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Abstract A new 3D radioactivity transport model coupled with multiscale circulation and
multi-fractional sediment transport modules is presented. The sediment transport module
simulates the transport of a mixture of one cohesive sediment fraction and a number of
fractions of non-cohesive sediments of different sizes and densities. The model of
radionuclide transport describes the key transport and exchange processes in the system of
water-suspended and bottom multi-fraction sediments. Two-step kinetics with two suc-
cessive reversible fast and slow reactions is used in the model. A noticeable feature of the
model is approximation of the sediment and contamination profiles in the bed by multiple
well-mixed layers to describe the vertical migration of radioactivity within bottom sedi-
ments due to erosion/deposition, molecular diffusion and bioturbation. The model accu-
rately reproduced a laboratory experiment on the uptake of radiocesium by lake sediments.
An analytical solution describing mutual adjustment of the concentrations of radioactivity
in the pore water and in the multi-fraction sediment showed that activity was redistributed
between different fractions of sediments far slower than between water and the total
concentration in the sediment. The extended one-layer model of bottom contamination of
multi-fraction sediments was derived from a general model and compared with a multi-
layer model. It was found, however, that the one-layer approximation was not capable of
correctly predicting the inventory due to the fact that one-layer averaged concentration can
essentially differ from the near-surface value in the multi-layer model. Radionuclide
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transport in channel with bottom depression was simulated to estimate the effects of
erosion/deposition and the multi-fractionality of sediments on the transport process. It was
shown that these factors affect the distribution of sediments by forming local maxima and
minima of activity at the beginning and end of the depression, respectively, due to the
redistribution of contaminated bottom sediments by flow. The developed model can also be
used to simulate the transport of a wide class of toxic substances sorbed on sediments.

Keywords Radioactivity transport - Multifraction sediments - Two-step
sequential reaction kinetics - Bioturbation
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“Desorption” rate of activity from sediment layer to the water column
desorption rate

“Redistribution” rate of radioactivity between sediment fractions

Direct exchange rate between fast and slow reversible phases of radionuclide
Reverse exchange rate between fast and slow reversible phases of radionuclide
Reference level above the bottom

Concentration of the dissolved radionuclide in the water column
Concentration of the fast reversible radionuclide phase in i fraction of suspended
sediments

Concentration of slow reversible radionuclide phase in i fraction of suspended
sediments

Total concentration of radionuclide in suspended sediments

Concentration of radionuclide in the pore water

Concentration of fast reversible radionuclide phase in i fraction of bottom
sediments

Concentration of slow reversible radionuclide phase in i fraction of bottom
sediments

Total concentration of fast reversible radionuclide phase in the bottom sediments

Total concentration of slow reversible radionuclide phase in the bottom
sediments

Size of the sediment fraction i

Vertical and horizontal turbulent diffusion terms
Sediment deposition flux

Sediment erosion flux

Sediment erosion rate

Notation of sediment fraction (0 <i<n)

Notation of bottom sediment layer (1 <j<m)
Distribution coefficient for one-step reaction
Horizontal eddy diffusivity

Total number of bottom sediment layers

Total number of fractions of sediment

Deposition flux of aerosoles

Atmospheric deposition flux of dissolved radionuclide
Atmospheric deposition flux of particulate radionuclide
Reynolds number

Salinity
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Sc Schmidt number
Spi Concentration of ith fraction of suspended sediment
t Time
U Velocity
U Friction velocity
w Vertical velocity
W}E/['Hl) Bioturbation exchange velocity between sediment layers
Wi Settling velocity of sediment fraction i
Wg‘j ) Exchange rate between bottom sediment layers
z Vertical coordinate
20 Roughness height
Z; Thickness of bottom sediment layer
Zpy Thickness of bioturbation layer
Zof Characteristic decay scale for bioturbation
Oy Average height of the roughness elements
5 Porosity

Solids volume fraction

n Sea level elevation

0 Correction factor for desorption rate

A Radioactivity decay constant

VB, Bioturbation coefficient

Vb Free solution diffusion coefficient

Vi Kinematic viscosity

v Vertical eddy diffusivity

Py Density of ith fraction of sediment

Tp Bottom shear stress

Ted Critical shear stress for the deposition of cohesive sediments
Teri Critical shear stress for the erosion

(o Volume fraction of sediment particles of ith fraction and jth layer
Docr Critical cohesive sediment fraction in the bed

b4 Exchange velocity

[//2 Tortuosity parameter

1 Introduction

An unprecedent release of radionuclides to the ocean occurred due to accident at the
Fukushima Daiichi nuclear plant (FDNPP) caused by the Tohoku earthquake and the
subsequent tsunami on March 11, 2011 [6]. The released radionuclides were mostly diluted
and transported eastward by currents. The bottom deposits contain approximately only 1%
of the released radionuclides (mostly '3*Cs and '3’Cs) [5]. However, due to the rapid
dilution of radionuclides by intensive currents and eddies, the bottom sediments on the
Japan shelf have become the main source of remobilization of activity to water column.
Similarly, desorption from bottom sediments is the main source of dissolved '*’Cs in the
Irish Sea following the reduction of routine release from the Sellafield reprocessing plant
[19].
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Radionuclides are transported in the water column in the solute and sorbed by the
suspended sediments. The exchange processes with bed sediments include diffusion from
the water column to the pore water of the sediment layer, sorption/desorption, erosion of
bed sediment and deposition of suspended matter. The radionuclide migration in sea
deposits is governed by molecular diffusion and reworking of sediments by animals
(bioturbation). Continuous measurement of the radiocesium distribution on the sea floor in
the vicinity of FDNPP demonstrated strong patchiness of activity [15, 37, 39]. The
potential reasons include heterogeneity in the physical and chemical features of the sed-
iments [22] and local inhomogeneities of the bottom topography resulting in variations in
erosion and deposition [39]. These processes are complex and not fully understood. Table 1
shows the important features of a number of models of radioactivity transport in the marine
environment. Diffusion in pore water and bioturbation of the sediments are considered in
only a few models [2, 11] of the migration of sedimentary radioactivity. The continuous
profile of multi-fraction sediments with inhomogeneous porosity in most of models was
substituted by an averaged distribution of a single fraction of sediments. The pore water
diffusion and exchange with solids was represented by the semi-empirical sorption-des-
orption relation for the near-bottom water concentration and concentration in the sediment
layer. In common with many trace elements, radionuclide kinetics depend on the grain
size. The dependence of the kinetics on the sediment size is taken into account in many
models following [1] and [24, 25]. The exchange processes between water and solids in
most models are described in the frame of a one-step reversible reaction of sorption/
desorption on the surface of particles (e.g. [18, 26, 27]); however, the mobility of
radionuclides can be affected by a slow sorption process which “fixes” the ion to the solids
due to the penetration of ions into the structure of sediment particles and interlattice
spacing [20, 22, 33, 35]. These processes were taken into account using two-step fast and
slow reversible reactions [9, 20, 25, 36].

However, the existing models do not fully describe the complex processes of
radionuclide exchange in the solute between the water column and pore water and in the
solid due to the erosion/deposition and redistribution of activity between the bottom
sediment fractions. The ability to use a single-layer model of bottom sediments instead of a
continuously stratified layer model is also insufficiently justified. In this work, our aim is to
develop a radioactivity transport model that can be coupled with a hydrodynamics model

Table 1 Models of radioactivity transport in sea

Reference Water column Sediment Sediment Reaction Pore Sorption dependence
transport layer fraction kinetics water  on particle size
[21] 3D Single Single 1 step No No
[24] 2D Single Single 1 step No Yes
[17] 3D Single Single 1 step No No
[2] 2D Multiple Multiple 1 step Yes Yes
[25] 2D Single Single 2 step No Yes
[26] 3D Single Multiple 1 step No Yes
[13] 3D Single Single 1 step No No
[11] 3D Multiple Single 1 step Yes No
This model 3D Multiple Multiple 2 step Yes Yes
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and multi-fraction sediment transport and multi-layer bed model (e.g. SELFE/SCHISM
[30, 32, 45, 46]). The radioactivity transport model should describe the transport, exchange
processes and migration in the bed for a heterogeneous environment where the sediment
characteristics (sediment fractions, densities and porosity) vary in space. The model is
described in Sect. 2. The results of a comparison with laboratory experiment are shown in
Sect. 3. Mutual adjustment of the concentrations of radioactivity in the pore water and in
the multi-fraction sediment is studied in Sect. 4. A one-layer model of bed sediment
contamination is derived from the multi-layer bed model and studied in Sect. 5. The effects
of erosion and the deposition of multi-fraction sediments on radionuclide transport in
channel with bottom depression are considered in Sect. 6. Conclusions are drawn in
Sect. 7.

2 Model equations
2.1 Hydrodynamics model

The sediment and radionuclide transport models are embedded in the circulation modelling
system SELFE/SCHISM [32, 45, 46] in which the Reynolds-averaged Navier—Stokes
equations in the hydrostatic and Boussinesq approximations were closed using the generic
length-scale turbulence model [40]. The detailed description of the model and methods for
the numerical solution of the model equations using an unstructured grid and the finite
element method can be found in [32, 46].

2.2 Multi-fraction sediment transport model

The sediment transport model is an extension of the model [30] developed for the transport
of multi-fraction non-cohesive sediments. The extended model includes transport of the
cohesive sediment where small particles of clay are significantly influenced by surface
chemical-electrostatic effects and tend to aggregate together forming flocs in the water
column and becoming compact in the bottom sediments [44]. The model simulates the
transport of a mixture of one fraction of cohesive sediment (i = 0) and » fractions of non-
cohesive sediments (1 <i<n) of different sizes d; and densities p;;. The sediments are
transported in the water column as suspended sediments, and mass exchange between the
bottom and the water column is due to deposition and erosion. Sediment particles migrate
in the bottom deposit due to bioturbation. Following [30], a continuous vertical distribution
of bottom sediments was approximated as a sequence of well-mixed layers (1 <j<m), as
shown in Fig. 1. These layers of thickness Z; are characterized by porosity ¢, the volume
fraction of sediment particles of the ith fraction ¢,; in the jth layer Oy > i=D.
Describing the deposition and erosion of the mixture of cohesive and non-cohesive sedi-
ments, we follow the assumptions [41] that these processes depend on the critical cohesive
sediment fraction (i = 0) in the bed ¢, .. The erosion of mixtures of cohesive and non-
cohesive sediments is independent process for each sediment fraction in non-cohesive
regime when the cohesive sediment content does not exceed critical value (¢g; < ¢y ,)
whereas in the cohesive regime (¢ ; > ¢ ), the erosion of non-cohesive and cohesive
sediments simultaneously occurs as cohesive sediment erosion. Deposition is an inde-
pendent process for cohesive and non-cohesive sediments. The total number of layers m is
constant, requiring merging or splitting of the bottom layers due to deposition and erosion
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processes [43]. Bioturbation is the reworking of sediments by marine organisms. The depth
of bioturbation is limited by the availability of organic matters consumed by bioturbating
organisms [8]. In general, bioturbation is three-dimensional process which can be non-local
due to presence of head-down deposit feeders [7]. Here we confine ourselves to a
description of the bioturbation as a diffusion-type process in vertical direction with cor-

responding bioturbation coefficient. Therefore the bioturbation exchange velocity W(”H)
between sediment layers j and j + 1 (see Fig. 1 is approximated by finite-difference rep-
resentation by the bioturbation coefficients vg; in the layers as

Dy v
W(U+1) VB,jVBj+1 ' (1)
VBjZiy1 + VBjr1Z;

The vertical distribution of the bioturbation coefficient can be approximated as vp; =
vg 1 (1 — zp /zb[) where z;; = Zk 1 Zk, zp 1s the thickness of the bioturbation layer [8] or
VBj = VB, exp(—zbj /zeﬁ), where z,, is the characteristic decay scale for bioturbation. The
values of vp; depend on the depth and local processes, e.g. in the FDNPP area the bio-
turbation coefficient varies in range from 1073 to 107! m? s=' [5]. The detailed
description of the sediment transport model is given in the “Appendix”.

2.3 The equations of radionuclide transport

The model of radionuclide transport describes the key processes in the system of water-
multi-fraction sediments (see Table 1). In the water column, radionuclides in the dissolved
and particulate phases are transported by currents (advection processes) with the simul-
taneous influence of turbulent diffusion. The radionuclides in the dissolved phase interact
with the particulate phase radionuclides in suspended sediments and bottom deposits. A
transfer of activity between the dissolved and particulate phases is described by adsorption-
desorption processes. The settling of contaminated suspended sediments and bottom ero-
sion are important pathways of radionuclide exchange between the bottom and suspended
sediment. The continuous vertical profile of activity in the bottom sediments was also
approximated as a sequence of well-mixed layers (Fig. 1). A transfer of activity between
the water column and the pore water in the bottom sediment is governed by several
mechanisms: (1) bottom boundary layer turbulence regulated diffusional transfer; (2)
molecular diffusion for laminar flows; (3) diffusion driven by the bioturbation; (4)

@ Springer



Environ Fluid Mech (2017) 17:1207-1231 1213

bioirrigation; (5) advection driven by surface waves; (6) advection driven by subsurface
groundwater flow [7, 31]. In the model mechanisms (1)—(2) contribute in the transfer
process. Following [9, 20, 26, 35] two-step kinetics with two successive reversible fast and
slow reactions is used in the model (Fig. 2).

The equations for spatio-temporal variations of the concentration of the dissolved phase

of radionuclide in the water column C}; (Bq m~3) and for the concentration of fast and slow
w

reversible radionuclide phases C); and C. ., respectively (Bq m~3) for each suspended

pii?
sediment size fraction i in the water column are written as

aCW - W W
a—td +UVCY = —ay, (cy Z(; Sy Kai— C;V) — JCYj + DIFF(CY), (2)
=
S UVC, = Wy (CIS,Kai = C) = anCyi + ag Gy, — 4Gy, + DIFF (G, ).
(3)
%-FUVCN’W —W»ﬂ—i-a CY, —ayCy, — JC"; + DIFF(CY (4)
at pi pi aZ ‘fs P, sf pii pii pi)?

where ¢ is time; x, y, z are Cartesian coordinates; z is the vertical coordinate directed
upward; U = (U, V, W) is the velocity; V is a 3D vector operator; S;”'j is the concentration
of the ith fraction of suspended sediment (kg m~—3); W,,; > 0 is the settling velocity of the
ith sediment fraction (m s~'). The term DIFF presents the vertical and horizontal turbulent
diffusion as
o 9()
DIFF( )= —vr——+ VgKyV 5

()=g,vr >, +VuKaVa(), (5)
where vr and Kj are the vertical and horizontal eddy diffusivity, respectively (m? s~!), and
Vpy is the horizontal vector operator. The phase exchange between the dissolved and fast
reversible radionuclide fractions is written in terms of the desorption rate ay (s~") and
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Water column particulate phase of
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Fig. 2 Schematics of radionuclide transfer in the water column and bottom using kinetic model consisting
two successive reversible fast and slow reactions
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parameter K ; (m3 kg™!), whereas as and ag (s7!) are the direct and reverse exchange
rates between the fast and slow reversible fractions of the radionuclides and 4 is the decay
constant. The total concentration of the fast reversible radionuclide phase in the suspended
sediment (Bq m™3) is

c =Y C (6)
i=1

Parameter K, ; is the distribution coefficient for the one-step reaction [12]. The dependence
of K;; on the sediment particle diameter d; is written following [24] as
¥y 6

K, = —
d,i adspw_ di ’ (7)

where  is the exchange velocity (m s~'). The distribution coefficient for the fast reversible
fraction decreases with the concentration of competitive ions in water. This effect was
parameterized by [26] as a dependence on the salinity S:

So
y o=y 20 8
X X05+S0 (8)

where Sy is constant, Sy =45 [16]. As found from experiments [16] a4 is similar for
different radionuclides. Following [26] we adopted constant value a4 = 1.16 - 1075 71,
whereas the value of y, depends on the radionuclide. According to [26] the values of y, for
Cs and Pu are 3.8 - 107 and 5.21 - 107> m s~!, respectively.

The total concentration of fast and slow reversible radionuclide particulate phases C’f ¥
and C‘g ; in the bottom sediment (Bqm™?) are, respectively,

b N b TR ~b
CSJ = Z ps,i(bi,jcs_id‘a CS,,' = Z P;.i‘bijcx,w' 9)
i=0 i=0
Define parameter K, j as
kd.j = Z PsiiiKai- (10)
i=1

The radioactivity in the upper bottom layer (j = 1) exists in three phases (Fig. 2). The
equations for layer averaged concentration of radionuclide in the pore water CZ’I (Bqm™),
layer averaged concentrations of particulate radionuclide for each sediment fraction i in the
fast reversible phase Cf_ i1 (Bq kg~!) and slow reversible phase éf,i, 1 (Bq kg™!) are written
as

0Z€/ Cl,

= Wy (CHCH) = ) - W+ Wi (e - )

N b A
— a0Zi¢ (Kd‘ICZA’, _ CN) — ez, Ch,
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s b

% =-Wii, (61¢1 1C E;‘Zsi,ch,i,Z) +aae b2y (K‘”CZI -G 1)

Qbi,lDiC?ji C?t 1
—e\agd;1Z Cu | T aayd; 'ZIC” 1 Sipy ’ Py,i
— )€ ¢ ZiC,
(12)

0Z€ 4’;’,1 éf,i.l s ol 1 ; 1 ,
o le)( P, 1C 62¢i,2cs,i,2) + a5 1 4Gy — €ay i ZiCo iy

- 16‘1¢i.lzjésﬁi,l7
(13)

where D; is the sediment deposition rate (kgm~2s~') and E; is the sediment erosion rate
(kgm~2s~!). The equations for the layer-averaged concentration of radionuclide in the
pore water Cf} and the concentration of fast and slow reversible radionuclide phases for

each sediment size fraction Cb and ¢ respectively, written for the remaining sediment

$,i,j°
layers (1 <j<m) are

0Zier Ch .
Y Tdyj o pw b w b w b pw w ~b b
o (W(,;U) + W(jt—l.j)) (Ej—lcdj—l - Cd.j) (W(,J+1) + W(//+1))( Caj— /+1Cd.j+1)
~ 076 (ClRay — €)= 26/ 7C,
(14)
0Zie; ¢;,;,C

i su s b b
7{ W(, 1) <€j—l¢ijflcx.i,j 1 f¢u u/) Wrﬁl ( ¢z,/ s, /+1¢z,/+1 uﬁl)
b
+anl066,,7; (K1, Chy = Chiy) = anei, Bl + ay i ZiCl; = 6, 4Ch,
(15)

0Ze; s, .C - - -
JUsi bt s b s bt b
7& = W(i-1,) (Ej—l¢i,i—lcs.ij—l - ej(rbi,icfi‘j) - W(jj+l ( d’z, s,ij /+1¢i,/+lcs,ij+l>

s ~b K}
+ age€; ¢)WZC“1 Tfe.‘fqﬁ,-,/-Zst"il }e d)lJZC

5,i,1°

(16)

where ejs. =1- eJW is the solids volume fraction, and 6 is the correction factor for the
desorption rate, which takes into account that in the bed layers, a portion of the sediment
particles may be hidden by other sediment particles [26]. This parameter is related to the
porosity, however, there are not corresponding experiments. We adopted value 0 = 0.1
from [26] where it was estimated by calibration. Notice that exchange between layers for
the pore water includes a bioturbation component because bioturbation enhances pore
water diffusion due to particle mixing.
The boundary conditions for (2)—(4) at the free surface z = 5 are:

aCVV
—WC" = 17
vr aZ d qd, ( )
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a W
VT a (W Wpl)c qp,i, (18)

Z

aCy,
vr aZ (W WP, )C p,i qu? (19)

where 7 is sea level elevation, and qq, gy, g,; are the atmospheric deposition fluxes (Bq
m~2s~!) of dissolved radionuclide and particulate fast and slow phases of radionuclides,

respectively. The fluxes into the bottom at z = —H are
4 b
vt = awiyy (€ - ). (20)
CW( CW(D.
pi it b
vr az + Wp,ic;,v,,' = Tt — Cs,iE” (21)
W CW'Di N
a’” + W, Cy; 7’3—’_—0315,-. (22)

Unlike other radioactivity transport models [2, 11], the exchange rate W] (mass

(0,1)
transfer coefficient [7]) is estimated by boundary layer theory [34] and corrected for
surface roughness [10] as

pr

fon) = 0.1778u.Re 2S¢, (23)

where u, is the friction velocity (m s71), Re = u*é*v;,ll is the Reynolds number,
Sc =vy/vp is the Schmidt number, vy, is the kinematic viscosity (m?s™'), vp is the free
solution diffusion coefficient (m?s~!), and J, is the average height of the roughness
elements (m).

The exchange rate WZW 1) between the bottom sediment layers at j > 1 is written as

/ !
o ZVDJ‘VDJ+1 (24)
ij+1) — i / R
G+ Vp i+t + Vp 12

where the effective diffusion coefficient v}, = th//;2 is a free solution diffusion coeffi-
cient corrected for tortuosity in the sediments. The tortuosity parameter l//j2 is related to the

porosity following [7] as lpf =1-2In¢".

3 Model comparison with the laboratory experiment

The model was compared with a laboratory experiment [36] on the uptake of radiocesium
by lake sediments. In this experiment, a plastic core tube with sediment from the lake was
used. The water level was 2 cm above the sediment core of length 10 cm in the core tube of
6.9 cm diameter. At the beginning of the experiment, 10 kBq of '**Cs was added to the
water layer. After each incubation period, sections of the core were removed, and the
concentrations of '**Cs in the pore water and sediment were measured. The model sim-
ulation was conducted for a one-dimensional configuration with 1 mm resolution, where
the upper 2 cm layer was filled with water. The simulation parameters were chosen
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following [36] as: one-fraction (¢, ; = 1) sediment of size d; = 100 um with porosity
e’ =0.93, density p,; = 1442 kg m—3, diffusion coefficient vp = 1.45-107% m? s,
Ki1 =2 m? kg=! and ag; = 1.16 - 107 s~!'. According to [36], the fast reversible part of
134Cs in this experiment was 0.65 after one year incubation period. The kinetic constants
as and ay were calibrated as ag = 0.25-1077 s7! and ay = 0.25- 1078 s7!. The decay
constant for **Cs is 4 = 1.06- 1078 s~!. The calculated change in the overlaying water
layer '3*Cs concentration and profiles of the total '3*Cs concentration in the solid phase of
the sediments C},, . = C?, ;+ C?, . and in the pore water C}; for different incubation times
are compared with the measurements in Figs. 3 and 4. The geometric mean of the mea-
sured-to-simulated ratios for the total concentration in the solid phase is 0.92, with a
geometric standard deviation of 1.74 for a total number of measurements N = 30. These
estimates indicate that the model tends to slightly underpredict experimental values and
that the predicted concentrations range within a factor of 2 of the measured concentrations.
The results of simulation using 1-step model are also shown in these figures. As seen in
Figs. 3 and 4 the 2-step model better describe experimental profiles of total '**Cs con-
centration and concentration of '**Cs in overlaying water layer for time scales greater than
months.

4 Mutual adjustment of the concentrations of radioactivity in the pore
water and in the multi-fraction sediment

Consider in more detail the influence of the multi-fractionality of sediments on the mutual
adjustment of the concentrations of radioactivity in the pore water and in the sediment. The
fast exchange processes are only considered (ag = ay = 0) in an isolated single multi-
fraction sediment layer (j = 1; Wf(;f '1) = W("1W2> = W(bf,z) =E =D;=0) for 1=0 to
exclude diffusion, bioturbation, erosion and deposition. The solutions of the Egs. (11)—(12)
using initial conditions at # = 0 with C;, = C},(0), C?; | = C?, ,(0) are:

8,i,1

Flg3 Computed change of 107 y ol y il v aanl (IR ERRIT
134Cs concentration in the = E
overlaying water layer versus < -
measurements [36] i |
- 1 step reaction |
2 step reaction
10° o e o o[36] —
E ] L
o
fin] - =
F A - -
o
10° - =
104 T IIIIIII T lllllll T IIIIIII T
10" 10° 10’ 107 10°

Days
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Fig. 4 Computed profiles of the total '**Cs concentration in the solid phase of sediments C?, a—c and in the
pore water Cf} d-f versus measurements [36] for different incubation times. The red and black lines
represent results of simulations using 1-step and 2-step reaction models, respectively. Symbols show

experiment [36] data

(1) = ot [BC%10) = €y e s [l (0) + vy )]
(25)
P51 Coiy (1) = _(ﬂmﬁw [ﬁCZ,l(O) - éf.1(0)] e ettt
+ [t - Bl )]s P [ 04 0 0],

(26)
where f3; = ps.i¢i,1Kd,i’ B=Kai, o1 =¢€/el.
The difference between the concentration of radioactivity in the sediment fraction Cf, il

. . . b
and the total concentration in the sediment C_; is

Bi b Bi ~b —ay
Pmd’i,lczi,l _Ecm = ps,id)i,lcsi‘l(o) _E 51(0) Je wlt, (27)

The solutions (25)—(26) indicate that the concentration of activity in the pore water CZﬂ1
T . Lo . b
tends toward equilibrium with the total concentration in the sediment C, :

b ~b
Kd,lcz,l = Cs,1~ (28)

As follows from (26) and (27), the characteristic transition time to equilibrium (28)

~ (aas0p, ;i K5 € /€] )~! depends on the fractional composition of the sediments,
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density, porosity of sediments and kinetics of the radionuclide. This time is of several
minutes for characteristic values of P51 = 2.6-10° kg m3, el =0.6,0=0.1, (],’71’1 =1
and distribution coefficient K, =2 m® kg~' for '*’Cs, which imposes restrictions on the
time step in the numerical integration of (11)—(16) for a long time. The original system of
equations for a one-fraction sediment can be simplified when (28) is used and the equations
for the concentration of radioactivity in the pore water and sediment are combined into a
single equation for the aqueous-reversible phase C? = e}”Cf, it e;(i‘f ; (e.g. [35]). How-
ever, as follows from (27), the transition time to the equilibrium state (28) of contamination
of multi-fraction sediment ~ a/ 0~' is on the order of 10° s (10 days), i.e., activity is
redistributed between different fractions of sediments far slower than between water and
the total concentration in the sediment. Additionally, the transfer of activity due to dif-
fusion and/or bioturbation can also lead to a deviation from the equilibrium approximation
(28). As seen in Fig. 5, the ratio of '*Cs concentration of fast reversible phase to the
concentration in pore water Cf_’ / CZ slowly approaches to the constant value K, in the
simulation of experiment [36]. Therefore, for short-term processes (less than 10 days) the
equilibrium assumption for reversible phase (28) is correct only for the total concentration
of radioactivity in multi-fraction bottom sediments. For the sediment fraction this
assumption can be used for slow long-term processes (including also the slow reversible
reactions with characteristic time scales 10’ —108® s) and far from sources of activity (e.g.
from interface between water and bottom sediment).

5 One-layer model of bed sediment contamination

In many models of radioactivity transport, the distribution of activity in sediments is
approximated using one layer (see Table 1). Taking into account the fact that the transi-
tional time for the pore water concentration to reach equilibrium with the sediment is much

Fig. 5 The profiles of the ratio 0.02 PR [T T T Y N MY S !
C?/Ch computed to simulate
experiment [36] for different
times of incubation 4

—— 10 days
—— 2 months
One year

0.04 —

(m)

0.06 —

0.08 L — T LI T LI
1 1.5 2
Cb/Ch  (m%kg™)
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less than the remaining time scales, the simplification of the one-layer Eqgs. (11)—(13) for
Wle2> = W(hl’,2) = 0 can be performed assuming that exchange of the sediment pore water
with the water column in (11) is balanced by redistribution of the activity in the bottom
sediments. Then, the pore water concentration for the upper layer of the sediment can be
obtained as

o Wz(v(;vncw( )+adsezlaléﬁl (29)
4 W(0,1 +adx021011€371 .

Using (29), the Egs. (12)—(13) can be rewritten as

0€} ;1 Z1 CY wa

— = a1 (CHHKG, = €y ) +and iz | C = ¢y

d,1
$i1DiCy; E CHI
: S. — €912 (afscf.il anCSll + )qu_’l.yl),
! 5,0
(30)
0Zi€} ¢ c’
1€1Pi1 %1 ] -b
T = ei ¢i,lzl (afSCfJ- 1 a5fcsz 1 Cs,i.,l)’ (31)
where
adSHW”OW1

Apds = ©1) (32)

Wi, + aas0Zio1 K},

a 9222011("
0 — ds di__ (33)
(O,l) + ad39Z1O'1Kd71

The Egs. (30) and (31) extend the one-layer models (e.g. [13, 17, 21, 25, 26]) for the case of
multi-fractionality and 2-step kinetics. Here, a4, is the “desorption” rate of activity from the
sediment layer to the water column and a, is the “redistribution” rate of radioactivity
between sediment fractions. Unlike (32), the parameter corresponding to apgs in
[13, 17, 21, 25, 26] is empirical and, in particular, does not depend on the layer thickness,
exchange rate with the water column, porosity, fraction distribution and kinetics parameters.
The characteristic value of Wf’ovf 0 isin the range of 10°—10~° ms~! for u, between 0.001 and

0.01 ms~! and Sc = 10°. The second term in the denominator of relations (32) and (33) is
much greater than the first term for characteristic values of p,; ~ 10° kg m>, g ~1,

I(dl ~ 1000, Z; ~ 10~2 m. The ratio W /(adVOZlale 1) is then of the order 102-10"L.In
that case, the parameters a,4; and a,; can be approximated as

wh
Apds = %7 ars = ags0. (34)

Zips 01Ky,

It is important that the value of a4 in (34) is regulated by both diffusion flux from the
water column and by sorption in the sediment layer. In contrast, the desorption rate a4 in
(34) does not affect the exchange between the water column and the sediment layer. This is

@ Springer



Environ Fluid Mech (2017) 17:1207-1231 1221

not so for a very thin layer and for strong turbulence in the water or for a small distribution
coefficient (see (32)). The desorption rate a4, in the one-layer model is important for the
redistribution of activity between different fractions of sediment regulated by parameter
ays.

Consider the idealized case of contamination of a single sediment layer by water
through a diffusion mechanism. The Egs. (30) and (31) for E; = D; = A = 0 and constant
values of Zj, €Y, ¢; | are rewritten as

0% _ b w - K
ot = Qpds Kd,i,ICd (_H) _Cstl + ay S ~b 5,01 _aﬁCAll +aifcsll7
d,1
(35)
ac?
a—stll = af-YCf,i,l VfCH 1 (36)

The concentration of activity in water is prescribed to emulate accidental release and
further cleaning of the contaminated bottom:

Cy(—H)=Cy for0<r<t, CY(-H)=0 fors <t (37)

where Cy and #; are constants. The initial values of Cf ;1 and é.l:,i,l are Cf = C‘fﬁi"l =0at
t = 0. The solution of the system of Egs. (35)-(36) is

éﬁl(t) = Aexp(kit) + Bexp(kat) + C, (38)
k k : \
€y (1) = AR T (k) + BT B el + 2,
asf Asf asf
i _bie ¢ ﬁ'c 39
Ps,i®Pi1 5,,1 B 5,1 Ps,i¢i,1 11‘1511 = [ s 1> (39)

where k , are the roots of the quadratic characteristic equation

1 1
kip = — 3 (apas + ap + ag) £ \/ 1 (Apas + ags + asf)2 — QpsQgy - (40)

The roots of (40) are approximately ki ~ asgs and ky ~ ag when apqs > ag > ap. The
solution constants are:

k s
A=K Cy1 - Kb
’ k+kal ko 0<r<,
B=—K) Co%. c=Kb . C
GOk 410 (41)
A:Cgl(l‘l)—B
_ Gkt aas +ag)Cyy () —ayCi(n) o msh
N ki — ky ’ N

Notice that the activity according to (39) is redistributed between the sediment fractions in
the equilibrium state due to the particular choice of the clean initial state.
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Fig. 6 The inventory variation calculated for one-layer cases 1-3 (a); for cases 4-5 and for the multi-layer
model (b)

Table 2 Parameters of scenarios

Parameters Scenario 1 Scenario 2 Scenario 3 Scenario 4 Scenario 5
b1 0.67 0.33 0.0 0.33 0.33

28 0.33 0.33 0.33 0.33 0.33

b3, 0.0 0.33 0.67 0.33 0.33

Z, (m) 0.05 0.05 0.05 0.1 0.025

Ka1 7398 6425 3699 6425 6425

apas (371 2.17-1078 5.31-1078 3.12-1078 1.58-1078 6.07-1078

Figure 6 shows the dependence of the inventory I = ZJ"’:] (:‘JbZ] on the sediment frac-

tions (a) and the thickness of the layer (b). Three fractions of sediment sizes R = 50; 100
and 200 pm were considered. The corresponding fraction values ¢, are given in Table 2,

. b S .
together with Z; and the calculated values of K, | and a;4. One-step kinetics is considered.

The remaining parameters are: p ; = 2600 kg m3, ey =0.6, 0 =0.1 and salinity

I and

ags = 1.16 - 107 s~!. The concentration of '3’Cs in water was prescribed as Cy = 20,000
Bq m~? in the initial period #; = 30 days. In runs 1-3, the composition of the sediments
was varied to estimate the effect of the sorption-desorption process. The results of the

S = 34.5. The contamination by '*’Cs was modelled using y, = 3.8-107% m s~

simulation in Fig. 6 showed that the initial increase of the '¥’Cs inventory and the con-
centration are almost independent of the composition of the sediment. This results can be
explained by the fact that the roots (40) are approximately k; = a4 and k, ~ 0. Therefore,

the dependence on 1%3,1 in the first term of the solution (38) disappears at apqst < 1.
However, the decay of activity in the sediment layer essentially depends on the compo-

. . b . .
sition of sediment through the K, values. The activity decays slower when the fraction of
fine sediment is greater.
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The Fig. 6b shows that decrease of sediment inventory is faster for thinner layers.
Furthermore, comparison with the multi-layer model (Z; = 0.002 m, m = 120, vp =
1.45-107° m?> s!, vg; = 1 - 10"''m? s7!) in Fig. 6b shows that the inventory maximum
for the multi-layer model runs is several times less than that of the single layer maximum.
This result is due to the relatively slow process of diffusional transfer through the bed
layers, which results in a higher concentration in the upper layer and less intensive flux of
activity from water. The transfer of activity to water for ¢ > #; in Fig. 6b differs from the
single-layer model for the same reasons. Therefore, the one-layer approximation was not
capable of correctly predicting the bottom sediment inventory. The bioturbation of sedi-
ments results in deepening of the contaminated layer compared with pure diffusion. As
seen in Fig. 6b, this leads to greater inventory and lower exchange with the water column
at t > t,. These conclusions agree with the suggestion of [6] that bioturbation may provide
a continuing source of Fukushima Daiichi derived '*’Cs contamination at the sediment-
water interface over long timescales. However, for long timescales, slow reversible
reactions in the sediments need to be considered [22].

6 Radionuclide transport in a channel with bottom depression

Measurements on the shelf area around the FDNPP [3, 39] showed strong heterogeneity in
the distribution of the radiocesium on seafloor after the Fukushima accident. It can be the
result of both local heterogeneities of sediment features [11] and the bottom topography
[39]. To separate the topography effect from the effects of transport, erosion and deposition
of contaminated sediments on the exchange of activity between the seafloor and water,
consider the idealized case of a straight channel with a bottom depression (Fig. 7). The
simulations were conducted using a hydrodynamics model [32] coupled with sediment and
radioactivity transport models. The k — kI model of turbulence was used. The total length
of channel is 40 km, the width is 1 km, and the depth is 10 m. The length of smooth bottom
depression is 4 km, and the maximum embedment is 10 m. In the first two numerical
experiments (exp. 1 and exp. 2), the bottom was covered by a single-fraction sediment
(sand) with grain density p, ; = 2600 kg m~3, size d; = 150pm and porosity ¢/ = 0.6. The
roughness height zy was 103 m. Steady non-stratified flow with velocity 0.4 m s~! and
salinity S = 34.5 was prescribed at the left entrance of the channel. The free-slip condition
on the side walls and free-outflow conditions were used. The horizontal resolution in the
finite-element discretization was 50 m, 21 sigma levels were used for the water column and
25 layers of initial thickness of 0.5 cm were used for the bed sediment.

L (km)

Fig.7 Schematics of a channel with depression. Dashed vertical lines 1-5 show the locations of the vertical
profiles of '3’Cs in the bottom sediments
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The '¥Cs transport model parameters are: y,=3.8-10° m s7! and

ags=1.16-107s7", 0 =0.1, vp = 1.45- 10°m? s/, vgj=1- 10" m? s~! The simu-
lation was started from a cold start. The suspended sediment concentration was stabilized
after several days of simulation spin-up (#y = 3days). Then, at period (ty <t <t;), where
t1 = l4days, the concentration of dissolved '37Cs in the channel entrance was prescribed as
100 Bq m~3, and after this time, at #; <t, the concentration of '3’Cs in the entrance was
zero. In exp. 1, the exchange of activity between the seafloor and water was by diffusion
and by erosion and deposition of suspended sediment, whereas in exp. 2, the exchange of
activity between the seafloor and water was due to diffusion only.

The vertical distributions of the suspended sediment concentration, concentration of
137Cs in the solute C, and on the suspended sediments C; along the channel at time
t —to =75 days are given in Fig. 8a—c for exp. 1. As shown in Fig. 8a, suspended
sediments are concentrated in a relatively thin near-bottom layer. The decrease in velocity
and shear stress in the depression results in deposition of suspended sediments on the bed
surface and a very low concentration of suspended sediments. At the end of the depression,
strong erosion is dominant and the layer of suspended sediments is restored. The con-
centration of '37Cs on the suspended sediments follows the distribution of suspended
solids. As seen in Fig. 8c, the main source of contamination of the water column 75 days
after the initial release of activity is sedimentary radiocesium. The activity in the solute
diffused from the bottom pore water and desorbed from the suspended sediments (Fig. 8b)
and from the bottom sediments. Turbulent diffusion redistributes the activity in the solute
over the entire water column. The concentration in the solute increased along the channel
due to remobilization of activity from the bed (Fig. 8c).

In the subsequent two experiments (exp. 3 and exp. 4), the bottom of the channel was
covered by a mixture of three fractions of sand of density p,; = 2600 kg m~3. Fractions
i =1;2;3 are characterized by grain sizes d; = 120;150; 180 pm and volume fractions

mg I

0 L 1 L 1 L L L 1 L 1 ) | L 40.0

. 30.0

] ) -4 I - 200

9 — — 15.0
10 B I~ 10.0

S
8 1@ 7 - 1@ e

T T
16 18 20 22 24 16 18 20 22 24 1000
Distance along channel, km Distance along channel, km

Fig. 8 The vertical sections along the channel of suspended sediment concentration S, (a, d), concentration
of 13Cs in suspended sediments Cy (b, e) and in solute Cy (c, f) for exp. 1 (a—c) and exp. 3 (d-f) at
t — 1ty =75 days
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¢i1 = 0.33;0.33; 033, respectively. The porosity €;" is 0.6. In exp. 3, exchange of activity
between the seafloor and water occurred through diffusion and erosion and deposition of
suspended sediment, whereas in exp. 4, exchange of activity between the seafloor and
water was due to diffusion only. The vertical distributions of the total suspended sediment
concentration, the concentration of '3’Cs in the solute CY and on the suspended sediments
Cy along the channel at time 7 —fy =75 days for exp. 3 are given in Fig. 8d-f. The
behaviour of the suspended sediments and the activity for a mixture of sediments essen-
tially differ from the case of a single fraction of sediments. The concentration of suspended
sediments in the left side of the channel in exp. 3 is much greater than that in exp. 1 (8a, d).
Therefore, fine sediments clean the water, which results in a lower concentration of ¥’Cs
in the water for exp. 3 than that for exp. 1 (8c, f). In contrast, the after-depression
concentration of activity on the suspended sediments for exp. 3 is lower than that for 1
because the fine fraction was washed out by erosion (8b, e).

The spatial variations of the seafloor concentration Cg | and bottom inventory are shown
in Fig. 9. If only diffusion-exchange processes governed by (23) are considered (exp. 2 and
4), then Cf_ | decreases with increasing water column depth, as seen in Fig. 9a, due to the
decreasing u, in (23). The inventory also decreases with increasing depth (Fig. 9b) for exp.
2 and 4. Due to the particular choice of sediment fractions, C’, and the inventory are
similar in exp. 2 and 4. With time, both Cg , and the inventory monotonously decay.
However, for exp. 1 and 3, sediment transport, erosion and deposition vary considerably
over the seafloor depression, changing the distribution of contamination in the bottom
sediments. As seen in Fig. 8b for the case of a single fraction of sediments (exp. 1), the
contaminated sediments are resuspended and transported in the channel to the left edge of
the bottom depression, resulting in the maximum surface concentration at x = 18 km.
Downstream, this concentration decreases, similarly to the case without erosion/deposition;
however, at the right edge of the depression, erosion results in resuspension of contami-
nated sediments (Fig. 9a), leading to the minimum C?; at x =22 km. As in the case
without erosion and deposition, the seafloor concentration decreases with time. However,
at the left edge of the bottom depression, the inventory increases permanently due to the
continuing deposition of contaminated suspended sediments, whereas at the right edge, the

3x107 L | . ] . ] 1
(b)
£ 2x10"
o
@
= i
e}
5
Z 107
4 exp. 1
2x10" --- exp.2 B 4
i —exp.3 L
--- exp. 4
0 ———— T 0T T T
16 18 20 22 24 16 18 20 22 24
Distance along channel, km Distance along channel, km

Fig. 9 The bed surface layer concentration Cf: | (@) and inventory variation along the bottom depression (b)
att —tp =75 days
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Fig. 10 The vertical profiles of the concentration of C? (a—e) in locations 1-5, respectively, shown in Fig. 7

inventory decreases due to erosion. For the case of multi-fraction sediments, the maximum
surface concentration appeared due to deposition of the finest fraction of sediments. The
effect of deposition on the activity redistribution is much more strong, resulting in almost
clean sediments at the right side of the depression.

The variation in the vertical profiles of the concentration C’ in the bed (Fig. 10) is
shown in locations 1-5 (Fig. 7) for t — ty = 75 d for exp. 1-4. They explain the variation in
the inventory along the channel (Fig. 9b). The profiles in all locations for exp. 2 and 4 are
similar for these experiments, and they slightly vary along the channel. Whereas in exp. 2,
the profiles in locations 1 and 5 are similar to each other and to the profiles for the case
without erosion and deposition, the profiles along the depression essentially differ. The
profile of the concentration in exp. 1 at the left edge of the depression (location 2) shows
that this profile was formed due to the deposition of contaminated suspended sediment. The
sediment profile in the center of the depression is similar to the profiles in exp. 2 and 4,
demonstrating the secondary role of erosion and deposition in the depression. The profile in
location 4 shows a decrease in concentration due to erosion after the initial contamination.
The profiles for exp. 3 show essential changes in location 2, where deposition of fine
sediments results in a high concentration of activity, in location 4, where strong erosion
results in bottom cleaning, and even in location 5, where concentration is low due to the
lack of transport of sediments that can deposit on the bottom.

These series of simulations indicated that erosion/deposition results in much greater
effects on the inventory maximum and minimum than only diffusion exchange. The multi-
fractionality of sediments and erosion/depostion give rise to the asymmetry of the
inventory distribution along the symmetric depression whereas for one-fraction sediment
this distribution was almost symmetric.
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7 Conclusions

A new 3D radioactivity transport model coupled with multiscale circulation and multi-
fractional sediment transport modules is presented. The major improvements of the model
include: (1) sediment transport module simulating the transport of a mixture of one fraction
of cohesive sediment and a number of fractions of non-cohesive sediments of different
sizes and densities; (2) multilayer bed sediment model with varying porosity and biotur-
bation; (3) a model of radionuclide transport describing the key transport and exchange
processes in the system of water-suspended and bottom multi-fraction sediments, including
two-step kinetics with two successive reversible fast and slow reactions; (4) a noticeable
feature of the model is the approximation of sediment and contamination profiles in the bed
using multiple well-mixed bed layers to describe the vertical migration of the radioactivity
concentration within the bottom sediments due to erosion/deposition and molecular dif-
fusion and bioturbation.

Comparison of the model with a laboratory experiment [36] on the uptake of radio-
cesium by lake sediments showed good agreement. The geometric mean of the measured-
to-simulated ratios for the total concentration in the solid phase was 0.92, with a geometric
standard deviation of 1.74. The analytical solution describing mutual adjustment of the
radioactivity concentrations in the pore water and in the multi-fraction sediment showed
that the activity was redistributed between different fractions of sediments far slower (10
days for '*’Cs) than between water and the total concentration in the sediment (several
minutes). This restricts the use of the quasi-equilibrium models (e.g. [35]) only for long-
term processes of radionuclide migration in bottom sediments including also the slow
reversible reactions with characteristic time scale range from months to years. We derived
an extended one-layer model of bottom contamination of multi-fraction sediments from a
general model, obtaining the parameter “desorption” rate of activity from the sediment
layer to the water column as a function of the layer thickness and sediment properties.
However, comparison of the one-layer model with the multi-layer model demonstrated that
the one-layer approximation was not capable of correctly predicting the inventory due to
the fact that one-layer averaged concentration can essentially differ from the near-surface
value in the multi-layer model. Radionuclide transport in a channel with a bottom
depression was simulated to estimate the effects of erosion/deposition and the multi-
fractionality of sediments on the transport processes. It was shown that these factors
affected the distribution of sediments by forming local maxima and minima of activity at
the ends of the depression due to the redistribution of contaminated bottom sediments. The
observed patchiness of radionuclide distribution in the bottom sediments [39] is explained
by these factors.

The general conclusion from considered cases is that transport of radionuclides in the
water column and their migration in sediments can be accurately described in the frame of
a multi-fraction sediment transport model, multi-layer bed model and a two-step reversible
sequential kinetics. Due to the model versatility it can be applied to the processes of
different time and space scales from early stages of accidental releases to long-term
contamination of the bottom sediments due to the regular releases. The model output
provides a detailed information on 3D distribution of radionuclides in the water column
and in the bed and distribution of activity in each fraction of sediments. The simplified
version of a model had been used in modelling of the radionuclide dispersion after the
Fukushima accident [28, 29]. The simulations of transport and migration in the bottom of

137Cs after this accident using a full model with special attention to the effects of
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remobilization and burial processes of activity are in progress to be presented in next
paper. The developed model can also be used to simulate the transport of a wide class of
toxic substances (heavy metals, organic chemicals, etc.) sorbing on sediments [38].
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Appendix

The transport equation for the concentration of the ith fraction of suspended sediment Sy,
(kg m™3) is

w w

osy; 08y, :
U = W DIFE(s;). w

The settling velocity of sediment fraction i W,; > 0 is calculated following [42]. For
cohesive sediments W), is corrected for flocculation [44]. The boundary conditions at the

free surface z = 5 and at the bottom z = —H are, respectively,
aSWi
o2 (W = W0)S), =i 43)
oSy ,
vr a—? + Wp,iS;7i :D,‘ — E,‘7 (44)

where ¢; is aerosol flux.

Erosion begins when the bottom shear stress 7, exceeds some critical shear stress. The
erosion flux in non-cohesive regime for ith fraction of non-cohesive sediments (i > 1) is
calculated using formulations [42] as
1.5

Tp

t —1 when ——— > 1., (45)

E; = Eo(di)€| ¢, m (14 o)

where Ey;(d;) = 0.015p, d;a; lD;?'3 is the erosion rate; d; is the sediment particle

diameter; D, ; = [g(psjip; I l)v;,lz]l/ 3; T¢r; 18 the critical shear stress for sediments of
fraction i; a; = 3d; is the reference level above the bottom; v, is the kinematic viscosity.
The critical shear stress in (45) is corrected for presence of cohesive fraction ¢ ; following
[41]. The non-cohesive sediment flux due to sediment deposition is simulated as the flux of
particles that fall with settling velocity W, ;:
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D; = W,;S),(—H), (46)

where S;j:i(—H ) is the near-bottom concentration of suspended sediment of fraction i > 0.
The erosion flux for cohesive sediments is described following [4] and [23] as

Ey = E(){r()éi d)OJ (‘L’T—b() — 1) when Tp > Ter s (47)
cr,

where 1., is the critical shear stress for the erosion of cohesive sediments, and Ep is the
erosion rate for cohesive sediments. For cohesive sediments, deposition flux appears only if
the shear stress is less than the critical shear stress for deposition [14]:

Do = W,,HOSI’,“O(I _ T—”) when 7, < 7.4, (48)
’ Ted

where 7., is the critical shear stress for the deposition of cohesive sediments. If the
cohesive sediment fraction in the bed is above the critical value (d)o,l > (;’)ch,), then
erosion for all fractions (0 <i<n) occurs in the cohesive regime as

E; = Eop€l¢; (T—b — 1> when 1, > 7..0. (49)
’ Ter0 '

The time variations of the thickness, sediment volume fraction and porosity in the upper
sediment layer (j = 1) are described by equations

0z I"Di 1 KRE;

o D 50
ot 60 i=0 pn E1 i=0 ps,i ( )
0Zi€1 ¢, 12 _
# = 15[ )(451',1681 - ¢i,2€§) + (D — Ei)ps,il7 (51)
621 EEV (1 2) w w EO 1 Ei
=W, (e - DSyt S 52
at b ( : O ,2(; Ps, ) e1 i=0 Ps,i ( )

The changes in the sediment fraction volume and porosity in the remaining layers
(2<j<m) are given by

azjg);J W(IJ+1 (¢le € ¢11+l ) W(] Y (¢"J*IEJS'*1 o (biJe;)’ (53)
T (- ) + W (- ). 9

Here, ¢ and ¢ are the values for surface suspended sediments deposited on the bottom.
The self-weight consolidation for cohesive sediment can be included in (50)—(54) using
Gibson consolidation equations [44], however this task is out of scope of the paper.
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