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Abstract

Utilising naturally contaminated soils and rocks is essential for significantly reducing geo-waste. However, there are no well-
established concepts regarding the methods or countermeasures for utilising these soils and rocks, which would realise cost-
effectiveness and environmental safety. Therefore, several researches focusing on the attenuation layer method have recently been under-
taken. This method involves installing an attenuation layer between the contaminated materials and the ground to prevent ground con-
tamination due to the attenuation capacity. A critical issue in the attenuation layer’s design is to evaluate the attenuation performance of
the layer material against target chemicals. Several important concerns and questions need to be solved when evaluating the attenuation
performance. One is how the acidic leachate might diminish the layer material’s attenuation performance. This paper presents the atten-
uation performance of a soil amended with a granular calcium-magnesium composite against acidic leachate. Batch and column tests,
employing arsenic solutions of pH 2, 4 and 6, were applied to evaluate its attenuation performance. Using Freundlich parameter K as an
index, the soil’s attenuation performance was determined to have improved by at least 40% after the addition of the agent, even when the
agent content was 5%. The amended soil’s attenuation performance should be similar if the leachate pH is pH 6–4, although it might
reduce by up to ~30% for pH < 4. Moreover, the amended soil can buffer the acid to pH > 6. If the attenuation layer buffers the acid
and provides the leachate with pH > 6, it will assure that the original ground’s attenuation capacity is utilised. Considering this work’s
findings, amended soil can be employed as material for the attenuation layer.
� 2021 Production and hosting by Elsevier B.V. on behalf of The Japanese Geotechnical Society. This is an open access article under the CC BY-
NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Utilising excavated soils and rocks for embankments
and other geotechnical applications is highly encouraged
for significantly reducing the amount of geo-waste
(Katsumi et al., 2010; Magnusson et al., 2019). Benefits
include prolonging the life of soil fills at soil disposal sites
and preventing accidents that may occur due to the rapid
filling of soil fills to extreme heights (Katsumi et al.,
2019). However, utilisation projects are sometimes delayed
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or hindered due to several geotechnical and geoenviron-
mental concerns. Natural contamination has been one of
the issues actively discussed in Japan, particularly since
2010. In 2010, the Soil Contamination Countermeasures
Law (SCCL), a national law related to soil contamination,
was revised to cover natural (geogenic) contamination.
Naturally derived toxic metals and metalloids are widely
distributed throughout the country in marine clay layers,
claystone layers, thermally altered rocks, etc., due to such
geological processes as active geothermal phenomena
(e.g., Ujiie-Mikoshiba et al., 2006; Tabelin et al., 2018).
The way to properly manage these naturally contaminated
soils and rocks after excavating them has become an
important consideration since it involves the risk of the
leaching of unacceptable concentrations of toxic metals
and metalloids (e.g., Tabelin et al., 2018; Ito and
Katsumi, 2020). However, serious environmental risks
may not be anticipated because the concentrations are only
slightly higher or a few times higher than the regulatory
standards. Therefore, utilising the soils and rocks under
the proper contaminant control conditions, rather than
simply disposing them, is highly recommended (Katsumi,
2015). Unfortunately, there are no well-established meth-
ods or countermeasures for utilising these soils and rocks,
which would realise cost-effectiveness and environmental
safety (Ministry of Land, Infrastructure and Transport,
2010).

Attempts have been made at many construction sites to
utilise naturally contaminated soils and rocks while imple-
menting countermeasures to ensure environmental safety.
Encapsulation using geomembranes and compaction to
minimise the infiltration is widely applied as a countermea-
sure. However, considering the leaching load and the nat-
ure of the soils and rocks of concern, it is desirable to
implement more low-cost, yet effective, countermeasures.
Recently, the attenuation layer method has attracted atten-
tion; it is based on a different concept from these other
methods (e.g., Tatsuhara et al., 2012; 2015; Nozaki et al.,
2013a; Tabelin et al., 2018). As shown in Fig. 1, the atten-
uation layer method involves the installation of an attenu-
ation layer beneath the soils or rocks of concern. The
typical attenuation layer material is non-contaminated soil
mixed with a stabilising agent with attenuation/sorption
capacity. The attenuation layer should function to prevent
(or reduce to acceptable levels) the chemicals of concern

infiltrating the ground due to the attenuation capacity. Sev-
eral benefits exist for this method. One benefit is that stable
earthen structures can be constructed in the simple and tra-
ditional manner of earthen works. However, several issues
remain to be solved in terms of enhancing the attenuation
layer method’s reliability and widening the scope of its
applications.

Evaluating the attenuation performance of the layer
material against the target chemicals is an important issue.
Based on this need for evaluation, several studies have been
undertaken to investigate the attenuation performance of
possible layer materials against the chemicals of concern
(e.g., Tatsuhara et al., 2012; Nozaki et al., 2013b; Tabelin
et al., 2014, 2018; Mo et al., 2020). Several important con-
cerns and questions need to be solved when evaluating the
attenuation performance. One is how acidic leachate might
diminish the layer material’s attenuation performance. Sev-
eral types of rocks and soils contain sulphide minerals (e.g.,
pyrite). Exposing them to air oxidises the minerals to pro-
duce sulphuric acid (Tabelin et al., 2012; Inui et al., 2013;
Paikaray, 2015). Whether or not the material’s attenuation
performance will diminish due to the acidity needs to be
clarified before using the material in the attenuation layer.
If the layer material’s attenuation performance is dimin-
ished, the acid drainage loaded with toxic metals and met-
alloids will contaminate the receiving environment.
However, very few studies have evaluated the attenuation
performance of layer materials against acidic leachate.
Therefore, to increase the opportunities and reliability of
applying the attenuation layer method, a better under-
standing of the effect of acidic leachates on the attenuation
performance of the layer materials is required.

The present work evaluates the attenuation performance
of soil amended with a calcium-magnesium (Ca-Mg)
composite against arsenic in solutions of pH 2, 4 and 6.
The Ca-Mg composite is manufactured mainly from cal-
cined natural minerals. Due to calcinating these minerals,
they usually tend to exhibit stronger compatibility with sev-
eral kinds of chemicals (e.g., Itaya and Kuninishi, 2019;
Salameh et al., 2015). A previous study (Mo et al., 2020)
attempted to mix decomposed granite soil with a decent
amount of stabilising agent to attenuate the arsenic and
to show it as feasible. Like the previous study, an agent
content of 5% was considered for amending the soil. How-
ever, the present work uses a granular Ca-Mg composite

Fig. 1. Schematic of conventional design for attenuation layer method.
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with particles smaller than 2 mm, not the Ca-Mg composite
with particles smaller than 0.075 mm used in the previous
study. Therefore, a lower attenuation capacity should be
expected due to a smaller specific surface area. Batch tests
and column tests using a flexible-wall permeameter were
performed to evaluate the attenuation performance.
Arsenic was selected as the target contaminant since it is
one of the important chemicals in geogenic contamination.
Many researchers (e.g., Takahashi et al., 2011; Inui et al.,
2013; Li et al., 2018) have found that during the post-
excavation leaching of contaminated materials, this toxic
element is leached in concentrations that exceed the accept-
able limits in Japan.

2. Materials and methodologies

2.1. Materials

Decomposed granite soil, which is a commercially avail-
able soil, was collected in Kyoto and used for the tests after
being oven-dried for 1 day and sieved with a 2-mm opening
screen. Its particle size distribution, shown in Fig. 2, was
determined as per JIS A 1204 (2009) with particle density
qs = 2.67 g/cm3, as per JIS A 1202 (2009), and compaction
characteristics as per the A-a method of JIS A 1210 (2009).
The sieved soil was classified as sand with fine fractions (S-
F), based on the guidelines for classifying geomaterials
standardised in JGS 0051 (2015). For the chemical analysis,
the soil was manually ground to <75 lm using an agate
mortar and pestle and then analysed by X-ray fluorescence
(XRF) (EDX-720, Shimadzu). Table 1 summarises the
physical and chemical properties of the sieved soil.

Ca-Mg composite, manufactured by Sumitomo Osaka
Cement Co., Ltd., was the stabilising agent. Fig. 2 shows
its particle size distribution and appearance. Table 2 sum-
marises its chemical composition, quantitated as per JIS
R 9011 (2006), in terms of the oxidation minerals. Accord-
ing to the manufacturer, it mainly comprises calcium (as
CaCO3) with a content of 35.6%. The magnesium (as
MgCO3 and MgO) content is 19.4%. It also contains trace

amounts of iron (as FeSO4). Further, the high ignition loss
of 33.5% is attributed to the decarbonation of CaCO3. Its
specific surface area, SSA = 3.7 m2/g, was determined
using the nitrogen adsorption Brunauer-Emmet-Teller
(BET) method.

The test specimens had one of two agent contents (0 or
5%). The agent contents of 0 and 5% corresponded to 0 g
and 50 g of the stabilising agent per kg of dry soil, respec-
tively. To prepare the test specimens, firstly, the dry soil
was poured into a steel bowl. An appropriate amount of
agent was added to the soil when preparing the 5% case.
After that, distilled water was added using the appropriate
amount necessary to achieve the optimum water contents
of 10.1 and 11.0% when using 0 and 5% agent contents,
respectively. The particle density of the amended soil was
also 2.67 g/cm3 based on JIS R 5201 (2015). Mixing was
completed using a soil mixer. During the mixing, the
machine was temporarily stopped from time to time to
scrape the sides and bottom of the bowl. These steps were
taken for the purpose of preparing homogeneous
specimens.

2.2. Experiments

2.2.1. Batch shaking tests
Batch tests were used to evaluate the arsenic attenuation

performance of the soil-agent mixtures at a liquid to solid
(L/S) ratio of 10. Changes in the attenuation performance
were quantified using sorption isotherms obtained from the
tests. Five different concentrations of arsenic were used:
0.1, 0.5, 1, 5 and 10 mg/L. For each concentration, several
solutions of pH 2, 4 and 6 were prepared. The solutions
were prepared using As in the form of sodium arsenite
(NaAsO2), whereby accurate amounts of NaAsO2 salts
were dissolved in distilled water to produce stock solutions

Table 1
Physical and chemical properties of the soil.

Parameter Value

Particle density 2.67 g/cm3

Particle size distribution
Sand fraction [0.075–2 mm] 85.9%
Silt fraction [0.005–0.075 mm] 7.7%
Clay fraction [<0.005 mm] 6.4%
Chemical composition
SiO2 45.5%
Fe2O3 20.6%
CaO 6.6%
Al2O3 16.9%
Others 10.4%

Table 2
Chemical properties of the Ca-Mg composite (unit: wt.%).

Ig. loss CaO MgO SO3 Fe2O3 SiO2 Al2O3 P2O5

33.5 35.6 19.4 3.98 3.73 1.52 0.068 0.035

Source: Data from The Society of Materials Science, Japan (JSMS, 2014).

Fig. 2. Particle size distribution of sieved soil and Ca-Mg composite. The
photo shows the appearance of the agent.
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of 1000 mg/L As, and then appropriate dilutions were
completed. Sulphuric acid (H2SO4) was added dropwise
to the solutions to adjust their pH levels.

The test specimens were added to the solutions in 1-L
capped plastic bottles to achieve L/S 10. Then, horizontal
shaking of the specimen bottles was conducted at
150 rpm for 24 h using a mechanical shaker (TS-10, TAI-
TEC) at a room temperature of ~20 �C. Later, the speci-
men bottles were removed from the machine. Their
contents were centrifuged at 3000 rpm for 10 min, which
helped separate the solid particles from the solution.
Table 3 summarises the conditions for the batch tests.

2.2.2. Column percolation tests
The column tests were completed with a flexible-wall

permeameters (Fig. 3). The tests were used to monitor
the arsenic concentrations at several L/S ratios, including
much smaller ratios than those in the batch tests. Smaller
ratios can better represent the in-field interactions of the
leachates with the materials. In addition, the tests were
conducted under saturated conditions, which helped pre-
vent preferential flow occurrences. While a better interpre-
tation, in view of practice, should be obtained by
unsaturated percolation, straightforward interpretations
of the test results are expected under saturated conditions.

Each test specimen was compacted in a steel mould,
6 cm in inner diameter and 7 cm in height, in three layers
of equal height and with a degree of compaction of 95%.
The compacted specimen was saturated for at least 48 h
in a vacuum deaerator. After that, it was removed from
the steel mould, whilst not causing it any physical damage,
and set on the flexible-wall permeameter with its upper and
lower surfaces confined by acrylic pedestals 6 cm in diam-
eter. Filter papers and geotextiles were used to separate the
top and bottom surfaces of the specimen from the pedestals
in order to prevent the clogging of the channels by the fine
soil particles. To prevent air from intruding into the spec-
imen during the test, the filter papers and geotextiles were
deaerated beforehand in a glass beaker filled with distilled
water. A latex membrane smeared with silicone grease on
its lateral face was used to confine the sides of the specimen
along with the top and base pedestals for the prevention of
side-wall leakage. Two O-rings were employed at the top
and bottom pedestals to seal the specimen. After assem-
bling the apparatus and saturating all the channels with
distilled water, the cell pressure was set to 50 kPa.

Arsenic solutions of pH 2, 4 and 6 were prepared and
used in the tests after deairing them for 24 h. The arsenic
concentration in the solutions was 0.1 mg/L. Several stud-
ies have shown that leaching concentrations of arsenic are
often slightly higher than the acceptable limit of 0.01 mg/L
(e.g., 2–3 times higher). In some cases, however, the con-
centrations can be much higher than the limit (e.g., 10
times higher). For each case listed in Table 4, and with
the temperature of the room set at ~20 �C, the deaired solu-
tion was continuously percolated as the influent in an up-
flow direction using a peristaltic pump at a flow rate of
4.5 mL/h (equivalent to the Darcian velocity of 4 cm/d).
The tests were terminated if they satisfied one of the follow-
ing two conditions: (1) the arsenic concentrations measured
in the effluents exceeded 0.01 mg/L, which is the acceptable
limit in Japan, or (2) ~L/S 50 was attained. This ratio is
equivalent to percolating ~330 pore volumes of flow into
the specimens. The pore volumes of flow (PVF) was calcu-
lated by dividing the cumulative volume of the effluent col-
lected during the test with the volume of the voids in the
specimen. Effluents were periodically collected in glass bot-
tles connected to Smart Bag PA (GL Sciences Inc.) to avoid
any contact with the environment.

2.2.3. Chemical analyses

In the above experiments, the solutions collected were
filtered using a membrane filter (Millex-HV, Millipore)
with a particle size retention of 0.45 lm. The pH, electrical
conductivity (EC) and redox potential (Eh) of the filtrate
were measured. The arsenic concentrations were measured
by an atomic absorption spectrophotometer (AAS) (AA-

Table 3
Conditions for the batch shaking tests.

Solvent NaAsO2 solution (conc.: 0.1, 0.5, 1, 5 and 10 mg/L)
Solvent pH pH 2, 4 and 6 (adjusted with H2SO4)
Agent content 0, 5% (=50 g/kg-soil)
Specimen mass >50 g
Liquid to solid ratio 10 L/kg
Mixing Horizontal shaking at 150 rpm
Shaking time 24 h

Fig. 3. Schematic of flexible-wall permeameter used for column tests.

L.W. Gathuka et al. Soils and Foundations 61 (2021) 1099–1111

1102

A Self-archived copy in
Kyoto University Research Information Repository

https://repository.kulib.kyoto-u.ac.jp



6800, Shimadzu). The concentrations of several cations
(Al, Ca, Fe, K, Mg and Na) were measured by an
inductively coupled plasma optical emission spectrometer
(ICP-OES) (ICP-OES 710, Agilent Technologies).

2.3. Solute transport analysis

The data observed in the column tests was fitted using
the following advection-dispersion equation:

R
@C
@t

¼ D
@2C
@x2

� vs
@C
@x

ð1Þ

where R is the retardation factor. Retardation phenomena
result from the chemical reactions between the soil, agent
and water in the column tests. Therefore, R can express
the chemical reactions (e.g., sorption effect). Since the
arsenic concentrations applied in the column tests were rel-
atively low (As = 0.1 mg/L), the sorption behaviour of the
materials might be assumed as linear sorption behaviour.
Therefore, applying linear sorption was considered reason-
able for interpreting the column test results. For linear
sorption, R = 1 + qdKd/n, where Kd (cm

3/g) is the partition
coefficient and n is the porosity of the specimen. It is noted
that under these assumptions, the individual chemical reac-
tions occurring in the materials to buffer the metal concen-
trations (e.g., precipitation reactions) are not
independently clarified or considered.

Assuming the initial and ‘constant concentration’
boundary conditions as

CjxP0;t¼0 ¼ 0;Cjx¼0;tP0 ¼ C0;Cjx¼L;tP0 ¼ 0 ð2Þ
the solution to Eq. (1) for these conditions has been given
by Ogata and Banks (1961) as

C ¼ C0=2 erfc RL� vstð Þ=ð4RDtÞ1=2
h i

þ expðvsL=DÞerfc RLþ vstð Þ=ð4RDtÞ1=2
h in o

ð3Þ

where C0 (mg/L) is the initial solute concentration,
C (mg/L) is the solute concentration at x distance from
the source at time t, L (cm) is the column length, vs
(cm/s) is the average seepage velocity, D [= vsaL + Dm,
where aL (cm) is the longitudinal dispersivity which is
roughly approximated as 0.1L (Gelhar et al., 1992) and
Dm (cm2/s) is the effective diffusion coefficient which for
As is estimated to be 0.905 � 10�5 cm2/s (Lide, 2001)] is
the longitudinal dispersion coefficient, and erfc is the com-
plementary error function.

According to van Genuchten and Parker (1984), Eq. (3)
can be non-dimensionalised by substituting the column
Peclet number (Pe = vsL/D) and PVF (T = vst/L) as

C ¼ C0=2 erfc ðPe=4RT Þ1=2ðR� T Þ
h i

þ exp Peð Þerfc ðPe=4RT Þ1=2ðRþ T Þ
h in o

ð4Þ

Considering the flow conditions applied in the column
percolation tests (refer to Section 2.2), D = 1.1 � 10�4

cm2/s and Pe = 9.39. Therefore, the advection process will
play the dominant role in the solute transport phenomena.

The breakthrough curves obtained using Eq. (4) were
shifted so that the initial rise in the concentrations of As
coincided with the experimental ones. From the various tri-
als, the most representative R was the one for which the
residual sum of the squares (SSE) becomes minimum.

SSE ¼
Xn

i¼1

ðCi � Ci
0Þ2 ð5Þ

where Ci is the experiment data series and Ci
0 is the pre-

dicted data series.

3. Results

3.1. Batch shaking tests

3.1.1. Sorption isotherms

Fig. 4 shows the non-linear relationships between the
amount of As retained, S (mg/g), and the concentrations
of As remaining in the solutions, C (mg/L), which were fit-
ted using the following empirical Freundlich isotherm:

S ¼ KCN ð6Þ
where K (cm3/g) and N are Freundlich parameters.

This kind of S-C relationship generally suggests that a
solid material has a finite capacity to buffer metal concen-
trations (Devulpalli and Reddy, 1996). In contrast to the
0% cases, the 5% cases exhibit a higher arsenic attenuation
performance. A larger inclination of the sorption isotherms
shows a higher attenuation performance. However, the dif-
ferences may not be evident for the relatively low arsenic
concentrations. Freundlich parameter K was used as an
index for quantifying the attenuation performance of the
materials. For the 0% cases, K was 12.3, 12.0 and
11.8 cm3/g when the contacting solution was pH 6, 4 and
2, respectively. Likewise, for the 5% cases, K was estimated
to be 24.9, 23.0 and 17.0 cm3/g, respectively. Table 5

Fig. 4. Freundlich sorption isotherms for 0 and 5% cases.

Table 4
Conditions for the column percolation tests.

Case No. 1 2 3 4 5

Agent content (%) 0 0 0 5 5
Influent pH 6 4 2 6 2
Dry density, qd (g/cm3) 1.91 1.91 1.92 1.89 1.88
Volume of voids, Vv (cm

3) 57.1 56.8 56.6 58.1 58.5
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summarises the obtained K values. The K for the 5% cases
was two times higher than the K for the 0% cases, except
for the condition with pH 2, where it was 40% higher.
Therefore, using an agent content of 5% is enough to bring
about substantial improvements in the soil’s attenuation
performance. Further, the K for the 5% case decreases by
~30% when the conditions change from pH 6 to pH 2.

3.1.2. Changes in solution chemistry

Fig. 5 shows the post-shaking chemistry of the contact-
ing solutions in terms of pH, Eh, and concentrations of
Ca2+ and Mg2+. Fig. 5(a) shows that, for the 0% cases,
the solutions were alkaline with pH ~ 8 under the initial
pH conditions of 6 and 4. However, they remained acidic
with pH ~ 4.5 under an initial pH condition of 2. For the
5% cases, the solutions were strongly alkaline with
pH = 9–10 under the initial pH condition of 6 or 4. Under
an initial pH condition of 2, the solutions were circumneu-
tral, defined by Nordstrom (2011) as pH = 6–8. Overall,
the pH for the 5% cases was higher than those for the
0% cases by at least 1 pH unit. Since soil without any agent
exhibits a low pH buffering capacity, it might be inappro-
priate to use the soil to buffer the acid in strongly acidic lea-
chates. The results suggest that using an agent content of
5% can substantially improve the soil’s pH buffering capac-
ity. Moreover, the final pH will depend on the initial pH
and the material’s buffering capacity.

Chemical forms of arsenic, as well other water-soluble
chemicals, are influenced by the pH and Eh of the water.
From Fig. 5(b), the solutions are under oxidising condi-
tions since Eh = 200–600 mV. Using an Eh-pH diagram
for the As-O-H systems (Lu and Zhu, 2011), it was identi-
fied that when the pH = 7–11, the dissolved As was gener-
ally present as a negatively charged HAsO4

2� oxyanion, and
when pH = 2–7, it was generally present as a negatively
charged H2AsO4

� oxyanion. These results suggest that the
As applied as NaAsO2 [or As(III)] was oxidised to As(V).
Therefore, two attenuation mechanisms might occur, the
first being the electrostatic attraction of the oxyanions on
the variable charge of clay according to the pH (e.g.,
Bolan et al., 1999) and the second being the precipitation
reactions with the cations (e.g., Ca and Mg) released from
the soil or the agent.

In contrast to other cations, the concentrations of Ca2+

and Mg2+ were much higher, and their values were in the
mg/L levels. In addition, their concentrations increased
as the initial pH was lowered from 6 to 2 [Fig. 5(c) and
(d)]. Since their concentrations were notably the same for

the different concentrations of applied As, these increasing
trends suggest that the cations were being exchanged for
H+ (e.g., McBride, 1994) and/or the carbonate minerals
in the Ca-Mg composite were being dissolved and precipi-
tated (e.g., Stumm and Morgan, 2012). Higher concentra-
tions of Ca2+ than Mg2+ are most likely because: (1)
there was a greater amount of the Ca-based chemicals than
the Mg-based chemicals in the materials, and/or (2) there
was order reactivity of the carbonate minerals in the Ca-
Mg composite; that is, calcite > dolomite > Mg ankerite
(e.g., Blowes and Ptacek, 1994).

3.2. Column percolation tests

3.2.1. Breakthrough curves

Fig. 6 shows the breakthrough curves from the column
tests. In this figure, only the data for the concentrations
not exceeding 0.025 mg/L As were plotted in order to make

Table 5
Freundlich isotherm parameters.

0% 5%

K (cm3/g) N R2 K (cm3/g) N R2

pH 2 11.8 0.99 17.0 0.99
pH 4 12.0 0.6 0.99 23.0 0.6 0.98
pH 6 12.3 0.99 24.9 0.99

Fig. 5. Post-shaking results of contacting solutions’ chemistry.
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it easy to recognise the differences among the several cases.
For the 0%-pH 2 case, the data for As > 0.025 mg/L is not
given in the figure, but it was included in other results. The
breakthrough concentration was taken as the maximum
allowable leaching concentration in Japan. That is, As =
0.01 mg/L. Fig. 6(a) shows that, for the 0% cases, the
breakthrough occurs after ~L/S 20 if the influent pH is 6
or 4. A much earlier breakthrough occurs when using a
strongly acidic influent (=pH 2), namely, before L/S 10.

For the 5% cases, only the influents of pH 6 and 2 were
used. It was assumed that no obvious changes in the atten-
uation of As should occur when the amended soil is perco-
lated with influents of pH = 6–4. Fig. 6(b) shows that, until
the tests’ termination at ~L/S 50, the concentrations in the
effluents did not exceed 5% of the concentration of the
applied As (As = 0.1 mg/L) during percolation with the
influent of pH 6, and even pH 2. More importantly, these
concentrations did not exceed the acceptable limit, As =
0.01 mg/L. A delayed breakthrough is very desirable in
the field. Stronger buffering of the metal concentrations
and longer reactivity under different leachate pH levels
can be realised when the soil is amended with the agent,
even if the agent content of 5% is employed.

Table 6 summarises the solute transport parameters for
the 0% cases obtained by following the steps and discussed

previously in Section 2.3. The predicted breakthrough
curves shown in Fig. 7 were obtained using these parame-
ters. It was not possible to complete the analysis for the
5% cases because the initial rise in the concentration of
As could not be established from the available experimen-
tal data at that time. The Kd values were calculated from
the obtained R. They were estimated as 38, 36 and
13 cm3/g when the influent was pH 6, 4 and 2, respectively.
The results suggest that no apparent changes in this soil’s
attenuation performance should occur when the leachate
pH is in the range of 6–4. However, when the leachate
pH is below 4, its arsenic attenuation will be adversely
affected. If it is a strongly acidic leachate (=pH 2), the Kd

values can decrease by 30% or even more.

3.2.2. Trends in effluent chemistry

Fig. 8(a) and (b) show the trends in the effluent pH
(pHout) during the percolation of the specimens with chem-
ical solutions of pH 6 or 2, respectively. For the 0% cases,
the effluents are found to be slightly alkaline with the pH of
~7.6. However, pHout eventually tends to decrease back to
pHin with the increasing number of PVFs. This decrease in
pHout is seen to be gradual during the percolation with the
pH 6 influent [Fig. 8(a)], and then accelerates during the
percolation with the pH 2 influent [Fig. 8(b)]. Fig. 8(b)
shows that, during the percolation of the 0% case with
the pH 2 influent, pHout drastically decreases from 7.6 to
2.5 after L/S 3. This shift in pH coincides with the point
at which the concentrations of leached Ca2+ start to
decline, thereby suggesting a possible relationship.

For the 5% cases, the pHout is usually found to be at
least 1 pH unit higher than for the 0% cases. Furthermore,
the decrease in pHout is seen to be gradual during the per-
colation with the pH 6 influent [Fig. 8(a)], and then accel-
erates during the percolation with the pH 2 influent [Fig. 8
(b)]. Fig. 8(b) shows that, during the percolation of the 5%
case with the pH 2 influent, pHout decreases towards pHin

with further percolation after L/S 7. This shift in pH coin-
cides with the point at which the concentrations of leached
Mg2+ start to decline, thereby suggesting a possible rela-
tionship. Taking pH 7.6 as the baseline, which corresponds
to the average pHout of the 0% cases before the reduction, it
was estimated that for the 5% cases, it would take ~L/S 30
for the pHout to drop below this value. The results confirm
that using an agent content of 5% for amending the soil can
improve its pH buffering capacity. Moreoever, the exhaus-
tion of the amended soil’s pH buffering capacity will be
prolonged even when percolated with strongly acidic lea-
chates (=pH 2).

Table 6
Solute transport parameters (agent content: 0%).

Case ID Influent pH R Kd (cm3/g) D (cm2/s) Pe

1 6 264 37.8 1.1 � 10�4 9.39
2 4 250 35.7 1.1 � 10�4 9.39
3 2 90 12.8 1.1 � 10�4 9.39

Fig. 6. Concentrations of arsenic in effluents during column tests for 0 and
5% cases. The grey shaded area denotes the acceptable concentrations in
Japan.
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Fig. 8(c) shows that the effluent EC (ECout) decreases
towards the influent EC (ECin) with the increasing percola-
tion volume, while Fig. 8(d) shows that the ECout increases
towards ECin with the increasing percolation volume. Since
ECout – ECin implies that a chemical equilibrium had not
been reached.

Fig. 9 shows the general trend of the pH ratio
(pHout/pHin) and the EC ratio (ECout/ECin) with the
increasing number of PVFs. According to Shackelford
et al. (2010), when pHin or ECin is lower than the initial
pH or EC of the specimen-pore water, i.e., pHs or ECs,
these ratios will initially be greater than unity. Eventually,
they should decrease towards unity with the increasing
number of PVFs. Likewise, when the pHin or ECin is higher
than the pHs or ECs, these ratios will initially be lower than
unity, but will eventually increase towards unity with the
increasing number of PVFs. The results suggest that the
rate of decrease in pHout/pHin is dependent on two aspects,
i.e., the presence of the Ca-Mg composite and acidity. The
decrease in pHout/pHin will be accelerated due to the
absence of an agent and/or very low pH.

Fig. 10 shows the trends in the concentrations of Ca2+

and Mg2+ in the effluents. As shown in Fig. 10(a) and
(c), it is most likely that the Ca-Mg composite suppresses
the leaching of Ca2+, while it promotes the leaching of
Mg2+ during the percolation of the 5% case with the pH
6 influent. Fig. 10(b) and (d) show that, for both the 0
and 5% cases, significantly higher concentrations of Ca2+

and Mg2+ were leached from the materials because of using
the pH 2 influent. Comparing the leaching trends of Ca2+

and Mg2+ in the figure, they are similar for the same pHin.
Furthermore, the concentrations of Ca2+ are higher than
those of Mg2+, which is similar to the batch test results.

Fig. 7. Modelled breakthrough curves from column tests of 0% cases. The
grey shaded area denotes the acceptable concentrations in Japan.

Fig. 8. Trends in pH and electrical conductivity of effluents under conditions of pH 2 or 6.
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3.2.3. Comparison of data from two laboratory tests

The chemistry of the solutions collected from the two
laboratory tests at L/S 10 is compared here. The findings
from the batch tests were closely reflected in the column
tests (refer to Figs. 8 and 10). However, the actual data
from the batch tests sometimes could not be truly reflected
in the column tests. For instance, in some cases, the pH was
1 unit lower in the batch tests (refer to Fig. 8). According to
Tatsuhara et al. (2012), these differences in the results
between the batch tests and the column tests can be attrib-
uted to the constant ‘renewal’ of the pore water in the latter
tests that probably resulted in more localised disequilib-

rium conditions. While the batch test may not reflect the
actual interactions of the materials with leachates, the test
remains useful for showing the differences in the chemical
compatibility of the materials.

4. Discussion

4.1. Expected attenuation and pH buffering mechanisms

4.1.1. Speciation of dissolved As

Fig. 11 shows the chemistry of the effluents from the col-
umn tests in terms of Eh, pH and concentrations of As.
Here, the effluents collected after 1 PVF are considered.
Using an Eh-pH diagram for the As-O-H systems (Lu
and Zhu, 2011), it is recognised that the dissolved As in
the effluents will most likely exist as a negatively charged
HAsO4

2� and/or H2AsO4
� oxyanion according to their

pH. The As species and their associated compounds have
less mobility and toxicity, and are stable over a wide pH
range (Bothe and Brown, 1999).

4.1.2. Expected attenuation and pH buffering mechanisms

Fig. 12 shows the chemistry of the effluents from the col-
umn percolation tests in terms of Eh, pH and concentra-
tions of As, Ca2+ and Mg2+. Here, the effluents collected
after 1 PVF are considered. This figure was used to deduce

Fig. 9. Schematic trend in electrical conductivity and pH ratios with
increasing number of PVFs (after Shackelford et al., 2010).

Fig. 10. Trends in concentrations of Ca2+ and Mg2+ in effluents under conditions of pH 2 or 6.

L.W. Gathuka et al. Soils and Foundations 61 (2021) 1099–1111

1107

A Self-archived copy in
Kyoto University Research Information Repository

https://repository.kulib.kyoto-u.ac.jp



the expected attenuation mechanisms when using the
amended soil as the attenuation layer material. As far as
attenuation mechanisms by the soil material are concerned,
the attraction of As on the surface of the soil particles and
the co-precipitation between Ca2+ and As might be the
mechanisms, while attenuation mechanisms by the Ca-
Mg composite are expected to be mainly related to the pre-
cipitation of Ca-As. These mechanisms are discussed here.

Considering that the soil used here contains substantial
amounts of Fe and Al-based chemicals (refer to Table 1), it
is most likely carrying variable charges (Bolan et al., 1999).
These variable charges will change according to the pH.
When the soil particles have net positively charged sur-
faces, they will attract these negatively charged oxyanions.
As the pH of the pore water changes, so will the net surface
charge of the soil particles. These changes in the surface
charge of the soil particles might contribute to the reduced
buffering of the metal concentrations.

In addition, the calcium ions released from the soil are
expected to react with the As in the solution to generate
low solubility substances such as CaHAsO3. McBride
(1994) indicated that this mechanism relies on the concen-
trations of cations released from the soil material. Fig. 12
(a) and (b) support this deduction, whereby the concentra-
tions of As in the effluents are seen to increase exponen-
tially with the decreasing concentrations of Ca2+ leached
from this soil material. Moreover, the leaching requirement
for this cation to reduce the concentrations to below the

acceptable limits is much higher when the leachate is
strongly acidic (e.g., pH 2).

As far as attenuation mechanisms by the Ca-Mg
composite are concerned, it is expected to be mainly
related to the precipitation reactions and essentially
from the formation of oxides, hydroxides and/or car-
bonate phases (e.g., McNeill and Edwards, 1997;
Moon et al., 2004; Salameh et al., 2015). This deduc-
tion was supported by Itaya et al. (2013). According
to the authors (Itaya et al., 2013), low-solubility Ca-
As, such as CaHAsO4(H2O), will be generated during
the Ca-Mg composite interactions with the dissolved
arsenic.

Therefore, if the attenuation layer material is the
amended soil, both the soil and the agent will function to
attenuate against the arsenic. Therefore, the above-
mentioned mechanisms might occur, but are independent
of each other. Furthermore, the magnitude of these mech-
anisms and how long they will continue to occur will
depend on time and the materials. The results suggest that
low-solubility Ca-As will be released because of the agent.
This mechanism is expected to dominate during the buffer-
ing of the metal concentrations. In addition, considering
Fig. 12(c) and (d), the arsenic concentrations are the lowest
at relatively high pH, but the concentrations tend to
increase with decreasing pH. Therefore, the solubility of
the Ca-As might depend on the pore water pH (e.g.,
Bothe and Brown, 1999).

Fig. 11. Chemistry of effluents in terms of their Eh, pH and concentration of As. The figures at the top are for the soil (no amendment), while the figures at
the bottom are for the amended soil. The Eh-pH diagram is for the As-O-H system (after Lu and Zhu, 2011). The grey shaded area denotes the solid phase.
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The amended soil will buffer the acid due to several inde-
pendent mechanisms by the soil and the Ca-Mg composite.
The soil material is expected to buffer the pH because the
major cations are being exchanged for H+ (e.g., McBride,
1994). Carbonate mineral buffering is expected because of
the Ca-Mg composite (e.g., Stumm and Morgan, 2012).
According to the authors (Stumm and Morgan, 2012),
when a material contains sufficient calcite and dolomite
minerals, the acid drainage can be buffered by the calcite-
acid reaction, as shown in Eq. (7), and the dolomite-acid
reaction, as shown in Eq. (8).

2CaCO3 þ 4Hþ $ 2Ca2þ þ 2H2Oþ 2CO2 ð7Þ
CaMg CO3ð Þ2 þ 4Hþ ! Ca2þ þMg2þ þ 2H2CO3 ð8Þ

Fig. 13 shows the changes in the concentration ratio of
Ca2+/Mg2+ with the increasing number of PVFs. This fig-
ure is used to better understand the pH buffering mecha-
nisms involved when the soil is mixed with the agent. It
is recognised that, during permeation using the pH 6 influ-
ent, the ratio decreases from 5 towards unity. It is most
likely that the calcite-acid buffering reaction might have
been dominant at the beginning of permeation. However,
with continued permeation, the dolomite-acid buffering
mechanism became dominant, while during permeation
using the pH 2 influent, the ratio increased from 0.2 to 3
with the increasing number of PVFs. It is most likely that

the dolomite-acid buffering reaction might have been dom-
inant at the beginning of permeation. Later on, both
calcite-acid buffering and dolomite-acid buffering mecha-
nisms were dominant. The pH buffering mechanism should
co-occur with these two other mechanisms, because of the
soil material, but its contributions to the buffering of the
pH in the amended soil may not be significant.

Fig. 12. Chemistry of effluents in terms of their pH and concentrations of As, Ca2+ and Mg2+. The figures at the top are for the soil (no amendment),
while the figures at the bottom are for the amended soil.

Fig. 13. Trends in Ca2+/Mg2+ ratio with increasing number of PVFs
(agent content: 5%).
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4.2. Practical implications

In this present work, the soil’s attenuation performance
was determined to have improved by at least 40% after the
addition of the agent, even if the agent content was 5%.
The amended soil will function to assure that the concen-
trations of As are below the acceptable levels (As � 0.01
mg/L) for at least a percolation volume of 300 PVF under
the given conditions (As = 0.1 mg/L). Furthermore, the
amended soil will attenuate the arsenic to below the accept-
able levels even if the leachate pH is 2, 4 or 6. Therefore, if
the amended soil is used as the attenuation layer material,
the attenuation layer can be expected to function well in
significantly reducing the risk of ground contamination.

The pH buffering capacity of the attenuation layer is
considered to be another important mechanism for reduc-
ing the risk of ground contamination. Even if the attenua-
tion layer is not capable of attenuating the As, the original
ground can be expected to attenuate the As. However, the
attenuation capacity of the original ground is dependent on
the pH values; the attenuation of As may be reduced under
the low pH conditions. The results show that the amended
soil will buffer the acid to pH > 6. Thus, if the attenuation
layer buffers the acid and provides leachate with pH > 6, it
will assure that the attenuation capacity of the original
ground is utilised.

However, this simple evaluation under the assumed con-
ditions might be different under practical conditions. For
example, a constant concentration (As = 0.1 mg/L) is con-
sidered here, but concentrations exceeding this value may
sometimes be reported. In such cases, it is necessary to con-
firm the effectiveness of the materials before the in-field
application. In addition, the attenuation layer material is
generally unsaturated, and the chemical environments
may differ. For instance, the DO concentration is very
small for the saturated layer, while it is large for the unsat-
urated one. Moreover, a preferential flow might exist under
the unsaturated conditions, and the attenuation layer
would exist under anaerobic conditions if the embankment
were high. Further studies are required, while considering
the above issues.

5. Conclusions

Batch and column tests, using arsenic solutions of pH 2,
4 or 6, were conducted on a soil-agent mixture to discuss
how acidity affects its arsenic attenuation performance.
The results support the following conclusions:

1. Soil mixed with an agent exhibits better attenuation per-
formance than soil without an agent. Using Freundlich
parameter K as the index, the soil’s attenuation perfor-
mance was determined to have improved by at least
40% after the addition of the agent, even when the agent
content was 5%. Further, the amended soil’s attenuation
performance should be similar if the leachate pH is pH
6–4; it might decrease by up to ~30% for pH < 4.

2. The pH buffering capacity of the attenuation layer is
considered to be another important mechanism for
reducing the risk of ground contamination. The
amended soil can buffer the acid to pH > 6. Thus, if
the attenuation layer buffers the acid and provides the
leachate with pH > 6, it will assure that the original
ground’s attenuation capacity is utilised.

3. Both the soil and the agent in the amended soil should
contribute to the attenuation of arsenic. However, the
attenuation mechanism by the agent should dominate.
Therefore, low-solubility Ca-As might be released from
the attenuation layer when the amended soil attenuates
the arsenic in the leachate.
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