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Abstract In order to clarity the behaviour of chemical species under reducing
gondition in a subaqueous soil similar to a paddy field, a column cxperiment
was carried oul. As Mn- and Fe-(hydrjoxides were disselved by micrebially
mediated reduction, Na*, K*, Mg™", Ca™, Mn™", and Fe®* existed in the pore
water as major cations. The Ca” concentration had a tendency to decrease in
the layer at 525 em depth in the column, whereas the Ca’" concentration
increased with time below 45 cm depth. This phenomenon can be assumed to
be due to the desorption of Ca”, by Mn®" and Fe*', and its infiltration.
Therefore, it 1s necessary to develop a solute transport model which takes into
accouni both biochemical and cation exchange reactions. In this paper, a
simulation model that considers both reactions is described and applied to
simulate the results of the column experiment. The reliability of this model
was evaluated by comparing the calculated results with the result of the
experiment.

INTRODUCTION

In recent years, strong demands have been made on multicomponent solute transport
models in the subsurface environment, Since the behaviour of a chemical species under
reducing conditions in subaqueous soils differs from that of a chemical species under
oxidizing conditions, it is nccessary to take into account the biochemical properties. In
general, the soil matrix contains large amounts of Mn- and Fe-(hydr)oxides. Mn- and
Fe-(hydrjoxides arc dissolved by microbially-mediated reduction. As a consequence, it
is considered that the cation exchange reaction takes place between Na*, K, Mg™,
Ca®* and Mn**, Fe™". Accordingly, to clarify the behaviour of a chemical species under
reducing conditions, it is necessary to develop a solute transport model which
considers both the biochemical reaction and the cation exchange reaction,

Recently, different approaches for the simulation of transport processes involved
in chemical reactions have been achieved (e.g. Rubin, 1983; Kinzelbach ef ¢f., 1991;
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Matsunaga et al., 1993; Lensing et al., 1994; Schifer er al., 1998a,b). For example,
Kinzelbach et al. (1991) have developed a model describing microbial denitrification
processes. Lensing et al. (1994) have modelled a biologically mediated redox process
that includes Mn(1V)-reduction and Fe(IIT)-reduction. Schifer et al. {(1998ab) have
developed the reactive transport model TBC (Transport, Biochemistry, and Chermstry),
which has been proved to be complex enough o grasp the important reactive processes.
However, since Mn- and Fe-oxides are dissolved under reducing conditions, cation
exchange teactions including Mn™ and Fe™* should also be considered in such models.

In this paper, to clarify the behaviour of chemical species under reducing
conditions in subaqueous soils similar to a paddy field, a column experiment was
carried out. A simulation model with cation exchange reaction was developed and the
model was applied to simulate the results of the column experiment. The reliability of
this model was evaluated by comparing the calculated and experimental results.

CONCEPTUAL MODEL

The biochemical and chemical model (Fig. 1) describes the interaction of O,, NO5,
CH,0, bacteria, Mn-, Fe-(hydr)oxides, Na', K™, Mg*", and Ca®*. This model takes into
account microbially-mediated redox reactions and the cation exchange. The bacteria
are assumed to reside in an immobile biophase where all microbial activity takes place
(Schifer ef al., 1998a). The volume of the biophase is assumed to be constant in time
and space and not coupled to bacterial growth.
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Fig. 1 Scheme of the biochemical model.

The mobile pore water, the biophase, the soil matrix, and the solid phase for cation
exchange arc considered as model phases. The solid phase for cation exchange 1is the
immobile phase.

REACTIVE SOLUTE TRANSPORT EQUATION

For this study, the chemical species considered are summarized in Table 1. The one-
dimensional partial differential equation governing the convective—dispersive solute
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Table 1 Chemical species in the model.

Pore water Naimab: K"mai): Mgz‘muln Caz—”m[” Mn2+mobs Fez_:mob: 02 vichs NOB‘ mobs CHZoﬁwb
Solid phase Na';, K M, Ca¥y M ™, Fe™'y,

Bio phase Ot NO3 0, MO i, Fe(OH ) gio, CHO g, M i, F&™ i

Bacteria X1, X2, X3

Soil matrix CH0,.00 MO o, Fe(OH)s e

transport of chemical species 7 considering biochemical and chemical reactions in a
subaqueous soils can be wrilten as (Bear, 1972):

acmob () + v acnmb ¥ ‘“g‘““(D 6Cmob () } - S(i) i= 1, 2,___,N (1)

of Oz 0z oz

where Cyop(y 15 the concentration of chemical species { in the pore water [mmol ", v
is pore water velocity {em s™'], £ is time [s], z is distance [cm], D is the hydrodynamic
dispersion coefficient {cm® 7], 8 is the chemical source-sink. term representing the
exchange with other phases and chemical or biochemical reactions {mmol I' s™']. In
our experiment, N is 9 and the chemical species givenbyi=1,2,3,4,5,6,7, 8, and 9
COIT@SPOHd to Na*mabg K+mob= Mgz-‘-mob, Caz+m0b3 Mn2+r;10bs Fez+mobs Olmobs N03-mobs and
CH; 0,00, respectively.

CHEMICAL SOQURCE-SINK TERMS

The chemical reaction term on the right-hand side of equation (1) is the source-sink
term, which contains the biochemical reactions and the cation exchange reactions:

S=81+52+83 (2)
St= - ([Cria 1= [Cos)] (3)
mob
s2=-E- (€010 @
_AC,1 5
S§3= s &)

where 51 is the term of exchange reaction at the concentration difference between the
pore water and the biophase, S2 is the term of exchangs reaction at the concentration
difference between the pore water and the soil matrix, and 83 is the term of cation
exchange reaction between the pore water and the solid phase. In cquations {3), (4),
and (5), the subscripis mob, bio, mat, and im correspond o the conceniration of
chemical species [mmol l'l] in the pore water, the biophase, the soil matrix, and the
solid phase, respectively. ¢ and § are the exchange coefficients [s"] and # is the
porosity.
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BACTERIA GROWTH

The general expression of Monod-{ype kinetics (equation (6)) is shown for one
arbitrary bacteria group (Schifer ef ¢l., 1998a):

oxX

growth - {

M}:H = Sm /(Mcﬁi + Slll ) (7)

T, = IC, (IC, + S,) (8)

{:?—X-j[ = Ve X (9)
decay

where X is the bacteria population, vy, is the maximum growth rate of bacteria, MT,
is the Monod terms for species m, 8, is the concentration of species in biophase, MC,,
is the Monod constant for species m, [T} is the inhibition term of the inhibiting species
i, IC; is the inhibition constant, §; is the inhibition concentration, and vy, is the
constant of bacteria decay rate.

The change of the CH,O concentration in the biophase is linked to the bacteria
growth and the consumption of the organic materials:

alcn,0,, 11 <! 1 [ax, X, o
[ { 62 _bw_]} = Z[‘}‘,“‘[*@—L} — fuse I:“TB‘L} ]_ —([CHZObMI_[CHZOmOb D
{ ac t growih ot decay Psio (] 0)

i=

where fyse is the utilizable coefficient of dead bacteria.
The consumption of electron acceptors O, is related to the stoichiometric relations.
The concentration change of mobile O; in the biophase is:

acrobic
20 1, 1 L [ax o
2bie - _ oa B 0 o 10 i
|: ot ] UEA |: ot if ([ 2bio ] Z 2 mob ]) (11)
UEA = ST - YOC ,f(] . Yoc)

where ST 1s the stoichiometric coefficient. For solid electron acceptors (e.g. MnOs,
Fe(OH);) and the exchange term in equation ([ 1) is:

growth bio

-1 (Mn0,,1-[MnO,,, 1) (12)
P
where y is the exchange coefficient [s™'].
The release of the Mn- or the Fe-(hydr)oxides is related to bacteria growth, e.g. for
Mu-(hydrioxides, if Pyg,s+ is the production factor:

2+
AMn Tl L JOXZE & (Mn ] - [Mn s ) (13)
7
! Iy 8f growsh nbfo

Mnl+
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RESULTS

The biochemical and the transport parameters for the column simulation are shown in
Table 2. Figure 2 shows the temporal varation in the concentrations of chemical
species and the ORP (oxidation reduction potential) value. As can be seen in Fig. 2, the
ORP values rapidly decreascd and a reduction in the column was found to proceed.
The calculated conceniration of O, rapidly decreased at every depth about for first two
days, thereafter, showed about zero. The variation of the calculated concentration of O,
was nearly in accordance with the mceasured value of the ORP which rapidly decreased
after approximalely two days at the beginning of the experiment. The calculated
concentration of NO; was able to be approximalcly reproduced compared to the
variation of the measured concentration. In order to fit the measured and the calculated
concentrations of . and NQOs, it was confirmed that the determination of the
maximum growth rate, vy, for the aerobic bacteria was of importance. Next, at the
beginning of the experiment, it can be seen that the Mn-(hydr)oxides is dissolved faster
than Fe-(hydr)oxides. Thercafter, Mn®* and Fe** concentration showed constant
values, respectively. To reproduce the variation of both concentrations, it was
confirmed that the determinaiions of the maximum growth rate, v, for mangancse
and iron reducers bacteria and the exchange rate, y and the initial concentrations of

Table 2 Parameters used for the simulation.

Biochemical parameters This model Schifer er al. (1998b)

Speeific volume of biophase (i) 0.02 0.02

Exchange coefficient (i) 50 day' 50 day™!

Exchange coefficient (B} 5% 107 day”! -

Exchange coefficient (y) 8 x 107 day 1.1 % 107 day?

Maximuam microbial capacity - 0.07 mol bacteria-C/1 biophase
Monod constant for organic carbon ¢.1 mmol 1 0.1 mmol 1!

(MCoc}

Monod constanl for oxygen (MCpgy)
Inhibition concenltration of denitrifiers
against Gy

Tnhibition concentration of Fe(TIT)-,
Mn{IV)-reducers against O,
Aerobic bacteria

Yield coefficient (Y)

Maximum growth rate (v,,,.)
Constant decay rate (vig..)

Nitrate reducers

Yield coelficient (Y}

Maximum growth rate {(v,,,.)
Constant decay rate (v,..)
Manganese reducers

Yield coefficient (¥}

Maximum growth rate (1,,,,)
Constant decay rate (vy,)

Iron reducers

Yield coefficient (Y)

Maximum growth rate (Va.)
Constant decay rate (v,

{ % 107 mmol I

0.1 mot cell-C/mol OC
5 day’'
0.75 day”’

0.081 mol cell-C/mol OC
4,05 day”
0.75 day”

0.015 mol cell-C/mol OC
0.75 day’'
0.113 day’

0.010 mol celi-C/mol OC
0.5 day’'
0.075 day"

1% 107 mmol 1"
0.2 mmol 1!

0.1 mmol I"'

0.1 mol ¢cell-C/mol OC
3 day™
0.3 day”

0.92 mol cell-C/mol OC
2.75 day™
0.275 day™

0.074 mol cell-Chno] OC
2.2 day™
0,22 day™

0.003 mot cell-C/mol OC
0.1 day!
0.01 day™
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Fig.2 Comparison of the temporal measured and calculated concentrations of
chemical specics and the variation of ORP.

MnO, and Fe(OH); in the biophase were important. With the risc of Mn*™ and Fe*
concentrations in the pore water, Mg®* and Ca’ adsorbed on the solid phase appeared.
It can be assumed that Mn®* and Fe*" released by a reduction reaction take part in the
cation exchange as exchangeable ions.
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CONCLUSIONS

This paper describes an experiment and the modelling of multicomponent solute
transport under redox condition sirmlar to an actual paddy field. Surprisingly, Mn**
and Fe*™ were detected in the pore water in this experiment. The biochemical reactions
and the cation exchange reaction were modelled in the convective—dispersive equation
as the sink/source terms. The simulated concentrations of OQ,, NOy, Mn®*, and Fe*™
approximately agreed with the experimental results. The model was also considered to
evaluate the cation exchange reaction which occurred between the pore water and the
cations (Na™, K, Mg®", Ca*") adsorbed on the solid phase. It was found that the Mn*"
and Fe*" released by reduction reactions played an important role in the cation
exchange. The reliability of this model was evaluated by comparing the calculated
results with the results of the experiment.
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