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SYNOPSIS

Recent developments of instruments for field survey of water quality variations have provided precise
information with relatively short time intervals. In eutrophic lakes and estuaries, rapid changes in dissolved
oxygen (DO) concentration in the bottom layer have been reported. As DO concentration near the bottom is a
key parameter controlling material transport through the sediment-water interface, such a rapid change of DO
concentration may affect short term material cycling of, e.g., oxygen and phosphorus. In this study, a dynamic
model which can simulate time variations of sediment oxygen demand (SOD) and phosphate release rate has been
developed.  This theoretical model consists of four diffusion equations of DO, phosphate, ferrous iron and sulfide.
No biochemical reaction is assumed in the overlying water and mass fluxes are calculated from concentration
gradients immediately above the sediment surface. According to this model, a staircase change in DO
concentration in the overlying water and a staircase change in shear velocity lead to drastic changes in SOD and
phosphate release rate within ~30 minutes after the change, which suggest that investigations on the transient state
with a time scale of ~30 minutes is very important to understand mass balances between the water column and the
sediment. On the contrary, concentration profiles in the sediment pore water do not reach a steady state within
half a day. The difference in response time is caused by a difference between the time scale of diffusion in the
water boundary layer and of bio-chemical reactions in the sediment. Phosphate transfer from water to sediment
can occur under aerobic conditions in surface of sediment, as pointed out by Slomp ef al (9) for North Sea
continental margin sediments. Our model satisfactorily simulated experimental results of the temporal variations
in DO concentration.

INTRODUCTION

In shallow eutrophic lakes, water quality changes frequently due to stratification-destratification cycling,
according to the following mechanism,; 1. stratification due to temperature and solute concentration gradients; 2.
anoxia in the overlying water due to high oxygen consumption in the sediment and/or the water column; 3.
nutrient release from sediment; 4. destratification due to wind-induced mixing and nutrient supply to upper layer.
For example, stratification develops in Lake Shinji, which is a shallow lagoon in Japan, as salty water from the sea
often intrudes into the bottom layer of the lake during the passage of an atmospheric low pressure. Under
stratified conditions, dissolved oxygen (DO) concentration in overlying water near the bottom depletes within
usually three or four days, which causes an increase of nutrient release from the sediment (5).  When a strong
wind (e.g ~10 m/sec.) keep blowing for more than several hours, wind-induced turbulence destroys the
stratification (2), and the bottom water enriched with nutrients is mixed with the upper water. From a field
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Fig.1 Schematic distributions of: (a) DO; and (b) flow velocity. In this study, the boundary layers are
assumed to be fully developed. The thickness of the concentration boundary layer, &, is defined by the
concentration gradient atz — +0 and C (9. The length scale of the concentration profile in the
sediment, /, is defined by the concentration gradient at z— - 0.

observation in November 1997, Nakamura et al. (6) found that DO concentration measured close to the bottom
sediment increased from 1 mg/l to 7 mg/l within three hours by wind-induced mixing. On one occasion, DO
concentration in the bottom water rapidly decreased from nearly saturation concentration to an anoxic level after
the wind stopped blowing.  This phenomenon was attributed to intrusion of stratified water, which had remained
in the upwind side of the lake. Furota (1) reported a rapid stratification and anoxia in Tokyo Bay, and pointed
out the harmful influence of a rapid anoxia in the bottom layer on benthos. These rapid physical and chemical
changes of the overlying water should affect material circulation in eutrophic shallow water areas. However,
most of the previous studies on sediment oxygen demand (SOD) and nutrient release from sediment have
concerned long time scales like seasonal variations, and there are few studies on the short time scale processes.
The purpose of this study, therefore, is to develop a non-steady numerical model to investigate responses of SOD
and phosphate release rate to rapid changes in DO concentration and flow velocity of the overlying water.

In general, solute concentration gradients exist in a boundary layer immediately above the sediment-water
interface, hereinafter called a concentration boundary layer (Fig.1). Estimation of the concentration profile in the
layer is essential for modeling, as the layer can act as a region of impedance to scalar transport. Recent
development of oxygen microelectrodes showed that the thickness of the concentration boundary layer is typically
1 mm or less, which is thinner than the viscous sublayer (Joergensen and Des Marais (4); Nakamura and Stefan
(8)). In the following analysis, the boundary layer will be treated as fully developed, because of the typically
large horizontal dimensions of lakes or estuaries relative to the thickness of the concentration boundary layer.

NUMERICAL MODEL
Basic Assumptions

Our model consists of two parts: a diffusion model of the concentration boundary layer (Fig.1) and a
transport/reaction model of the sediment. Nakamura and Mikogami (7) constructed a steady-state model of
dissolved oxygen, phosphate and ferrous iron transfer, combining analytical solutions of their profiles in the
concentration boundary layer with those in the interstitial water of sediments. For the water boundary layer, they
made the following assumptions; ‘

1. the sediment is a fixed, smooth flat bed,
2. concentrations and velocities are horizontally homogeneous,
3. the boundary layer is thin enough to ignore internal chemical/biological reactions.
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The concept of the present model is based on the idea of
Nakamura and Mikogami (7). However, a non-steady term @ : POLP
was incorporated into their model to study responses of
SOD and phosphate release rate to rapid variations in flow
velocity and DO concentration. Terms related to sulfide
reactions, which are important for sediments in saline or
brackish water regions, are also included in the model.

Outline ofthe Model

DO is supplied to sediment from overlying water by
diffusion in the concentration boundary layer, and
consumed by - chemical and bacterial reactions in. the
sediment.. In this study, oxidation of ferrous iron and
sulfide are considered as chemical DO consumption.
Phosphate in pore water is supplied by desorption from
sediment particles, and transported by molecular diffusion to the sediment surface layer. Only part of the
phosphate can be transported by diffusion to the overlying water through the aerobic layer, because phosphate is
adsorbable to ferric hydroxide. Ferrous iron is also supplied by desorption from sediment particles, but is
consumed either by oxidation to ferric hydroxxde or by reaction with sulfide. Sulfide is supplied by sulfate
reduction in the anaerobic layer, while it is oxidized again to sulfate in the aerobic layer when transported by
diffusion. ~ All processes included in the present model are schematlcally given in Fig 2.

' 1g.2 The concept of numerical model

Basic Equations

We expressed the mass balance equations for DO, phosphate, ferrous iron and sulfide as follows, taking
diffusion and biochemical reactions stated above into account.

ac o’C,
£~ 0 Ay dcopc Cp =kpCo —28k5Co Cs @)
ot Oz
oc, - 62C ‘ : ‘ : :
e—t=eD, —F 5 —adCoCr { -C (‘ )} @
ot 0z i
Table.1 Parameter values applied in the model
Figs shear velocity kinematic molecular diffusion coefficient (mm®/sec)
. (mm/sec) viscosity(mm?/sec) DO PO,-P Fe S )
Figs.2,3 0.5 0.8 1.3x103 4.6x10% 4.6x10% 7.0x10% 0.8
Fig4 various 038 1.0x10%  3.6x10*  3.6x104  7.0x10% 09
Fig:5 various 0.818 2.6x10%  3.6x10%  3.6x104  7.0x104 - 0.875
Figs.6,7,8 0.5-3.0 0.8 . 1.3x1073 4.6x104 4.6%x10% 7.0%x10% 0.8 .
Figs.9,10,11 1.5 0.818 o 2.6x103 4.6%10% 4.6x10% 7.0x10%  0.875
Figs. kop kg kos kaa Kes kg
(mm*/m_ (I/sec) (mm¥mmolisec) (I/sec) (mm¥mmol/sec) (mmol/imm3/sec)
Figs.2.3 11500 0 0 1.0%10- 0 ) 1
Fig.4 100000 0 ] 1.0x10% 0 0 1
Fig.5 308253  0.023 0 1.0x10% 0 0 14
Figs.6,7,8 11500 0 : 0 1.0x104 0 0 1
Figs.9,10,11 308253  0.023 0 1.0x104 0 0 14
Figs. Cy(z=-30mm) CP(z=—30mm)‘ Ci(z=-30mm) Cy(z=-30mm) Cy(z=10mm) Cy(z=10mm) Cy(z=10mm) Cg(z=1 Omm)
(mg/l) (mg/l) (mg/l) (mg/) (mg/) (mgh) - (mg/l) (mg/)
Figs.2,3 14 3.10 5.58 0 various 0.31 0.558 0
Fig4 0 3.90 7.04 0 4] 0 [ 0
Fig.5 0 2.42 0.31 0 1.08 0.048 0.006 0
Figs.6,7,8 0 3.10 5.58 0 7 0 0 0
Figs.9,10,11 0 2.42 0.31 0 07 0.02 0.003 0
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where C,, Cy, Cp, Cs= concentrations of DO, phosphate, ferrous iron and sulfide, respectively; D, D,p, D, Ds=
diffusion coefficient of DO, phosphate, ferrous iron and sulfide, respectively; 7 = time; z = vertical axis from the
sediment-water interface (positive upward and zero at the sediment-water interface); & = porosity; - = rate
constant of ferrous iron oxidation; &, = oxygen consumption rate constant by bacteria; ks = rate constant of sulfide
oxidation; k,, = phosphate adsorption rate constant; % = reaction rate constant of ferrous iron and sulfide; &, =
production rate constant of sulfide; o= number of moles of phosphate adsorbed per unit mole of ferric hydroxide;
and Cyf-9) = phosphate concentration in pore water at z=- ©0.

The left-hand side of each equation indicates the rate of change in concentration, and the first term on the
right-hand side indicates diffusive transport. - In Eq. 1, the second term on the right-hand side represents the DO
consumption due to oxidation of ferrous iron, the third term is the bacterial consumption, and the fourth term
represents the DO consumption due to oxidation of sulfide. For Eqs. 2 and 3, the second and third terms on the
right-hand side denote the adsorption to and desorption from sediment particles, respectively.  The fourth term in
Eq. 3 represents the reaction of ferrous iron and sulfide.  The second term in Eq. 4 represents the production of
sulfide due to reduction of sulfate, the third term is the decrease of sulfide by reaction with ferrous iron, and the
fourth term represents the decrease by oxidation. Note that the basic equations from (1) to (4) are applied for
both water boundary layer and the sediment, whereas, reaction terms are ignored in the water boundary layer
because of its small scale.

The diffusion coefficients are assumed as follows,

D,=D, +D, (forz>0) )

D,=D,, (for z<0) 6)
Bec(s, ) | ™
14 v

where D, = vertical diffusion coefficient; D,, = molecular diffusion coefficient; D, = turbulent diffusion
coefficient; v = kinematic viscosity; #. = shear velocity, and 4,(= 0.078), m(= 3) = numerical constants
(Nakamura and Mikogami (7)).

Boundary Conditions and Parameter Values

As our primary concern is variations of solute concentrations near the sediment-water interface within
relatively short time scales, concentrations far away from the interface can be considered to be constant. In the
calculations, fixed concentrations of solutes at z = 10 mm for the water layer and z = - 30 mm for the sediment
layer are used as boundary conditions, except for the moment of the staircase change in concentrations.  Values
of parameters are given, following Ishikawa and Nishimura (3) and Nakamura and Mikogami (7). Diffusion
coeflicients for sediment pore water are different from the molecular diffusion coefficient in the water because of
tortuosity. Concerning sediment with high porosity, however, the difference can be ignored, as the order is
considered as the square of the porosity.

RESULTS AND DISCUSSION

Concentrations of dissolved materials in pore water are affected by the flow velocity of the overlying water
and the redox potential in the sediment. Four kinds of calculation results are given in the following sections.
The first section includes results of steady-state calculations under various DO concentrations as upper boundary
condition. The second section also presents results of steady-state calculations, under the condition of various
flow velocities. The results of non-steady calculations for a staircase change in flow velocity are given in the
third section, and those for a staircase change in DO concentration are-given in the fourth section. In these
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Fig3 DO concentration profiles Fig.4 Phosphate concentration profiles
as a function of C,(z=10mm) as a function of Cy(z=10mm)

calculations, the upper boundary conditions are given at
z= 10 mm and the lower at z=-30 mm. For the case
of a staircase change in flow velocity, the shear velocity,
rather than the flow velocity itself, is changed in the
calculations. The effect of transient varations in flow
structure (variation in turbulence intensity and the
thickness of the viscous sublayer) are ignored, as the
time scale of momentum transfer in the boundary layer is
generally much shorter than that of transfer/reactions of
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In this section, we discuss the effect of DO 0.0 20 4.0 6.0 8.0

concentration in the overlying water (C,(z = 10 mm)) on Co(z=10mum) (mg/l)
DO (C,(z)) and phosphate (Cy(z)) concentration profiles .
in a steady state (Figs.3, 4 and 5). Fig.3 shows the Fig 5 Phosphate release rate
calculated results of DO concentration, C,(z), around the as a function of Co(z=10mm)

interface (z = 0) as a function of Cy(z = 10 mm) (from 0
mg/l to 7 mg/l) as the upper boundary condition. In this calculation, 10% of the values of Coz = - 30 mm) and
Cifz = - 30 mm) (= 100 pmol/l) were given as Co(z = 10 mm) and Cyfz = 10 mm) (= 10 umol/l), respectively
(Table.1).  The thickness of the concentration boundary layer was constantly about 3 mm. However, JC,/ Jz
at z =0 increases as C,(©9) increases.  Since diffusive fluxes of dissolved materials are defined as D 7C/ Jz) ,
an increase of Cy(z = 10 mm) implies an increase of SOD. As a result, the depth of DO penetratxon also
increases as C(z = 10 mim) increases.
Fig4 shows profiles of phosphate concentrations, Ci(z), as a function of C,(o9). Under anaerobic
 conditions (C,(z) = 0 mg/l), the phosphate concentration gradient, C,/ 7z, at z = 0 was steepest, which means a
maximum phosphate release rate.  As Cy(©9) increased, the magnitude of the phosphate gradient at the interface
decreased and thus the phosphate release rate decreased (see also Fig.5). At high C,(0), the gradient became
positive (the case C(z = 10 mm) = 7 mg/l in Fig4). This means that sorption of phosphate from the water to
the sediment can occur under aerobic conditions.  This is due to the decrease of Cyz) in the aerobic surface layer
of the sedimenit (Fig 2), caused by a rapid oxidation of the sediment surface. This result suggests that sediment
may be a sink of phosphate depending on DO concentration. In all cases showed in Figs.3 and 4, the thickness
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Fig 9 Phosphate concentration profiles as a function
of shear velocities (Low DO concentration condition)

of the concentration boundary layer was constant, as shear velocity was kept constant.
Effect of Flow Velocity (Steady State)

In this section, effects of flow velocity of the overlying water on DO and phosphate concentration profiles
(Cofz) and Cyz)) in a steady state are studied (Figs.6-10). Fig.6 shows calculated results of Cp(z) around the
interface for various u, (from 0.5 to 3.0 mmy/sec) under anaerobic conditions (Cy(z) =0 mg/l).  As u. increased,
the concentration boundary layer thickness decreased , while JC/ Jz in the boundary layer increased. These
results show that phosphate release rate increases as u. increases under anaerobic conditions (Fig.7), and support
the analytical results obtained by Nakamura and Mikogami (7).  Figs.8 and 9 show the calculated results of C,(z)
and Cpz), respectively, for various u, (from 0.5 to 3.0 mm/sec) under low DO concentration conditions (Cy(09) =
1 mg/l). The concentration boundary layer thickness decreased with increasing u., as was the case for anaerobic
conditions. However, the relationship between phosphate flux and u, was opposite.  As the increase of SOD



made the sediment surface aerobic (Fig.8), due to the
increase of flow velocity, adsorption of phosphate
became active and thus the concentration Cyz) in the
pore water of the sediment surface layer decreased
(Fig9). As aresult, phosphate release rate decreased
as flow velocity increased (Fig.10).

Response to a Staircase Change in Flow Velocity

We examined the response of DO and
phosphate concentration profiles (C,(z) and Ciz)) and
fluxes to a staircase increase in flow velocity.  Figs.11
and 12 show the response of C,z) and Cuz),
respectively, to a staircase change of u, from 0.5 t0 3.0
mm/sec.  These are the results of non-steady
calculations with w.= 3.0 mm/sec, by using steady-
state profiles with u.= 0.5 mmy/sec as initial conditions.
The variation of Cyz) is almost the mirror image of

Co(2).  Cyz) and Cyz) in the water layer (z2>0)
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reached steady state in 15 minutes, whereas corresponding profiles in the sediment pore water (z<0) did not arrive
ata steady state until after half a day. This is due to that the time scale of transport aﬂ"ected by biochemical
reactions in the sediment is larger than that of diffission in the water.

- Let us define the time scales of diffusion in the concentration boundary layer, 7, (Eq.8), diffusion in the
sedxment, 7.(Eq.9), desorption of phosphate, 7,,(Eq.10), and DO consumption due to oxidation of ferrous iron, ,
(Eq. 11) respectwely, as,

=82ID, ®
t,=A/D, ®
t,, =1k, (10)
7, =1/kyCp (_ °°) an

where &, = thickness of concentration boundary layer; A =

length scale of concentration profile in the sediment;

D, = molecular diffusion coefficient; Cy(- 29) = ferrous iron concentration in pore water at z = -0, The values of
d.and Aare theoretically given by simplified analysis as follows (Nakamura and Mikogami (7); Ishikawa and
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Nishimura (3)).
8.=1555(D,,/ 1) (12)
A=(eD,,/ k)" (13)

where Sc (=v/D,,) is the Schmidt number.

For the case of u.= 3.0 mm/sec, 7, (= 24
minutes for DO) is smaller than 7, (= 681 minutes).
This difference makes the response of the profile in the
water faster than that in the sediment. For the whole
concentration profile, it takes about half a day to reach
a steady state, because the time scale of diffusion in the
sediment is 681 minutes, which is longer than those of
other reactions (z,; = 167 minutes and 7, = 14.6
minutes).

Fig.13 shows the time variation of diffusive
fluxes of DO and phosphate at z =0 mm and z = 10
mm under the same calculation conditions as Figs.11
and 12. Note that DO flux is defined to be positive
downward, whereas phosphate flux is positive upward.
From Fig.13, firstly, we can see that diffusive fluxes at
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Fig.13 Time courses of diffusive fluxes
after the staircase increase in shear velocity

z=0mm have their maximum values several minutes after a staircase increase of shear velocity. The values are
about 2.7 times larger for DO and 1.7 times larger for phosphate, than those in the steady state (t—c°). On the
other hand, the diffusive fluxes at z = 10 mm, immediately above the concentration boundary layer, have much
larger values a few minutes after the staircase change. The extreme increase of diffusive flux of phosphate is due
to the rapid upward transport of accumulated phosphate within the concentration boundary layer by turbulent
diffusion. Further the extreme increase of diffusive flux of DO leads to rapid accumulation of DO in the
concentration boundary layer. The time integrated diffusive fluxes for 5 minutes immediately after a staircase
change are 3.9 mg/m’ for DO and 024 mg/m’ for phosphate, which are almost equivalent to the diffusive
transport during 1 hour in the steady state. These results clearly show that estimation based on a steady-state
analysis underestimates the SOD and phosphate release rates, and thus underline the importance of considering

the transient state.

Response to a Staircase Change in DO Concentration in Overlying Water
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Finally, we studied the response of Cy(z), Cz) 55 ‘ 60
and material fluxes to a staircase increase of Cy(z = 10 50 a0 :
mm). This condition corresponds to destratification, 30 ——DO flux(z=10(mm))  — 50
for example, due to wind-induced mixing which leads ——PO4-P flux(z=0(mm)) I~
to a rapid increase of C,(z) at z > 0. Figs.14 and 15 _’é\ 25 TTPOAP fluxz=10(mm) — 40 ﬁ
show the Cy(z) and Cpz), respectively, corresponding &= NN E
to a staircase change of C,(z = 10 mm), from 0 mg/l to % 20 \\ \ 30 E
7 mg/l. Initial profiles were given as solutions for C,, g 15 20 &
= 0 mgl Cyu aound z = O increased < \ \ i
monotonously, and reached a steady state about 10 R 10 10 5
minutes after the change (Fig.14).  On the other hand, \ \ \_k A
it took about 3 hours for Ci{z) to reach a steady state 5 s 0
(Fig.15). The profile of Cy(z) started to vary after that k.
of Cyfz) had almost reached at steady state. The 0 ‘ ‘ 10
delayed response of Cy{z) is due to that the response of 0 10 ﬁmez(?mn y 30 40

Cofz) is predominantly governed by the diffusion in
the concentration boundary layer (z; = 9.1 minutes),
while the response of Cyz) is govemed by the
chemical reaction (adsorption) after DO has

Fig.16 Time courses of diffusive fluxes
after the staircase increase in C (z=10mm)

penetrated into the sediment (z,, = 167 minutes). 2

Furthermore, Cy2) at # = 10 min. had a positive

gradient around z= 0, which means that there was 1

a negative diffusive transport of phosphate, i.e.

sorption, from the overlying water to the sediment; 0 N\ SR —
This phenomenon was caused by a loss of Cpz).  ~ :\\ <4 o t=Stmin)exp)
due to adsorption to ferric hydroxides exceeding § 1 : “< Ol & t=10(min)(exp.)
the diffusive transport, when a rapid oxidation of ~ ~ 2 }i < °  t=18(min )(exp.)
the sediment took place. 2 /4 (e

Fig.16 shows the response of diffusive L :;E:E))E:a;

fluxes of DO and PO,P at z=0mm and z = 10 3 B 1=10(min.)(cal.)
mm under the same calculation conditions as t=18(min.)(cal.)
Figs.14 and 15. We can see that the diffusive ~ 4 #4 . [--- 1725(min.)(cal)
fluxes .of DO approach steady-state values 0 P 4 5 3 10
monotonously (Fig.16). The extremely large ~ DO (mg/h)

value at z= 10 mm is due to a rapid transport to
“the concentration boundary layer by turbulent : Fig 17 DO concentration profiles

diffusion.  On the other hand, diffusive fluxes of after the decrease in DO concentration

phosphate do not necessarily show such

monotonous time variations; the flux at z = 10 mm decreases monotonously, but the flux at z = 0 mm rapidly
decreases immediately after the change, reaching even negative values for about 5 minutes, and then increases
gradually to a steady-state value. The different response of DO flux and PO,-P flux, respectively, comes from
the difference between the time scales of DO diffusion (z, = 9.1 minutes) and oxidation of ferrous iron (z,= 9.7
minutes), and that of phosphate diffusion (z,= 15.2 minutes). ~

Comparison with Laboratory Experiments

Yokota ef al. (10) measured the response of the DO concentration profile around the sediment-water
interface to a staircase decrease in DO concentration in overlying water, using an oxygen microelectrode. A
sediment core sampled from Lake Biwa was attached to the floor of a rectangular flume (19 cm length, 12 cm
width, 5 cm height), in which lake water was recirculated. ~Lake water sampled from the bottom layer of the lake
had previously been filtered and saturated with oxygen. After the first measurement of the DO profile (f = 0
min.), the overlying water was replaced with deoxygenated water by bubbling with N, gas.

Fig.17 shows the experimental results and results calculated using our numerical model. Parameters
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necessary for the calculation were obtained by chemical analysis and by additional experiments with sediment
sampled from the same sampling point. For example, &, and k,, were determined by monitoring of DO and
phosphate concentration in a mixture of lake water and suspended sediment. The comparison of calculated
results with measurements shows a good agreement, especially in the water pat. The predicted DO
concentration in the sediment surface layer decreased slightly faster than measurements. This discrepancy is , to
some extent, related to the fact that the time necessary for the measurement of the profile, typically 2 min. or more,
is not short enough compared with the transient time scale of the system. Heterogeneity of the sediment may
partly be the reason, and the methodology to determine parameters leave some room for improvement.
However, this model can represent the response of the DO concentration profile with reasonable accuracy.

CONCLUSIONS

A dynamic model which predicts non-steady variations in SOD and phosphate release rate was developed.

The model is based on mass conservation equations for dissolved oxygen, phosphate and ferrous iron,
- According to the model analysis, a staircase change in DO concentration at z = 10 mm and of the shear velocity in

the overlying water leads to drastic changes in SOD and phosphaxe release rate within ~30 minutes. The reason
why diffusive fluxes in the overlying water reach steady state in ~30 minutes is that diffusive fluxes are mainly
governed by the response in the concentration boundary layer. On the other hand, concentration profiles in the
sediment reach steady state after a time scale of about one day. The much slower change of concentration
profiles in the sediment is due to the long time scales of diffusive transport and/or biochemical reactions there.
These differences in time scales cause a rapid increase or decrease of diffusive fluxes at z = 10 mm immediately
after the change of DO concentration in overlying water and of shear velocity. Moreover, a negative dlﬂhsxve
flux of phosphate from the water to the sediment is expected under highly aerobic conditions.

-Calculated results of the DO concentration profile quantitatively agreed with measurements. Therefore,
we conclude that our model can simulate the response of the DO concentration profile to a staircase change in DO
concentration. However, methods to determine parameters leave some room for improvement.
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APPENDIX-NOTATION

The following symbols are used in this paper:

A, = numerical constant (= 0.078);
Co, Cp, G, Cs = concentrations of the DO, phosphate, ferrous iron and sulfide, respectively;
Cif-9) = ferrous iron concentration in pore water atz=- ©9;
Cof-29 = phosphate concentration in pore water atz=- ©;
D, = vertical diffusion coefficient;
D,, = molecular diffusion coefficient;
D, Dy, Dy, Dy = diffusion coefficient of the DO, phosphate, ferrous iron and sulfide, respectively;
D, = turbulent diffusion coefficient;
ko = phosphate adsorption rate constant;
kg = Oxygen consumption rate constant by bacteria;
ks = chemical combination rate constant of ferrous iron and sulfide;
ko = rate constant of ferrous iron oxidation,
kos = rate constant of sulfide oxidation;
ks = production rate constant of sulfide;
m = numerical constant (=3);
f =time;
Us = shear velocity,
z = vertical axis from the sediment-water interface (positive upward);
a = number of moles of phosphate adsorbed to the unit mole of ferric hydroxide;
8 = thickness of concentration boundary layer;,
£ = porosity ;
= length scale of concentration profile in the sediment;
v = kinematic viscosity,
Ty = time scale of desorption of phosphate;
7 =time scale of diffusion in concentration boundary layer;
7, =time scale of DO consumption due to oxidation of ferrous iron; and

= time scale of diffusion in the sediment.
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