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Geoenvironmental assessment of Ariake clay for its potential use as a landfill
barrier material

DU Yan-jun', LIU Song-yu', HAYASH Shigendi’
(1. Institute of Geotechnical Engineering, Southeast University, Nanjing 210096, China; 2. Institute of Lowland Technology, Saga
University, Saga 840-8502, Japan)
Abstract: An assessment of the potential use of a typical Japanese marine clay, Ariake clay, as a soil barrier material in
landfills was presented. Two types of heavy metals, Cd** and Pb**, were selected as key contaminants for laboratory diffusion
test. Using commercially available contaminant transport software, the effective diffusion coefficients and partition coefficients
of both Cd** and Pb** were back-calculated from the results of the diffusion test. The effective diffusion coefficients were found
to be consistent with previously published values, indicating that the presented testing method was acceptable. The high
retained percentage of Cd?* and Pb** in the Ariake clay specimen indicated that the Ariake clay might be used as a good barrier
material in landfills. With the derived effective diffusion coefficients and partition coefficients, the influences of Cd** and Pb**

on the underlying aquifer in an assumed landfill were numerically assessed using the 1D diffusion transport theory.
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Introduction

There is a tendency in Japan to build waste sites in

Heavy metals such as Cd** and Pb>* are commonly
found in leachate from landfills. Due to the toxicity and
migration, these heavy metals may cause impact to the
aquifer underlying the landfill and thereby may pose
potential risk to human health. An effective way for
reducing this contamination risk is to use soil barriers
(e.g., natural clayey soils) with low permeability to
control the migration of heavy metals. To evaluate the
application of clays for barrier materials, some key
transport parameters, such as effective diffusion
coefficients and partition coefficients of heavy metals,
need to be evaluated. To determine these parameters,
either diffusion test or

usually a column test,

diffusion-advection test, is required (Rowe et al. 1988;

costal areas, and the regional marine clays of interest
may potentially be used as soil barrier materials. Du et al.
(2000) indicated that the Ariake clay, which is a typical
regional marine clay located at the Kyushu of Japan,
seemed to be a good barrier material because of its high
sorption capacity and low effective diffusion coefficient.
However, relatively few literatures have been published
concerning assessment on potential use of Ariake clay as
a barrier material to reduce contamination risk of heavy
metals. As a result, uncertainty in using Ariake clay as
landfill barrier exists, especially as an industrial landfill
barrier where heavy metals are commonly encountered.
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The objective of this study is to assess the potential
utilization of Ariake clay as a barrier material in
industrial landfills. For this purpose, a laboratory
diffusion test and analysis method for determining the
effective diffusion coefficients of two key contaminants,
Cd** and Pb** in the Ariake clay are presented. The test
data are applied for evaluating the impacts of Cd** and
Pb”* in an assumed landfill on the water quality of the
underlying aquifer.

1 Soil description

Ariake clay is a typical marine sedimentation
product accumulated in the Ariake Bay over the past
10,000 years (Ariake Bay Research Group, 1965). The
details of its geological history and depositional
geochemistry are provided by Ariake Bay Research
Group (1965) and Ohtsubo et al. (1995), respectively. In
this study, the Ariake clay was sampled at about 3 m in
depth from the ground surface at the Kawasoe Machi,
Saga Prefecture, Kyushu of Japan. Some geotechnical

and chemical properties are shown in Table 1.
Table 1 Geotechnical and chemical properties of Ariake clay

Quantity Value
Specific gravity, G 2.68
Natural water content, w, /% 173
Liquid limit, wy_/% 115
pH 7.87
Clay particle fraction (<2um) /% 46
Silt particle fraction /% 49
Sand particle fraction /% 5
Primary clay mineral smectite
CEC (meg/100 g) 34
Specific surface area /(m* * g ) 69
Ignition loss /% 10.2

2 Testing method

The key chemical species were selected as cadmium
(Cd) and lead (Pb) because these two heavy metals are
commonly encountered in industrial landfills. The
synthetic leachate was comprised of a solution
containing CdCl,, PbCl, and KCI. Prior to the diffusion
test, the Ariake clay specimen was prepared by
consolidation. About 1.7 kg of disturbed Ariake clay at
the natural water content was poured into an acrylic
cylinder with inner diameter of 10 cm (Fig. 1). A porous
plate with thickness of 0.4 cm and porosity of about 0.42
was placed above the soil. A perforated stainless steel
pate with thickness of 0.4 cm and open space coverage
(open space volume/total volume) of 80 % was placed

above the porous plate, and was connected with a
stainless steel rod used to transfer a vertical pressure of
57 kPa that was applied from a device similar to an
odometer test apparatus. This consolidation pressure is
thought to be slightly higher than the preconsolidation
pressure of the corresponding undisturbed soil. To
prevent drying of the clay surface and to keep the pore
fluid close to the original one, about 10 mL of pore water
extracted from the other samples of the same clay were
added on the clay periodically. During the consolidation,
the valve for the plastic tubing at the base was kept open
to drain the pore water. After consolidation, which lasted
for about 1 month, the valve was closed and the residue
pore fluid above the perforated steel plate was removed
immediately. The synthetic leachate was introduced into
the cylinder and the diffusion test was started. The
properties of the soil specimen and the solution used for
the diffusion test are listed in Table 2. These parameters
will be used for the analysis of the results of the
diffusion test as presented later in this paper.

Plexiglas

stir bar

Steel cover
Sampling port

inless steel rod
l=—Threaded steel rod
Source solution

| Perforated stainless
steel plate
™~ Porous stone plate

Plastic tubing

Fig. 1 Schematic of the diffusion test apparatus

Table 2 Properties of soil specimen and solution

Thickness, H /cm 10.2
Dry density, py /(g * cm™) 0.77
Porosity, n 0.71
Water content /% 91
Saturation deeree/% 100
Hydraulic conductivity, k x 10 (mes?h 1.7
Height of solution, Hy/cm 10.2
Initial concentration, Cy / (mg = LY 62]281((?:»db31§
pH of solution before diffusion test 5.88
pH of solution after diffusion test 7.83
Solution collected, g, x107°

(per area per unit time, m/s) 33
Duration of test/d 54

Throughout the test, the concentrations of Cd** and
Pb** in the source reservoir were periodically monitored
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by withdrawing 1-mL samples from the solution through
the sampling port at three-day intervals (see Fig. 1). The
same volume of distilled water as that of the sampled
solution was added to the source reservoir to keep the
constant head of source solution. The dilution caused by
the addition of the distilled water was automatically
taken into account as explained subsequently. At the
completion of the diffusion, which lasted for 54 d, the
solution in the cylinder was drained away and the
apparatus was disassembled. The soil specimen was
extruded and sliced into seven sublayers using a stainless
steel thread. The pore water in each sublayer was
obtained by squeezing the soil at a pressure of about 12.8
kPa for approximately 12 h. The concentrations of Cd**
and Pb** in the squeezed pore water were analyzed using
a HITACHI Z-6000 atomic adsorption spectrophoto-

meter.

3 Analysis of results and discussions
The migration of Cd** and Pb>* in the Ariake clay
was evaluated considering the one-dimensional
governing equation for diffusive transport in saturated
soil as expressed by the Fick’ second law, or
2
(4 poKp) 5o =D (1)
where py = the dry density of the soil, n = the porosity of
the soil, C = the concentration of contaminant at the
point and time of interest, ¢ = the time, x = the distance
(in this study x = 0 represents a plane that is the interface
between the source solution and the Ariake clay), D, =
the effective diffusion coefficient defined by Shackelford
and Daniel (1991a) and K, = the partition coefficient.
The upper boundary condition imposed by the
source solution was the finite mass condition or
expressed as
C(n=C —L;[f (r)dr—iTC(r)dr N )
o Hf 0 ! Ht‘D
The base was impermeable such that the lower
boundary was modelled as a zero-flux boundary
condition, or

fB(.f}:—nDc[%j =0 , (3)
B

X

where Cy= the initial concentration of Cd** or Pb**, H =
the constant height of source solution, g. = the volume of
fluid per unit cross-sectional area of the soil per unit time

removed from the source solution and replaced bythe

soil as given by

f =—.=1De£ ' 4

r ox

distilled water, fr = the mass flux from the source into
and fp(, = the mass flux entering into the base at specific
time t. A solution to Egs. (1) - (4) is presented in the
form of the commercial software program, Pollute V 6.3
1994) which is based on the

finite-layer technique (Rowe and Booker, 1985). This

(Rowe and Booker,

solution is done by the following steps: 1) simplifying
the governing and boundary condition equations by
performing Laplace transform and solving the
transformed governing equation analytically, and 2)
inverting the Laplace transform numerically. Unlike
finite element and finite difference formulations, Pollute
V 6.3 does not require the use of a “time-marching”
procedure. Using various combinations of D, and the
partition coefficient, K, theoretical concentration - time
curves for the source solution were generated and then
compared with the experimental data. The values of D,
and K, which together give the best fit “by eye” to the
experimental data, were selected as the back-calculated
values. Rowe and Booker (1985) have shown that only a
single combination of D, and K, provides the best fit. All
of the input parameters required for Pollute V 6.3 are
summarized in Table 2. The experimentally measured
data and best-fit curves for concentration variation with
time in the source solution are shown in Figs 2 - 3. The
back-calculated values of D, and K, for Cd** and Pb*"
are 4x10-10 m*/s and 2 mL/g, and 4x10-10 m*/s and 100
mL/g, respectively. The values of effective diffusion
coefficients are well in the range of values reported in

the literature for Cd** of 3.0x10-10 m”/s to ~ 4.2x10-10
m?/s (Shackelford and Daniel, 1991b), indicating the

testing method used in this study is reasonable.
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Fig. 2 Concentrations of Cd** and Pb?* versus time in the
source solution
From Fig. 3, it can be seen that the predicted curve
for Pb** fits the experimental data better relative to that
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for Cd**. For Cd**, after about first 31 d, a substantial
drop in the concentration was observed by the end of the
diffusion test. However, only the data before the elapsed
time of 31 d were used for back-calculating the D, and
K, for Cd**. This considerable drop of concentration of
Cd** may be partly due to the increase of pH in the
source solution during the diffusion test. Before starting
the diffusion test, the measured pH of the solution was
5.88 whereas it increased to 7.83 at the end of the test
(see Table 2). It may be inferred that during the test
(probably after 31 d), the pH of the solution may have
increased to values (e.g., pH >7) that are favorable for
the formation of hydroxy species of cadmium (e.g.,
Cd(OH),), and thereby the concentrations of cd*
decreased considerably. The modeling process used in
this study does not take into account such a geochemical
change and therefore the experimental concentrations
were lower than the predicted concentrations after from
31 d of testing. Yong et al. (1992) indicated that that
hydroxy species for Cd only began to form at pH >7 and
at pH 24 for Pb. This difference may explain why a
substantial drop in concentration for Cd** was observed
in the source solution whereas no such drop was
observed for Pb**. This drop in concentration for Cd**
also implies that the sorption capacity of the Ariake clay
for Cd** may have increased during a long-term period,
which is a beneficial aspect associated with the use of
Ariake clay as a barrier in industrial landfills.

eMeasured Cd™

o8’ . 2
Fr = Predicted (Cd**
P oMeasured Pd™

~ Predicted (Cd™)

Depth , xfcm
: S =N B - R N )
RCIE I B =
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Fig. 3 Concentrations of Cd** and Pb** versus soil depth
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Fig. 4 Retained percent of Cd** and Pb** versus depth in the
soil

The retained percents of Cd** and Pb** at different
depths of specimen were calculated using
% Retained = (1-Cy/C")x100 (5
where C, is the initial concentration and C’ is the
measured concentration in pore fluid at each depth of
specimen. The retained percents of Cd** and Pb**
distributed in the specimen are depicted in Fig. 4. It can
be seen that both Cd** and Pb** have been greatly
retained in the soil, with retained percents being larger
than 95%. At depths deeper than 3 cm, the retained
percents even exceeded 99%. The retained percent of
Cd** even reached 99.96% at the depth of about 9.5 cm.
Therefore it is concluded that Ariake clay has much high
ability for retaining Cd** and Pb**, indicating that it may
be used as a good barrier material for attenuating heavy

metals in industrial landfills.

4 TImplication of test data to practice

In the construction of modern landfills, the hydraulic
conductivity of clay barriers is restricted to low value.
For example, the US Environmental Protection Agency
(US EPA) requires the hydraulic conductivity of clay
barrier in municipal solid waste landfills should be less
than 10” m/s. The main possible reason for restricting
the hydraulic conductivity of clay barriers to low value is
mainly to ensure that diffusion of contaminants in clay
barriers is predominated over advection. Evidences have
shown that when the clay barrier has low hydraulic
the
diffusion of contaminants through the clay barrier would

conductivity or negligible hydraulic gradient,
be dominated over the advection (Cooks and Quigley,
1984; Johnson et al., 1986). Under this condition, the
effective diffusion coefficient would be a more important
parameter relative to the hydraulic conductivity in a
performance-based design of clay barriers in landfills. To
better illustrate this aspect, the laboratory test data are
applied to such a field scenario: a landfill with size of
100 m x 100 m underlain with an Ariake clay barrier
with thickness of 5 m and the hydraulic conductivity of
1.7x10” m/s (the same as that in the diffusion test). A
confined aquifer is underlying the Ariake clay barrier
(Fig. 5). The geoenvironmental properties of the Ariake
clay used in the landfill is assumed to be identical to the
one used in the laboratory diffusion test. In fact, this clay
barrier corresponds to the regulatory Japanese standard
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P

Diffusive transport of Cd>* and Pb”™*

Ariake clay barrier

bl =

Fig. 5 Assumed field scenario: a landfill with a Ariake clay barrier and an underlying aquifer

landfill barrier system, Type-A, prescribed by the
Japanese Ministry of Healthy and Welfare. Suppose there
are heavy metals like Cd** and Pb*" in the landfill and
their concentrations reach peak (Cy) when the landfill is
closed. Due to the migration of Cd** and Pb** from the
landfill, during the post-closure there is a potential risk
that the groundwater quality in the aquifer may be
contaminated by Cd** and Pb**. Therefore an assessment
of impacts of the landfill on the underlying aquifer is
necessary, and may provide important information on the
monitoring problem during the post-closure. In this study,
the impacts are evaluated in terms of the variation of
concentrations of Cd** and Pb>* with time in the aquifer.
The evaluation length is assumed to be 1000 years,
which is enough for most practical situations. Because
evidence has shown that in most well-constructed
landfills, the hydraulic gradient across the clay barrier is
very low (< 0.02) (Rowe et al., 1995), it is reasonable to
assume that diffusion of contaminants in the Ariake clay
barrier is dominated over advection. As a result, it is
assumed that advection is neglected, and only the
diffusion is of concerning. The diffusive transport of
Cd** and Pb** in the Ariake clay barrier is modeled using
the governing Eq. (1). The upper boundary is imposed by
the leachate in the landfill, representing a finite mass
condition, which is thought to be realistic for the analysis

of impacts within the post-closure (Rowe, 1988), or

] I
C(t)= {,—H—jfT(r)dr , ©6)
Mo

where Hy = equivalent height of leachate in the landfill,
which only corresponds to the mass of contaminants that
transport into the Ariake clay via diffusion (excluding the
mass collected by the Leachate Collection System). The
other parameters are the same as those defined in Eq. (2).
The lower boundary is imposed by the confined aquifer.
It is assumed that contaminants entering the aquifer will
be mixed uniformly in the thickness /i, and transport of
contaminant in the aquifer with porosity of ny, is
predominated by advection. The horizontal mechanical
dispersivity ay in the aquifer is assumed to be zero. This
assumption may give the most conservatively predicted
impact (Rowe and Booker, 1992). Based on the
conservation of mass, the concentration in the aquifer at
time of interest, Cy(t), is then expressed by

— fb(r) _ vah(r)
Ch(r)—ﬁnhhhdz _c i a . (D

where v, = the horizontal Darcy velocity in the aquifer
and L = the length of landfill in the direction of the
velocity w,, and f, = the mass flux of contaminant
entering the aquifer. The program, Pollute V 6.3 is used
to conduct the analysis. All of the input parameters are
summarized in Table 3. For simplicity, the effective
diffusion coefficients, partition coefficient and other
geotechnical properties listed in Table 3 (e.g., porosity
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and dry density) are assumed to be identical to those of
the laboratory diffusion test presented earlier in this
paper. The background concentrations of Cd** and Pb**
in the aquifer are assumed to be zero. The horizontal
Darcy velocity is assumed to be 25 m/yr according to the
unpublished data from the Saga Prefecture, Japan.

Table 3 Input parameters for numerical analysis

Dry density, py/(g * cm™) 0.77
Porosity, n 0.71%, 0.4%*
Partition coefficient, K,/A(mL * g 2 (Cd*), 100 (Pb*")
Hydraulic conductivity, k /(m + ™) 1.7x10”
Leachate heigt, Hy/m 1.0

DJ(m* +s™) 4x10™"°

Cyof Cd** /(mg + L) 60

Cyof Pb* /(mg + L) 20
Thickness /m 5.0%, 3.0%*
Width of landfill, W/m 100

Length of landfill, L /m 100

v (m = yr'h) 25

*Ariake clay liner **aquifer

The calculated concentrations of Cd** and Pb** in the
aquifer are shown in Fig. 6. The dashed line in Fig. 6
represents the maximum permissible concentration Cay
(Cmax = 0.01 mg + L") for Cd** and Pb** regulated by the
Quality  Standards  for
Groundwater Pollution. It can be seen from Fig. 6 that

Japanese  Environmental
after the first 350 years, the concentration of Cd** in the
aquifer will exceed Cyy. indicating an undesirable
condition. However, for Pb**, its concentration is much

lower than Ci.y, indicating that the impact of Pb** is

negligible.
=
- Undesirable condition
2ot = — = i T
5 107 T
= 103 Maximum permissible concentration,
o . P
g Coax (JME limit)
2 10’
£ 107
s
A }.
5 N cd?
= 10 — — _Pb2
3 107130 - -
2 .
-3 1078 L L 1 1 1 L PER
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Elapsed time. ¢ /a

Fig. 6 Calculated concentrations of Cd** and Pb** in the

aquifer versus time

5 Conclusions

This study presents the results of a laboratory

diffusion test for assessment of potential use of Ariake
clay as a barrier material in industrial landfills. The
effective diffusion coefficient and partition coefficient of
two key chemical species, Cd** and Pb*, were
back-calculated from the test results. The results of the
test were applied to a field scenario in which the Ariake
clay is used as the landfill barrier. The impacts of Cd**
and Pb** in the landfill on the water quality of the
underlying aquifer were evaluated using the 1D diffusion
transport theory. The following conclusions can be
drawn:

(1) The diffusion coefficients of Cd** and Pb**
derived from the lab test are consistent well with the
previously published value, indicating that the testing
method presented in this study is reasonable.

(2) The highly retained percents of Cd** and Pb** on
the Ariake clay indicates that Ariake clay may be used as
a good barrier material to attenuate contamination of
heavyv metals in landfills.

(3) In the diffusion test, it is found that the sorption
ability of the Ariake clay for Cd** increased, whereas for
Pb** no similar phenomenon took place. The main reason
may be due to the geochemistry change in the test.

(4) With the effective diffusion coefficients and
partition coefficients derived from the laboratory
diffusion test, the impacts of the assumed landfill on the
water within  1000-year

quality in the aquifer

post-closure were calculated.

References:

[1] Ariake Bay Research Group. Quaternary system of the Ariake
and Shiranui Bay Areas, with special reference to the Ariake
soft clay (in Japanese with English summary) [R].
Association for Geological Collaboratoration in Japan, Japan,
1975.

[2] Crooks V E, Quigley R M. Saline leachate migration through
clay: A comparative laboratory and field investigation[J].
Canadian Geotechnical Journal, 1984, 21(2): 349 - 362.

[3] Du Y J, Hayashi S, Hino T, Tanaka K. Contaminant adsorption

soils[J].

Technology International, 2000, 2(2): 31 - 41.

characteristics of Kyushu regional Lowland
[4] Johnson R L, Cherry J A, Pankow J F. Diffusive contaminant
transport in natural clay: A field example and implications for
clay-liner waste disposal sites[J]. Journal of Environmental

Science and Technology, 1986, 23(3): 340 - 349.



5510 34

DU Yan-jun, et al. Geoenvironmental assessment of ariakeclay for its potential use as a landfill barrier material 1221

[5] Ohtsubo M, Egashira K, Kashima K. Depositional and
post-depositional geochemistry, and its correlation with the
geotechnical properties of marine clays in Ariake Bay,
Japan[J]. Geotechnique, 1995, 45(3): 509 - 523.

[6] Rowe R K. Contaminant migration through groundwater-the
role of modeling in the design of barriers[J]. Canadian
Geotechnical Journal, 1988, 25(4): 778 - 798.

[7] Rowe R K, Booker J R. 1-D pollutant migration in soils of
finite depth[J]. Journal of Geotechnical Engineering, ASCE,
1985, 111(4): 479 - 499.

[8] Rowe R K, Booker J R. Pollutant migration through liner
underlain by fractured soil[J]. Journal of Geotechnical
Engineering, ASCE, 1985, 117(12): 1902 - 1919.

[9] Rowe R K, Booker J R. Program POLLUTE [R].
(Geotechnical Research Centre, University of Western

Ontario Report). 1983, 1990, 1994. Distributed by GAEA

R e e

Environmental Engineering Ltd, Ontairo, 1994,

[10] Rowe R K, Caers C J, Barone F. Laboratory determination of
diffusion and distribution coefficients of contaminants using
undisturbed clayey soil[J]. Canadian Geotechnical Journal,
1988, 25(1): 108 - 118.

[11] Rowe R K, Quigley R M, Booker J R. Clay barrier system for
waste disposal facilities [M]. London: E & FEN Spoon,
Chapman Hall, 1995.

[12] Shackelford C D, Daniel D E. Diffusion in saturated soil. I:
Background[J]. Journal of Geotechnical Engineering, ASCE,
1991a, 117(3): 467 - 784.

[13] Shackelford C D, Daniel D E. Diffusion in saturated soil. II:
Results for compacted clay[J]. Journal of Geotechnical
Engineering, ASCE, 1991b, 117(3): 485 - 506.

[14] Yong R N, Mohamed A M O, Warkentin B P. Principles of

contaminant transport in soils[M]. Amsterdam: Elsevier, 1992.

i

EEEM KHZERRE

AT IFREMI PR/ RE H R e R, B 1995 4E
Plofe, CHELE 10 440 S TR B b TR A b2 o A i
A TGS AERRESS 12 WITS LW/, AR AN AN

LR L2 A (O BRI 2, B . (] SORGIT 8 294

10 H 30 H GEFS D) W A g s A .

BANREREMERA

Ry ST e RN B M 55 A0, AR ) BT R AL N A%
Tl o A A TR R AT, SRR [ s DT A e AT
PR i) XA R O BOWAE, A 8L AR RS 2 254

K S B A M e S A, DU b A R 2. R A
SR B AT 30

CAT R 4D





