cm in diameter (D) x 20-50 cm in length
(L) (Matsukawa and Nakano, 1992), 4.9 cm (D) x 14 cm
(L) (Matsukawa et al., 1996), 14.6 cm (D) x 60 cm (L)
(Lietal, 1994), 2 cm (D) x 15 cm (L) (Colombani et al.,
2015), and 5 cm (D) x 20 cm (L) (Li et al., 2013). In
recent years, the International Organization for Standard-
ization (ISO) has promoted the international standardiza-
tion of the “Up-flow percolation test” (ISO, 2019). This
standard is primarily intended to evaluate the leaching of
contaminants. However, inorganic ions such as Ca’>* and
CI™ were also evaluated by Yasutaka et al. (2017). In that
standard, the column size is specified as D 5-10 cm and
L 30 & 5 cm. As described above, column diameters of
approximately 5-10 cm and 15-30 cm lengths are often
used. If the required results can be obtained, the smaller
the column, the more labor-saving the experiment can be.
In this study, we attempted to use a column with a compact
size of 2.1 cm (D) x 5 cm (L) and examined the method’s
reproducibility.

2. Potassium adsorption ratio (PAR) and
its characteristics

It is important to avoid sodium (Na) hazard that causes
salt damage and reduces permeability due to soil particle
dispersion in irrigated agriculture in arid and semi-arid re-
gions. Therefore, the sodium adsorption ratio (SAR) has
been defined and widely used as an indicator of the risk of
irrigation water (USDA, 1954).

[Na']
[Ca**]+ [Mg?*]

SAR =

ey

where [Na't], [Ca2"], and [Mg?"] are the concentrations of
each ion (mol L™"). Using irrigation water with high SAR
promotes the leaching of Ca>*, Mg?*, K*, and phospho-
rus from the soil and affects groundwater quality (Jalali
and Merrikhpour, 2007). Sposito and Mattigod (1977)
examined the theoretical chemical basis for the potential
SAR of water in exchange equilibrium with soil and found
that the Gapon cation exchange equilibrium constant is the
chemical basis for the SAR.

Similar to Na', K*, one of the major monovalent
cations, can cause harmful effects when presentin excess;
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however, its effects are weaker than that of Nat. There-
fore, as an indicator, PAR was defined similarly to SAR,
with Na™ replaced by K+ (USDA, 1954).

K]
[Ca**] + [Mg>']

PAR = 2)
The characteristics of this equation as an indicator of the
effect of K in irrigation water are that it ignores the effect of
Na™, does not make a chemical distinction between Ca?*
and Mg, and reflects the effect of concentration as well
as composition ratio. Assuming a solution with a constant
composition ratio of cations, PAR is proportional to the
square root of the [K*].

The PAR of the soil solution reflects the amount of K
adsorbed on the exchange surface of clay and soil organic
matter, which may be an explanatory factor for aggrega-
tion and dispersion within the soil. Shainberg et al. (1987)
studied the effect of PAR, among other indicators, on the
decrease in hydraulic conductivity. The PAR has also been
examined as a factor explaining its effectiveness as a water
quality indicator for assessing the irrigation history of agri-
cultural land and groundwater environments. Smiles and
Smith (2004) examined the PAR (called KAR in the paper)
of soil solutions in agricultural land irrigated with piggery
effluent and showed that PAR is a good indicator of the ef-
fect of irrigation with piggery effluent. Griffioen (2001) in-
vestigated the effect of fertilizer application to agricultural
land on groundwater quality and showed that the behavior
of K is explained well using PAR at near neutral pH, where
the major cations in the groundwater are divalent.

Parameters similar to SAR and PAR are found in many
theoretical ion exchange equations (Bresler et al., 1982).
Unlike those parameters, however, SAR and PAR are ex-
pressed in terms of ion concentration, not ion activity.
Therefore, they do not consider the reduction of free ions
due to the formation of complexes. In a case study us-
ing the K adsorption ratio of soil solution and considering
the ionic activity, Ramamoorthy and Paliwal (1965) stud-
ied the availability of soil K when applied to paddy rice
grown in 40 soils with different properties in India. They
found a correlation between the potassium adsorption ratio
and crop response in many districts, considering the ionic
activity.

A parameter similar to PAR was used in the study of the
Q/I relationship. The Q/I relationship quantifies the re-
lationship between the K intensity factor (factor I) and K
absorption/release by the soil (factor Q), using factor I as
the activity ratio of ion pairs of K* and Ca’"+ Mg’ i.e.,
ag+ [/ (acga+ +ayg+) (Beckett, 1964a). Specifically, the
Q/Irelationship examines the change in soil potassium ab-
sorption relative to the factor I of the solution by reacting

a 0.01 M CaCl, solution with several levels of K concen-
tration and soil at a constant solid-liquid ratio and for a
constant time (Eguchi et al., 2017). If the activity ratio of
factor I can be regarded as proportional to the concentra-
tion ratio, it is isomorphic to PAR when replaced by the
concentration ratio[K*]//([Ca2*]| +[Mg?*]) (Evangelou
et al., 1986).

Using the concentration of K™ in the influent and the
composition of K in the major cations as multiple explana-
tory variables may easily explain the K leaching. However,
in this study, we would like to reduce the number of ex-
planatory variables and concentrate on PAR as a simpler
indicator to grasp the phenomenon and explain the leach-
ing and accumulation of soil exchangeable K.

3. Materials and methods

3.1 Test soil

The test soil samples were collected from paddy field
soil in Matsukawa, Fukushima City, Fukushima Prefec-
ture, and passed through a 2 mm diameter sieve after air-
drying. The soil is classified as fine-grained ordinary low-
land paddy soil (NARO, 2019). The plot where the test
soil was taken had been fertilized with additional K to re-
duce the absorption of radioactive Cs, and the soil was
sampled early in the season after rice planting. In addi-
tion, rice straw return was practiced in the plot. The parent
material of the soil is tuffaceous sandstone and siltstone,
called the Matsukawa Formation, a late Miocene or early
Pliocene terrestrial-water stratified sediment (Yoshida et
al., 1983; Sakaguchi, 1995). The distribution area of the
Matsukawa Formation is surrounded by granodiorite zones
formed during the Paleogene, which influences its charac-
teristics. The physicochemical properties of the test soil
and its mineral composition are shown in Table 1. The
mineral composition of the test soil is rich in kaolinite and
contains some 2:1 type clay minerals such as smectite, ver-
miculite, and illite.

3.2 Overview of experimental methods

Three different experiments were conducted in this
study. This section focuses on matters common to all three
experiments, and the specifics of each experiment are de-
scribed in Section 3.3.

The apparatus used in the experiments is shown in Fig.
1. A small thumb-sized soil column (2.1 cm in diameter,
5.0 cm in length, and 17.3 cm? in volume) was used for
the soil column tests. The cylindrical acrylic column was
carefully filled to ensure uniform filling of the test soil.
The difference in mass between the empty and filled col-
umn was measured during filling, and the dry bulk density
was calculated. The dry bulk density value was determined
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Table 1 Physical and chemical properties of the test soil.

Attribute Description
pH (H,0) 6.0 Soil-water extracts at 1:5
EC 0.09 (dSm™) Soil-water extracts at 1:5
CEC 17.6 (cmol; kg™ D) Shaking extraction method (10 % KCI)
Exchangeable Ca (CaO) 2.76 (g kgfl) Shaking extraction method (1M CH3COONH,)
Exchangeable Mg (MgO) 0.50 (g kg’l) Shaking extraction method (1M CH3COONHy)
Exchangeable K (K,0) 0.40 (g kg™ 1) Simplified method by using a compact K meter
Phosphate absorption coefficient (P,Os)  0.54 (gkg™!) Orthophosphoric acid method

Humus

0.019 (kg kg™ 1)

Kumada’s simplified method

Soil texture CL Coarse sand: 26 %, fine sand: 18 %, silt: 33 %, clay: 23 %
Abundant  Kaolinite
Clay minerals Common Smectite, vermiculite, illite, chlorite-vermiculite
(By XRD) Trace Chlorite
None Halloysite

Soil-column

---------- : | Hydraulic conductivity

1
I
I
Effluent ! |Data logger
I
A g Pressure [
0 | sensor
" = Influent
e . > | water
—— Peristaltic pump
| Fraction collector | i
. - . Air—dried soil

| Ion chrc‘>matograph |

-f}s‘ Post-test analysis of exchangeable K

( Experiment 2 )

Fig. 1 Schematic of apparatus.

as approximately 1.12 g cm™>

using the air-dried soil, the
variation of which is discussed in Section 4.1.

The quality of the influent water used for the column
tests was determined based on the concentration of major
cations — K, Na, Ca, and Mg — in the irrigation water
of the plot from which the test soils were collected (Table
2). The influent water was prepared by dissolving reagents
(KClI, NaCl, CaCl,, and MgSQ,) in deionized water as
needed to achieve the required concentrations. The specific
concentration of each ion in the influent in each experiment
is described in Section 3.3.

A peristaltic pump (MP-2010, Tokyo Rikakikai, Tokyo,

Japan) was used to supply influent water to the soil col-
umn. First, before the start of the test, the influent water

( Experiment 1 and 3 )

was slowly fed from the bottom of the column to saturate
the soil, and the water supply was temporarily stopped un-
til the start of the test. This may have caused air to be en-
trapped, but its effect was not considered. The water flow

Table 2 Cation concentration and PAR of irrigation water in
test soil taken field during irrigation period in 2020.

Cation concentration (mmol L~1)

PAR

K+t Na™ Ca*t Mgt
Mean* 0.036 0.19 0.29 0.13 0.055
Max. 0.052 0.31 0.37 0.21 0.079
Min. 0.023 0.095 0.23 0.091 0.037

* Samples were taken 15 times between May and August.



& © Effects of influent water quality on potassium leaching from paddy soil 13

test was then started at a set flow rate (0.35 mL min~!) and
time. In the test, the water was passed through the column
at a constant flow rate from the bottom to the top of the col-
umn. The tests were conducted in a laboratory at a room
temperature of 21-25 °C.

The effluent from the column was collected in a
polyethylene container (Experiments 1 and 3) or fraction
collector (Experiment 2), and the concentrations of major
cations were determined using an ion chromatography sys-
tem (ICS-1500, Thermo Fisher Scientific, Waltham, MA,
USA). However, this paper does not cover the analytical
results of the samples in Experiments 1 and 3.

In some tests, the water pressure at the bottom of the col-
umn was measured with a pressure sensor (HTV-200KP,
HTV-400KP, Sensez, Tokyo, Japan), and the saturated hy-

1

draulic conductivity Kg cm s~ was calculated using the

following equation

q

L

where ¢ cm® s™! is the flow rate at the time of pressure
measurement, A cm? is the cross-sectional area of the col-
umn, L cm is the column length, and AH kPa is the pres-
sure difference between the upper and lower ends of the
column. In the experiment, the water pressure at the up-
per end of the column was assumed to be negligibly small
compared to the water pressure at the lower end, and AH
was assumed to be equal to the pressure at the bottom of
the column.

After the test, the column was dismantled, the mass of
the wet soil was measured, and the volumetric water con-
tent was calculated from the wet mass of the soil and the
mass of the sample when the column was filled. Since the
mass of air-dried soil was used to calculate volumetric wa-
ter content, there may have been a slight underestimation.
After the test, the soil was air-dried and then measured for
soil exchangeable K. The exchangeable K was analyzed
in triplicate using a simple analytical method (Nakayama,
2013; Nakayama et al., 2018) for the exchangeable K con-
tent of soil using a compact K ion meter (LAQUA twin
K-11, Horiba, Kyoto, Japan) as shown in Fig. 2.

Furthermore, to examine the reproducibility of this test
using small columns, the coefficients of variation of dry
bulk density and volumetric water content in Experiments
1 and 3 and water flow volume and soil exchangeable K in
Experiment 3 were examined.

3.3 Specific experimental conditions
3.3.1 Experiment 1: Effect of water quality and
flow volume on K leaching

Experiment 1 was designed to investigate the response
of K leaching to changes in influent water quality and

flow volume. The qualities of the influent water (Table
3) were set as standard water (hereinafter referred to as
“1x”), low-concentration water (hereinafter referred to as
“0.3x”), high-concentration water (hereinafter referred to
as “3x”), and deionized water (hereinafter referred to as
“DI”). The water quality of the standard water (1x) was
determined with reference to the average of actual irriga-
tion water quality. However, the range of variation of val-
ues (0.3x —3x) was set wider than the actual range of
variation in order to examine the response of K leaching to
changes in influent water quality. The flow volumes were
set in eight steps ranging from 120 to 7500 mm, with a
flow rate of 0.35 mL min~! and a flow time of approxi-
mately 2—-120 h. Since the sampling plots had relatively
low infiltration rates and assuming that the water flow vol-
ume for one irrigation season of paddy rice is 1200 mm,
the flow volumes set in the experiment are roughly equiv-
alent to 0.1-6 years of the flow volume. After each test,
the soil was air-dried and analyzed for soil exchangeable
K. Furthermore, in Experiment 1, there was basically no
repetition of the same experimental conditions.

3.3.2 Experiment 2: Characteristics of major
cations leaching from soil columns

In Experiment 2, we investigated changes in the efflu-
ent of major cations from the soil columns over time by
collecting effluent at predetermined time intervals and an-

Air—dry soil 6g in 50mL tube

<

Extraction with 0.1M ammonium acetate
(Extraction ratio = 1:2)

S

Shaking

NS

Centrifugation 9min.

1

Collecting the supernatant (6—8mL)

<z

Measurement of K in equilibrium extract
solution with a compact ion meter

~~

Calculation of exchangeable K of
test soils using conversion formulas

11min.

Fig. 2 Procedures for measuring soil exchangeable K using
a compact ion meter (Nakayama, 2013; Nakayama et al., 2018
with some modification).
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Table 3 Cation concentration of influent water in Experiments 1 and 2.

Cation concentration (mmol L™!)

Item Description PAR
K+ Nat Ca?t Mgt
1x Standard water 0.031 0.17 0.35 0.15 0.044
0.3x . . ) 0.0094 0.051 0.11 0.045 0.024
Varying 4 cations simultaneously
3x 0.094 0.51 1.1 0.45 0.077
DI Deionized water 0.00 0.0 0.0 0.0 -
Table 4 Cation concentration and PAR of influent water and number of test repetitions in Experiment 3.
o . Cation concentration (mmol L! ) .
Description Concentration factor PAR Repetition
Kt Nat Ca2t Mg2+
Standard water 1x 0.031 0.17 0.35 0.15 0.044 4
. . 0.3x 0.0094 0.051 0.11 0.045 0.024 3
Varying 4 cations
) 3x 0.094 0.51 1.1 0.45 0.077 3
simultaneously
10x 0.31 1.7 35 1.5 0.14 3
0.3x 0.0094 0.17 0.35 0.15 0.013 3
Varying only K™ conc. 3% 0.094 0.17 0.35 0.15 0.13 3
10x 0.31 0.17 0.35 0.15 0.44 3
0.3x 0.031 0.051 0.35 0.15 0.044 3
Varying only Na™ conc. 3% 0.031 0.51 0.35 0.15 0.044 3
10x 0.031 1.7 0.35 0.15 0.044 3
0.3x 0.031 0.17 0.11 0.15 0.061 3
Varying only Ca®* conc. 3x 0.031 0.17 1.1 0.15 0.029 3
10x 0.031 0.17 35 0.15 0.016 3
0.3x 0.031 0.17 0.35 0.045 0.050 3
Varying only Mg?* conc. 3x 0.031 0.17 0.35 0.45 0.035 3
10x 0.031 0.17 0.35 1.5 0.023 3
. 2 0.3x 0.031 0.17 0.11 0.045 0.081 2
Varying Ca®* and
ot 3x 0.031 0.17 1.1 0.45 0.026 1
Mg“™ conc.
10x 0.031 0.17 35 1.5 0.014 2

alyzing the water quality. The influent and flow rates were
the same as in Experiment 1. The flow time was set to 72
h (the set flow volume was approximately 4600 mm), and
the water was collected 22 times between 0.2 h and 71.9 h
using a fraction collector (Model 2110, Bio-Rad, Hercules,
CA, USA). The collected water was measured for pH (pH-
22, Horiba, Kyoto, Japan) and analyzed for major cations.
There were no repetitions in Experiment 2.

3.3.3 Experiment 3: Effects of different cation
composition ratios in the influent on K leaching

In Experiment 3, the effects of different cation compo-
sition ratios in the influent on K leaching and accumula-
tion were investigated. There were 19 patterns of influent
quality settings (Table 4), and the tests were conducted in
triplicate with some exceptions. The quality of the influent
water consisted of standard water (1x) and its variations
(0.3%, 3%, and 10x), variable concentrations (0.3x, 3x,

and 10x) for each of the four major cations, and a combi-
nation of two cations (Ca**, Mg>™).

These tests were conducted assuming a water flow vol-
ume of 1200 mm and a flow time of 20 h. After the tests,
the soil samples were air-dried and analyzed for soil ex-
changeable K. In some of the tests, settings and results

were shared with Experiment 1.

4. Results and discussion

4.1 Reproducibility of compact column tests

The advantage of using a smaller column is that a
smaller amount of test soil to be prepared. Therefore, even
when designing tests that include repetitions under vari-
ous conditions, as in this study, the total amount of sample
required is small. Correspondingly, the labor required to
treat the sample before and after the test and the amount
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Table 5 Dry bulk density, volumetric water content, and their
coefficients of variation (CV) of soil columns in Experiments 1
and 3.

Dry bulk Volumetric
density* water content™*  n***
(gem™) (m* m~?)
Mean CV (%) Mean CV (%)
Experiment 1 1.12 1.6 0.562 6.8 45
Experiment3  1.13 1.8 0.595 1.7 64

* Dry bulk density might be slightly overestimated because the mass
of air-dried soil was used in the calculation.

**Volumetric water content was measured after dismantling the
column.

**Volumetric water content might be slightly underestimated because
the mass of air-dried soil was used in the calculation.

***Experiments 1 and 3 share some tests.

Table 6 Fluctuation of flow volume and soil exchangeable K
content in column tests in Experiment 3.

Flow volume (n = 64) Soil exchangeable K*

CV (%

(mm) CV (%) (%)
Mean Min. Max. Mean Min. Max.
1241 1145 1339 32 5.8 0.9 11.8

*17 tests of three repetitions each.

of water needed are also small. In contrast, because the
column is small, lower reproducibility of the test, which
may be reduced by, for example, non-uniform sample fill-
ing and its effects, is a concern. Therefore, in this section,
we discuss the reproducibility of the sampling method.

In total, 96 tests were conducted in the three different
experiments. Using some of these data, Table 5 shows the
properties and the coefficients of variation (CV) of filling
the columns. The dry densities of Experiments 1 and 3
were similar, and their CVs were small, indicating good
soil filling reproducibility. In contrast, there were differ-
ences in volumetric water content, and the CV was slightly
larger in Experiment 1.

Table 6 shows the range and CV of measured flow vol-
ume and the CVs of the experimentally obtained soil ex-
changeable K values. In this study, the flow rate was con-
trolled by a peristaltic pump, and the flow time was de-
termined. Therefore, the flow volume varied even under
the same settings owing to the fluctuation of the actual
flow rates. In Experiment 3, a flow volume of 1200 mm
was assumed, but the actual flow volume was 1145-1339
mm. The variation in values of soil exchangeable K con-
tent reflects not only the direct variation of factors due to
the analytical method, such as the variation caused by the

procedure of the simplified analytical method but also the
effect of differences in the flow volume. The values of ex-

changeable K obtained in this experiment had an average
CV of about 6 % and were sufficiently reproducible when
the range of values was considered.

4.2 Effect of influent water quality and flow vol-
ume on K leaching (Experiment 1)

The results of Experiment 1 are shown in Fig. 3, indi-
cating the effect of influent water quality and flow volume
on exchangeable K of test soil. The difference between
the initial value of soil exchangeable K and the value of
exchangeable K at any given flow volume indicates the
amount of K leaching by the flow volume. K leaching in-
creased as the flow volume increased, and those differences
in influent water quality significantly affected the K leach-
ing. The order of leaching rates was 3x > 1x > 0.3x >
DI until the flow volume was about 500 mm; i.e., the leach-
ing proceeded in the order of increasing concentration, af-
ter which the K leaching rate gradually decreased with in-
creasing flow volume. If DI is excluded, the soil exchange-
able K contents almost reached equilibrium in the order of
increasing concentration of influent. The equilibrium ex-
changeable K contents were 0.17 and 0.07 g K,O kg~ for
3x and 0.3x of influent water quality, respectively, a dif-
ference of approximately 0.1 g K,O kg,

With 0.3, 1x, and 3x influent water quality, soil ex-
changeable K increased slightly with increasing flow vol-
ume after the K leaching stopped. In the case of DI, the
exchangeable K did not reach equilibrium until approxi-
mately 7400 mm, and the content of exchangeable K de-
creased gradually due to leaching.

The average pH values of the influent were 5.8, 5.6, 5.6,
and 5.6 for DI, 0.3%, 1x, and 3 X, respectively. The pH
values of the effluent increased to 6.9, 6.6, 6.5, and 6.3, re-
spectively, after more than 100 h of water flow (a flow vol-
ume of approximately 6000 mm or more). This increase

0O DI
—v— 0.3X
—O— 1X (Standard water)

Exchangeable K (g K,0 kg™')

(7 SRR Avennooemsmneenmnnneees A
o
e 5
=
0 , . . .
0 2000 4000 6000 8000

Flow volume (mm)

Fig. 3 Effect of influent water quality and flow volume on soil
exchangeable K (Experiment 1).
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in pH during the percolation process suggests that H" con-
tributes to cation exchange. In fact, the gradual progres-
sion of leaching in tests using DI is expected to include the
effect of cation exchange by H.

The water pressures at the bottom of the column dur-
ing the tests ranged from approximately 26-70 kPa, and
the saturated hydraulic conductivities were generally in
the range of 1.2-3.3 X 10~3 ¢cm s~!. However, in some
cases, the hydraulic conductivity gradually decreased, and
in tests in which large amounts of DI or 0.3 x were passed
through the column, it eventually dropped by about one
order of magnitude. The pH of the effluent was higher in
those cases, and the increase in pH and decrease in soil
exchangeable cations might have affected the decrease in
hydraulic conductivity, i.e., the dispersion of clay colloid
particles and their migration, resulting in soil pore clog-
ging. Shainberg et al. (1987) passed several dilute so-
lutions, including distilled water, through a smectite-sand
mixture and evaluated clay swelling and dispersion based
on changes in permeability and the concentration of clay
in the effluent. The results showed that the permeability
decreased with lower concentrations of experimental wa-
ter in tests with Polkville smectite (Mississippi) and SAR
less than 10, with distilled water having the lowest per-
meability. In our study, in some of the tests in which the
decrease in hydraulic conductivity was significant, the tur-
bidity of the effluent was large, suggesting the dispersion
and migration of clay colloidal particles. These details will
be reported at another occasion.

Fig. 4 shows a rearrangement of the data of Fig. 3,
excluding DI, in relation to the PAR of influent and soil

exchangeable K. The PAR increased in response to in-
creases in the concentration of the influent. The exchange-

able K contents at equilibrium with flow volumes greater
than approximately 4500 mm were correlated with PAR
(r=10.995; p <0.01; n = 6). This means that the soil ex-
changeable K will reach equilibrium after approximately 4
years of infiltration, assuming 1200 mm of infiltration per
irrigation season.

This result is consistent with the relationship between
factor I and factor Q observed in the Q/I relationship.
While the Q/T relationship indicates the relationship be-
tween factors I and Q in the equilibrium state of soil so-
lution and soil in batch tests (Beckett 1964b; Okajima and
Matsunaka 1972), the present study looks at the relation-
ship between PAR (contrasted with factor I) and the K
leaching (contrasted with factor Q) at equilibrium, which
emerges from continuous percolation of influent.

4.3 Characteristics of leaching of major cations
from the soil column (Experiment 2)

Fig. 5 shows the relationship between flow volume and
concentrations of major cations in the effluent from soil
columns for different influent water qualities. The final
flow volume was approximately 4600 mm for 0.3 %, 1x,
and 3%, and approximately 3900 mm for DI. In the DI
test, the permeability of the soil column decreased during
the test, and the flow rate decreased, resulting in approxi-
mately 15 % less flow volume than in the other tests.

The concentrations of the major cations in the effluent
gradually decreased immediately after the start of the ex-
periment. For many of the cations, the decrease in concen-
tration stopped, and equilibrium was reached. A compar-
ison of the concentrations for each ion species regarding
the rapidity of stabilization of concentrations based on the
water flow volume from the start of the experiment until
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and (d) Ca?™. The vertical axis shows the concentration of each ion in effluent from soil columns (Experiment 2).

equilibrium was reached showed that the solutions stabi-
lized faster in the order 3x > 1x > 0.3x > DI. Also, when
comparing ion species, the order of stability was faster for
Na®™ > Mg?* = Ca>* > K* when 3x, 1x, and 0.3x in-
fluents were used. For three influent types (excluding DI),
the concentrations of Mg+ and Ca?" had decreased once
to a level below those of the influent water and then gradu-
ally approached those of the influent water. When DI was
used, the concentration of Nat showed a tendency to de-
crease further when the flow volume exceeded 1000 mm.
Similarly, the concentration of KT in the effluent tended
to decrease further at a flow volume of around 1000 mm
for all water quality influents. On the other hand, no such
two-step decrease in concentration was observed for the
remaining Ca>* and Mg>" samples.

Fig. 5 shows that the K™ concentration in the effluent
gradually approached the K™ concentration in the influent
as the flow volume increased. However, equilibrium was
not reached even after approximately 3900 mm of flow vol-
ume in DI and 4600 mm in 0.3x. The concentration in
the effluent remained slightly higher than that in the in-
fluent at 1x and 3x, indicating that KT had the slowest
leaching rate of the four cations. The concentrations of the
other three cations in the effluent approached those in the

influent at a flow volume of a few hundred millimeters at

the earliest and a thousand millimeters at the latest. Con-
versely, in the case of KT, the concentration in the effluent
showed a slight deviation from the K™ concentration of the
influent, even after about 4600 mm of flow volume. This
may be explained by the effect of selective adsorption of
K™ by 2:1 type layered silicate minerals such as illite, ver-
miculite, and smectite in the test soil.

Many previous studies have investigated the mobility of
exchangeable cations in soil. For example, Kozanecka et
al. (2009) investigated the long-term mobility of exchange-
able Ca>*, Mg?>*, K™, and Na™ cations in soil cross sec-
tions to a depth of 1 m in an 85-year upland field with fixed
mono-fertilization in Skiernievice, Poland. The mobility
of exchangeable cations was Ca’>* > K* > Mg?* > Na™,
indicating that the mobility of exchangeable cations differs
greatly depending on the soil and other conditions.

4.4 Effect of different cation composition ratios
on K leaching (Experiment 3)

Experiment 1 showed that when the concentration of in-
fluent with the same cation ratio was increased, the soil
exchangeable K content equilibrated at a higher value.
Therefore, the leaching of K was investigated in Experi-
ment 3 by fixing the flow volume at approximately 1200
mm and varying the composition ratio of the major cations
in the influent.



%1525 (2022)

Standard water and
___ simultaneous changes
— _
in the concentration
of 4 cations

- Changes only the
concentration of K

Error bars indicate standard

18 TRt

0.67 (a) 0.5 (b)

v

o 9 bal 0.4

> Initial content /

20 0.41 7

f / % 0.3

= 231 03X /10X 5

S - 0.2-

ap 0.2 s/

% -

S 0.1 1x X 0.9

x

L
0 T T TTrTTTIT T —TTrTrrmm 0.0
0.1 1 10 0.1

Concentration factor

Concentration factor

T deviation in graph (a).

Fig. 6 Soil exchangeable K and PAR when only total major cations or K concentration in the influent is varied, (a) relation-
ship between exchangeable K of test soil and concentration factor with three repetitions, (b) relationship between PAR and

concentration factor (Experiment 3).

Fig. 6 shows a plot of soil exchangeable K content
(Fig. 6 (a)), and PAR of the influent (Fig. 6 (b)) when
only the Kt concentration in the influent was varied and
other cation concentrations were fixed, and when the over-
all concentration of major cations was varied (as in Exper-
iment 1) as a control. When only the K™ concentration
in the influent was increased, the exchangeable K content
was higher than in the control, demonstrating that the dif-
ference in cation composition ratio affected the K leaching.
When only the K™ concentration of influent was increased
by a factor of 10, K accumulation occurred beyond the ini-
tial soil exchangeable K content.

The shapes of the graphs in Fig. 6 (a) and Fig. 6 (b)
are alike. Comparing both graphs, soil exchangeable K
was higher at 0.3 than at 1x. As can be seen from Fig.
3, this may be because the leaching rate was still high and
far from equilibrium at the stage when approximately 1200
mm of the 0.3 x influent had passed through the column.

Similarly, Fig. 7 (a) shows the soil exchangeable K con-
tent when the concentrations of the major cations, Na™,
Mg?*, and Ca®*, were increased or decreased individually
or when the concentrations of Ca’* and Mg?* were in-
creased or decreased simultaneously. Fig. 7 (b) shows a
plot of the PAR of the influent. Interestingly, the figure in
Fig. 7 (a) is quite similar to that in Fig. 7 (b). Since Na*t
is not considered in equation 2, there is no change in the
value of PAR with changes in Na*t concentration in Fig. 7
(b). The K leaching was almost the same in the influent
with 3x and 1x of Na™ but was higher in the influent with
10x of Na™. This indicates that higher concentrations of
Na™ enhanced the K leaching.

Next, we attempted to quantitatively compare the effects

of changes in each cation in the influent on the leaching
and accumulation of K, using some of the results of Ex-
periment 3. Therefore, we first calculated the sensitivity
S1i (where x is the concentration multiplier) of the change
in soil exchangeable K when the concentration of cation i
changes by 1 mmol L~ using the following formulas:

: exKéX — exK{X

Sx="er ekl @
3X 1X

exK{OX — exK{X

Ci  —CKi )
10X 1X

Sliox =

where exKlis soil exchangeable K mg K,O kg~! and Ci
is the influent concentration mmol L~!. The results show
that the increase in K™ concentration in the influent con-
tributes significantly to the maintenance and accumulation
of soil exchangeable K (Table 7). The magnitude of the
effect of a | mmol L~! change in the concentration of each
cation in the influent was found to be in the order of S 1gx
for Mg?* >Ca’* >Na*. Furthermore, the sensitivity S2/
of the change in soil exchangeable K for a 10 % change
in the concentration of cation i based on the actual cation
composition of the irrigation water (Table 2) was calcu-
lated using the following equations:

: S1;
Sy = A ©)
0.1-Ciy
; St
§2ox = ——1X 7
X701 ¢l @

The magnitude of the effect of a 10 % change in the
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Table 7 Effect of ionic species of influent water on K accumulation/leaching.

Change in soil exchangeable K with
1 mmol L™! change in concentration

of each cation

Change in soil exchangeable K
with 10 % change in
concentration of each cation

i Sy Sliox S2ix $2jox
K+ 1250 1253 3.9 3.9
Nat 1.2 -23 0.020 —0.40
Mg+ —77 —45 -1.2 —0.68
Ca?* —69 —27 —2.4 —0.96
Unit mg K,0 kg™! mg K,O kg~!

Note: Positive and negative values indicate accumulation and leaching, respectively.

concentration of each ion, assuming the actual cation com-
position of irrigation water, was Ca>t > Mg?t > Na™ in
S2§X. The effect on soil exchangeable K of a 10 % increase
in K* concentration is estimated to be equivalent to about a
16 % decrease in Ca?* concentration (from S2§; / SZ%}H).
In all cases, the contribution of Na* to K leaching was
small. This indicates that the exchange selectivity of Na™
for cation exchange in the test soils is relatively low com-
pared to Mg?* and Ca", supporting the absence of Na™
in equation 2.

Based on the above, since there is a close relationship be-
tween K leaching and PAR of the influent, the relationship
between PAR and the rate of change in soil exchangeable
K and the relationship with K™ for comparison, are shown
in Fig. 8. The rate of change in soil exchangeable K (R.)
was calculated by the following equation:

(Exchangeable K after test)
(Exchangeable K before test)

R.= x 100 (%) (8)

The relationship between K™ concentration and R, (Fig.
8 (a)) showed a pattern, but K* concentration is not highly
representative of K leaching. Conversely, except for a few
data points, the relationship between PAR and R, (Fig. 8
(b)) was almost plotted on a single curve, confirming that
PAR has favorable indicator properties for R.. The ex-
cluded points are the results of two experimental param-
eters, one with 0.3 of standard water and the other with
0.3x of K*. All three repetitions for each parameter had
the same trend, and the CVs were small. As seen in Fig. 3,
the initial leaching was slow under low-concentration con-
ditions, such as the excluded points. We presumed that this
was affected by the fact that K was still in the mid-leaching
stage at about 1200 mm of flow volume (Fig. 4).

The obtained regression curve indicated that soil ex-
changeable K accumulates when using influent with PAR
greater than 0.3. The exchangeable K contents were esti-
mated to be 0.161, 0.195, and 0.128 g K,O kg~!, respec-
tively, for the mean, maximum, and minimum values of
irrigation water quality at the sampling site (Table 2). This
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assumed an infiltration rate of 1200 mm and negligible ef-
fects of rainfall and fertilization.

Thus, the PAR of the influent was found to be a valid
indicator that reflected the leaching and accumulation of
soil exchangeable K.

4.5 Limitations of this study and future issues

This study has potential limitations. Firstly, differences
in the initial values of the exchangeable K content of the
test soil could significantly affect the results; the rate of
change in exchangeable K used in Fig. 8 is based on the
initial exchangeable K content of the test soil, and thus will
have direct effects. Differences in experimental conditions,
such as the flow rate or pH of the influent, might also affect
the results.

Secondly, this study only examined one of the paddy soil
types. It will be interesting to observe the patterns with
different soil types, such as volcanic ash and peat soils.
However, the exchangeable K content at equilibrium may
be predicted from previous studies of the Q/I relationship.
Eguchi et al. (2017) used the Q/I relationship to study the
effect of clay minerals on the effect of K application on the
reduction of radioactive Cs uptake by crops. They found
that each soil containing characteristic clay minerals such
as smectite, allophane, and vermiculite had unique Q/I re-
lationships. This suggests that, for many soil types as well
as for the test soil, a unique relationship between the PAR
and the equilibrium exchangeable K content is to be ex-
pected. However, dynamic experiments such as column
tests are needed to determine the rate of K leaching.

Four cations, K*, Na*, Ca?*, and Mg?*, were consid-
ered in this study. However, for greater precision, it may be
necessary to consider the effect of NH;", whose concentra-

tion may be temporarily increased by fertilizer application.
Furthermore, several points need to be addressed as an ex-
tension of this study. For example, how do the results of
the leaching test performed under pressurized conditions
with a pump differ from those obtained under natural con-
ditions, and how can the results of an accelerated test ob-
tained with a compact column be scaled and utilized?

Based on the findings obtained in this study, ways to re-
duce the K leaching from the soil should be considered.
If artificial inputs, such as fertilizers and soil amendments,
contain unwanted Mg>* or Ca’>*, one approach is to re-
duce their amounts. In the future, we would like to com-
bine the compact column tests and field experiments to
quantitatively evaluate the improvement of K retention ca-
pacity when applying soil amendment materials such as
zeolite and bentonite.

5. Conclusions

In this study, as part of our efforts to understand the
causes of K leaching from paddy soils and the effects of
K supply by irrigation water, we investigated the charac-
teristics of K leaching from fine-grained lowland paddy
The
leaching /accumulation of soil exchangeable K and outflow

soil by using a compact thumb-size column test.

of major cations were examined using influent with differ-
ent concentrations and ion compositions. The relationship
of soil exchangeable K with the PAR of the influent was
also studied. The following results were obtained:

(1) The compact column test had sufficient reproducibil-
ity for fine-grained paddy soil, with an average CV of
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less than 2 % for dry bulk density and approximately
6 % for soil exchangeable K obtained after the test.

(2) When infiltrating influent with the same cation com-
position, the lower the concentration, the slower the
initial leaching; but as the flow volume increases, the
leaching progresses. Conversely, the initial leaching
rate was larger at higher concentrations, but equilib-
rium is reached faster and with a higher equilibrium
exchangeable K content.

(3) The soil exchangeable K content at equilibrium is
highly correlated with the PAR of the influent.

(4) When DI water was used, K leaching also occurred,
albeit at a slower rate, possibly because of exchanges
with protons.

(5) The major cation concentrations of eluate tended to
stabilize faster in the order Na™ > Ca’* = Mg+ >
K", with K* being the slowest. This suggests that
selective adsorption of K by 2:1 type clay minerals
may have been affected.

(6) The equilibrium content of soil exchangeable K
formed after water percolation was determined by the
K™ concentration and the composition ratio of coex-
isting exchangeable cations in the influent.

(7) The PAR of the influent is a promising indicator to
explain the leaching and accumulation of K.

(8) The PAR represents the ionic composition ratio and
reflects the effect of KT concentration.

(9) The effects of ion species on K leaching were in the
order Mg?* > Ca>* > Na™ based on a 1 mmol L™!
change in their concentration and Ca’* > Mg>* >
Na™ based on a 10 % change in their concentration,
with divalent cations having a greater effect and Na™
having a smaller effect.

(10) The effect of a 10 % increase in K™ concentration on
soil exchangeable K is estimated to correspond to an
approximately 16 % decrease in Ca>* concentration.

Acknowledgments

This study was partly conducted under the “Ad-
vanced Technology Deployment Project for Restoration
of Food Production Areas” funded by the Japanese Min-
istry of Agriculture, Forestry and Fisheries. We thank
Hideo Kubotera (NIAES/NARO) and Tetsuya Eguchi
(TARC/NARO) for helpful advice, Akiko Tomisawa
(NIRE/NARO) for instrument analysis, and Akiko Arai
(NIRE/NARO) for literature organization. We also thank
Teruhito Miyamoto (NIRE/NARO), editor-in-chief of the
Journal of the Japanese Society of Soil Physics, for the op-

portunity to contribute. In addition, the numerous sugges-
tions by two anonymous reviewers greatly contributed to

the quality of this paper.

References

Bolt G.H., Bruggenwert M.G.M. and Kamphorst A. (1978):
Adsorption of cations by soil. In: Bolt G.H., Bruggenwert
M.G.M. (Eds.). Soil Chemistry A. Basic elements. 2nd ed.,
pp. 54-77. Elsevier, Amsterdam.

Beckett PH.T. (1964a): Studies on soil pottasiun I. Confirma-
tion of the ration law: Measurement of potassium poten-
tial. J. Soil Sci., 15(1): 1-8,
doi:10.1111/5.1365-2389.1964.tb00239.x.

Beckett P.H.T. (1964b): Studies on soil pottasiun II. The “im-
mediate” Q/I relations of labile pottasium in the soil. J.
Soil Sci., 15(1): 9-23,
doi:10.1111/5.1365-2389.1964.tb00240.x.

Bresler E., McNeal B.L. and Carter D.L. (1982): Saline
and sodic soils principles-dynamics-modeling, pp. 14-22.
Springer-Verlag.

Brouder S.M., Volenec J.J. and Murrell T.S. (2021): The
potassium cycle and its relationship to recommendation
development. In: Murrell S.T., Mikkelsen R.L., Sulewski
G., Norton R. and Thompson M.L. (Eds.), Improving
potassium recommendations for agricultural crops cham,
p. 1-46. Springer, Switzerland,
doi:10.1007/978-3-030-59197-7.

Colombani N., Mastrocicco M., Di Giuseppe D., Fac-
cini B. and Coltorti M. (2015): Batch and col-
umn experiments on nutrient leaching in soils amended
with Italian natural zeolitites. CATENA, 127: 64-71,
doi:10.1016/j.catena.2014.12.022.

Eguchi T., Wakabayashi S., Yamada D., Hirayama T., Nihei
N., Hamamoto S., Kubo K., Ota T. and Shinano T. (2017):
Influence of clay mineralogy on effectiveness of potassium
application as a countermeasure to reduce radiocesium up-
take by crops (in Japanese). Proceedings of the 2017 An-
nual meeting of Japanese Society of Irrigation, Drainage
and Rural Engineering, S—1-2.

Evangelou V.P. and Phillips R.E. (2005): Cation exchange in
soils. In:, SSSA Book Series Tabatabai M.A. and Sparks
D.L. (Eds.), pp. 343-410. doi:10.2136/sssabookser8.c7.

Evangelou V.P., Karathanasis A.D. and Blevins R.L. (1986):
Effect of soil organic matter accumulation on potassium
and ammonium quantity—intensity relationships. Soil Sci.
Soc. Am. J., 50(2): 378-382,
doi:10.2136/s552j1986.03615995005000020025x.

Fujimura S. (2021): Countermeasures to reduce radiocesium
in brown rice (in Japanese). J. NARO Res. Dev., 8, 69-75,
doi:10.34503 /NARO;j.2021.8_69.

Fujimura S., Yoshioka K., Saito T., Sato M., Sato M., Sakuma
Y. and Muramatsu Y. (2013): Effects of applying potas-
sium, zeolite and vermiculite on the radiocesium uptake

by rice plants grown in paddy field soils collected from



22 ROV HEE

%1525 (2022)

Fukushima Prefecture. Plant Prod. Sci., 16(2): 166-170,
doi:10.1626/pps.16.166.

Goulding K.W.T. (1987): Potassium fixation and release,
methodology in soil-K research. Proceedings of the 20th
colloquium of the international Potash Institute held in
Baden bei Wien, Austria, International Potash Institute,
137-140.

Griffioen J. (2001): Potassium adsorption ratios as an indica-
tor for the fate of agricultural potassium in groundwater. J.
Hydrol., 254 (1-4), 244-254,
doi:10.1016/S0022-1694(01)00503-0.

Heidari S. and Jalali M. (2016): Effect of some cations, an-
ions, and organic residues on potassium leaching and frac-
tionation in calcareous sandy loam soil. Arch. Agron. Soil
Sci., 62(1): 19-35, doi:10.1080/03650340.2015.1040397.

International Organization for Standardization (ISO) (2019):
ISO 21268-3: 2019: Soil quality — Leaching procedures
for subsequent chemical and ecotoxicological testing of
soil and soil-like materials — Part 3: Up-flow percolation
test. https://www.iso.org/standard/68252.html (Accessed
August 20, 2022)

Jalali M. and Merrikhpour H. (2007): Effects of poor quality
irrigation waters on the nutrient leaching and groundwater
quality from sandy soil. Environ. Earth Sci., 53(6): 1289—
1298, doi:10.1007/s00254-007-0735-5

Johnston A.E., Poulton P.R., Goulding K.W.T., Macdonald
A.J. and Glendining M.J. (2016): Potassium management
in soils and crops: A review. International Fertiliser Soci-
ety, Proceedings, 792.

Kolahchi Z. and Jalali M. (2007): Effect of water quality on
the leaching of potassium from sandy soil. J. Arid Envi-
ron., 68(4): 624-639, doi:10.1016/j.jaridenv.2006.06.010.

Kozanecka T., Brogowski Z., Kisiel M. and Stepien W. (2009):
Mobility of exchangeable cations in soils from long term
field experiments in Skierniewice. Pol. J. Soil Sci., 42(1):
1-14.

Li P., Yamamoto T., Nagai T. and Fujiyama H. (1994), Column
experiment using Tottori sand dune soil — Dynamics of
water and salt in soil under an arid condition and its effect
on element absorption by crops (I) (in Japanese). Trans,
JSIDRE, 171: 83-88,
doi:10.11408/jsidre1965.1994.171_83.

Li Y, Gao R., Yang R., Wei H., Li Y., Xiao H. and Wu J.
(2013): Using a simple soil column method to evaluate soil
phosphorus leaching risk. CLEAN Soil Air Water, 41(11):
1100-1107, doi:10.1002/clen.201200372.

Matsukawa S. and Nakano M. (1992): Salts transport under
ponded infiltration (in Japanese). Trans, JSIDRE, 162: 15—
22, doi:10.11408/jsidre1965.1992.162_15.

Matsukawa S., Tomita H. and Suzuki T. (1996): Effects of
acid solution on soil permeability and salts leaching (in
Japanese). Soil Phys. Cond. Plant Growth Jpn., 73: 53-58,
doi:10.34467/jssoilphysics.73.0_53.

Nakayama H. (2013): A simplified method for measuring ex-
changeable soil potassium by using a compact potassium
ion meter (in Japanese). FY2013 Tohoku Agricultural
Research Information.
http://www.naro.affrc.go.jp/org/tarc/seika/jyouhou/H25/
kankyou/H25kankyou013.html(Accessed May 1, 2022)

Nakayama H., Sato S., Arai Y. and Sato M. (2018): Improve-
ment of a simplified method for measuring exchangeable
soil potassium by using a compact potassium ion meter for
improvement its accuracy (in Japanese). Japanese J. Soil
Sci. Plant Nutr., Japan, 89(4): 311-316.

National Agriculture and Food Research Organization
(NARO) (2019): Japan Soil Inventory (in Japanese).
https://soil-inventory.rad.naro.go.jp/ (Accessed Aug. 20,
2022)

National Agriculture and Food Research Organization
(NARO) (2021): Guidelines for the proper application of
potash in paddy rice based on the potash balance of paddy
soils — Guidelines for potash reduction fertilizer widely
applicable to paddy fields in lowland soils. (in Japanese).
https://www.naro.go.jp/publicity_report/publication/files/
suiden_k2o_tekiseishishin_main.pdf (Accessed May 1,
2022), https://soil-inventory.rad.naro.go.jp/ (Accessed
August 20, 2022).

Nishikiori T., Kubota T., Miyazu S., Harada N., Yoshikawa
N., Fujiwara H. and Saito T. (2020): Input and output
pathways determining potassium budgets in two paddy
fields subjected to countermeasures against radiocesium
in Fukushima, Japan. PLOS ONE, 15(4): e0232139,
doi:10.1371/journal.pone.0232139.

Okajima H. and Matsunaka T. (1972): Evaluation of ARK and
PBCK as the measurement of potassium supplying power
of soils (Part 2): On the PBCX (in Japanese). J. Sci. Soil
Manure, Japan, 43(12): 456459,
doi:10.20710/dojo.43.12_456.

Ramamoorthy B. and Paliwal K.V. (1965): Potassium ad-
sorption ratio of some soils in relation to their potas-
sium availability to paddy. Soil Sci., 99(4): 236-242,
doi:10.1097/00010694-196504000-00005.

Sakaguchi K. (1995): Geology of the Nihonmatsu district.
With Geological Sheet Map at 1:50,000, (in Japanese
with English abstract). https://www.gsj.jp/data/SOKGM/
PDF/GSJ_MAP_G050-07033_-1995_D.pdf (Accessed May
1, 2022), Geological Survey of Japan, p. 28.

Sawhney B.L. (1972): Selective sorption and fixation of
cations by clay minerals: A review. Clays Clay Miner.
20(2): 93-100, doi:10.1346/CCMN.1972.0200208.

Shainberg 1., Keren R., Alperovitch N. and Goldstein D.
(1987): Effect of exchangeable potassium on the hy-
draulic conductivity of smectite-sand mixtures. Clays Clay
Miner., 35(4): 305-310,
doi:10.1346/CCMN.1987.0350408.

Smiles D.E. and Smith C.J. (2004): A survey of the cation



& © Effects of influent water quality on potassium leaching from paddy soil 23

content of piggery effluents and some consequences of
their use to irrigate soils. Soil Res., 42(2): 231-246,
doi:10.1071/SR03059.

Sposito G. and Mattigod S.V. (1977): On the chemical foun-

dation of the sodium adsorption ratio. Soil Sci. Soc. Am.
J., 41(2): 323-329,
doi:10.2136/sssaj1977.03615995004100020030x.

USDA (1954): Diagnosis and improvement of saline and

alkali soils. Agric. Handb., 60.
https://www.ars.usda.gov/pacific-west-area/riverside-ca/
agricultural-water-efficiency-and-salinity-research-unit/
docs/publications/handbook-no-60/ (Accessed May 1,
2022).

Wada S. (1997): Soil chemistry (in Japanese). In: Kyuuma K.

(Ed.) Latest Soil Science, p. 80. Asakura Publishing.

=

Yasutaka T., Naka A., Sakanakura H., Kurosawa A., Inui T.,

Takeo M., Inoba S., Watanabe Y., Fujikawa T., Miura T.,
Miyaguchi S., Nakajou K., Sumikura M., Ito K., Tamoto
S., Tatsuhara T., Chida T., Hirata K., Ohori K., Someya M.,
Katoh M., Umino M., Negishi M., Ito K., Kojima J. and
Ogawa S. (2017): Reproducibility of up-flow column per-
colation tests for contaminated soils. PLOS ONE, 12(6):
e0178979, doi:10.1371/journal.pone.0178979.

Yoshida T., Suzuki K., Manabe K., Chuman N. and Ito S.

(1983): Basic land classification survey (in Japanese),
Nihonmatsu 1/50,000, p.28. https://nlftp.mlit.go.jp/kokjo/
tochimizu/F3/data/pdf/0711t.pdf (Accessed May. 1,
2022).

=
=

IKENC BT 2 i HE Cs DRI EHIS 2 729121%, AV v s (K) OBEZIEREL, EEEomush®R
B2 K DR 2 HENL 5 2 0 EHRH 5. 22T, AWIFETIE, KEALED S K BEkS 25
K LTRBKDEELTANS D12, BIsH A4 XD/NEH 5 A2 FWT, B354 4 2 EERHK
LEZFFOWMAKICH T 2 KHLED SO K OBEBEFNZ. 57 258 T, @EKREREZ O O
YK OEEFEBIIN 6% TH Y, +HaREEEEE LTV, BR2KEEZROMAKDIREIZLD
AU BN K OFEERE, TRAKD KT EBELGA 4 U #Rtbic &k > THE SN, PAR (K 5
te) A3, KIBMOBMRIEE L o7z, MAKFOEEGA & P BED K OBFICRIZ ST HEIX, o

AF Y TKRKEL, NaDEEIZINIWZ e hBbhoiz.

F—U—F AV Y LEE, BHEYA XA T L5BR, PAR (VY AWGELL), HEBUKHE, KHE





