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ABSTRACT

The sediments in Boston Harbor have been contaminated by toxic organic
chemicals, such as polycyclic aromatic hydrocarbons (PAHs). The release of these
pollutants to the overlying water column deteriorates the water quality of the harbor. This
study reviews the transport mechanisms and desorption kinetics in sediments and develops
an analytical model to calculate the fluxes of the pollutants across the sediment-water
interface.

The estimated fluxes from Boston Harbor sediments range from 110 to
4300 ng/cm’yr for pyrene and from 10 to 280 ng/cm’yr for benzo[a]pyrene. The
resulting loadings of pyrene and benzo[a]pyrene to the harbor water are 140 - 1400 kg/yr
and 9.6 - 96 kg/yr, respectively. The results indicate that the sediment bed is the major
source of organic pollutants to the Boston Harbor water.

This model also identifies the factors that critically control the release of organic
pollutants from sediments. Sediments with a larger bioturbation coefficient cause a
greater flux, and the flux from sediments of higher organic carbon content is smaller. The
diffusive water boundary layer is another important factor; the thinner the layer is, the
greater the flux is. The nature of organic pollutants also controls the flux. A chemical
of lower organic carbon-water distribution coefficient has a higher tendency to leave the
sediments. Furthermore, this study shows that the flux due to molecular diffusion and
bioturbation (the diffusive flux) is much greater than the flux due to biological irrigation.
For the diffusive flux, the resistance in the diffusive water boundary layer is more
important than the resistance in the sediment bed.

Thesis Supervisor : Dr. Philip M. Gschwend
Title : Professor of Civil and Environmental Engineering
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CHAPTER 1

INTRODUCTION

1.1 Background

Boston Harbor has been heavily polluted by municipal and industrial sewage,
which contains toxic organic chemicals, such as polycyclic aromatic hydrocarbons
(PAHs), polychlorinated biphenyls (PCBs), and pesticides. Many studies of the pollution
in Boston Harbor have been conducted. Battelle Ocean Sciences (1991) and Menzie-Cura
& Associates (1991) studied the sources of pollutants; Shiaris and Jambard-Sweet (1986)
investigated the distribution of PAHs; and the fate of the pollutants in Boston Harbor has
also been studied (Chin and Gschwend 1991, 1992; Chin et al. 1991; Butman et al. 1992;
Wong 1992). Shiaris and Jambard-Sweet's investigation in 1986 suggested that the major
inputs of PAHs were urban runoff and the overflow of the raw sewage from the Moon
Island pumping station during heavy rainfall. Similarly, the study by Menzie-Cura &
Associates in 1991 concluded that the effluent and siudge from the sewage plants at Deer
Island and Nut Island were the major contributors of PAHs to the harbor and that urban
runoff was the second most important source.

Although now the major source of the pollutants introduced to Boston Harbor is
the effluent of the sewage plants, the Massachusetts Water Resources Authority (MWRA)
is changing the locations of the outfalls froin Boston Harbor to Massachusetts Bay. The

new outfalls will begin operation in 1995 (Butman et al. 1992). It will be interesting to
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find out which pollution source will become the most important one after the discharge
of effluent into Boston Harbor stops.

The release of pollutants from the sediments is one of the issues that needs to be
reviewed. Because of their hydrophobic nature, many organic chemicals tend to
accumulate in the sediments. If the chemical concentration of the seawater decreases, the
concentration gradient fro:n the sediment bed to the overlying seawater eventually changes
from negative to positive. The chemicals accumulated in the sediments are, therefore,
driven back into the overlying water. Since the sediment bed is an abundant source of
organic chemicals, it is necessary to evaluate the chemical fluxes from the sediment bed
across the sediment-water interface.

Wong (1992) developed a numerical model to calculate the fluxes of pyrene and
benzo[a]pyrene from an disturbed sediment back to the overlying water. The model
estimated the fluxes from the sediment bed, in which the dissolved concentration and the
sorbed concentration were assumed to be in equilibrium, for 30 years, under various
conditions. However, Wong was unable to use this numerical model to calculate the flux
at the sites where the particle mixing was so extensive that the sediment-water exchange
was limited by a very thin stagnant boundary layer within the overlying water (which will
be discussed in Section 2.5). This caused a dilemma as to choosing the model space
interval. Using a space interval larger than the thickness of this boundary layer would
underestimate the flux out of the sediments; however, setting the space interval to be as
small as the thickness of this boundary layer would greaily increase the number of space,

and hence time, steps required for run accuracy. In addition to this limitation of the
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model, Wong suggested that sorption kinetics may control the flux if transport processes
are fast compared with sorption kinetics; therefore, more research concerning the sorption

in sediments was needed.

1.2 Objectives

One objective of this research was to develop a model to calculate the fluxes of
organic chemicals from the sediments. This model needed to be simple, but applicable
to general marine environments. It also had to be able to describe the movement of
organic pollutants not only dissolved in the porewater, but also associated with the
colloids and sorbed in/on the solids in the sediment bed. Furthermore, it was intended
to identify the transport mechanisms and the characteristics of the sediment bed that are
critical for controlling the flux of organic chemicals. Therefore, people who are interested
in investigating the flux of organic chemicals from sediments can recognize the most
important factors limiting exchange.

Another objective of the research was to define a desorption enhancement factor.
It is important to quantify the effect of desorption because a large fraction of each organic
chemical is associated with the solid matrix in the sediment bed. While the fraction of
the chemical dissolved in the porewater is able to directly travel into the overlying water
column, the fraction of the chemical sorbed in/on the solids must first desorb. This
situation may result in sorptive disequilibrium for some intervals within the bed. To
maintain equilibrium, part of the sorbed fraction is released into the porewater, and,

consequently, enhances the flux across the sediment-water interface.
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The final objective was to use the model io calculate the organic chemical fluxes
from the sediments in Boston Harbor. The goal was to compare the amount of pollutants
coming out of the sediment bed with other pollution sources and thus to decide the
significance of the chemical flux from the sediments after sewage releases are
discontinued. These results would then contribute to decisions regarding the necessity to

clean up the sediments in the harbor.

1.3 OQutline of the Thesis

This thesis consists of three chapters. Chapter 2 describes the development of the
flux model. First, the physical structure of the system is depicted, aud the transport
mechanisms, as well as the characteristics of the sediment bed, are discussed individually.
Second, the governing equations of the concentrations of dissolved species, colloidal
species, and sorbed species are defined. The desorption enhancement factor and the flux
equation are subsecuently derived. The limitation of using this model is also included.
Last, a sensitivity analysis is described. The results indicate the factors that critically
control the flux across the sediment-water interface.

Chapter 3 presents the application of the model;, the fluxes of pyrene and
benzo[a]pyrene from the sediments at the study sites are calculated using this model.
First, the study sites in Boston Harbor are described in brief. Next, the determination of
the parameter values is explained, followed by the calculation of the fluxes. Finally, the
flux estimates from the model are then used to estimate the loadings of pyrene and

benzo[a]pyrene to the water in Boston Harbor from the sediments. The results are
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compared with the loadings from other sources to determine the significance of the

organic pollutant fluxes from the sediments.
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CHAPTER 2
FLUX MODEL FOR THE TRANSFER OF ORGANIC CHEMICALS

BETWEEN BED SEDIMENTS AND THE WATER COLUMN

2.1 Review of Previous Research on Sediment-Water Exchange

Several studies of sediment-water exchange have been carried out. Some
researchers directly measured chemical fluxes across the sediment-water interface by
placing chambers on the sea bottom and observing the buildup of chemicals (Hale 1974;
McCaffrey et al. 1980; Devol 1987; Broman et al. 1990; Archer and Devol 1992; Ciceri
et al. 1992). In addition to direct measurement, most researchers developed models to
describe the sediment environments. These models were based on Fick's first law of

diffusion:

F, = -0 LT (2-1)
dx

where F, is the mass flux per unit area per unit time in the x direction, D {L* T"'] is the
diffusion coefficient, and dC/dx [ML"/L] is the concentration gradient along x. In order
to calculate the flux, researchers took core samples from the sediment bed and analyzed
the chemicals to obtain their concentration profiles (Emerson et al. 1984; Kadko and
Heath 1984; Brownawell 1986; Kadko et al. 1987, Martin and Sayles 1987; Chin et al.
1991). Then the various investigators used the concentration gradients at the sediment

surface to calculate the flux.
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There is a serious problem in the concentration-gradient method. As indicated by
Santschi et al. (1983), there is no measurable porewater gradient for situations where the
resistance posed by the boundary layer above the sediment-water interface is comparable
to or greater than that posed by transport within the sediment bed. The transition from
the sea bottom water concentration to the equilibrium porewater concentration could occur
over a distance of a few millimeters or less, which would be unresolved in core
measurement. Therefore, we may underestimate the fluxes by using the concentration
gradient obtained from core analysis. As for the direct measurement method, this
approach can only give us the magnitude of the flux, but not help us understand the

processes governing exchange.

2.2 Physical Picture of the Model

To formulate the sediment-water exchange model, first we have to define the
environmental system and the transport mechanisms that drive the chemicals within the
sediment bed and across the sediment-water interface. The sediment-water environment
can be divided into three layers according to the transport mechanisms: the turbulent
water layer, the diffusive boundary water layer over the sediment surface, and the
biologically active sediment bed (Figure 2.1). For shallow waters (< 10 m), turbulent
diffusion is the dominant transport process in most of the overlying water column for
vertical fluxes (Boudreau and Guinasso 1982). The turbulent motion in this layer is fast
enough to homogenize chemical concentrations and, therefore, generaily does not limit

the vertical movement of chemicals out of the bed sediments. In contrast, in the diffusive
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Figure 2.1 Physical picture of the environmental system
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boundary layer, which is the thin layer immediately adjacent to the sediment-water
interface, turbulence i1s suppressed by viscous forces. As a result, molecular diffusion
becomes the dominant transport mechanism for dissolved species (Wimbush and Munk
1970; Thibodeaux 1979; Boudreau and Guinasso 1982; Jergensen and Marais 1990).

The third layer is the biologically active layer in the sediment bed, where the
sediments are stirred by the activities of benthic organisms. These activities are classified
into two categories: bioturbation and irrigation. Bioturbation is a random mixing of
sediments and the associated porewater by the feeding and burrowing behavior of benthic
organisms (Goldberg and Koide 1962; Berner 1980; Brownawell 1986) and is usually
quantified using a bioturbation coefficient, analogous to a diffusion coefficient. Irrigation
is a non-local biological advective solute transport process, which allows exchange
between the sediments and the overlying water column (Imboden 1981; Emerson et al.
1984; Boudreau 1986). The magnitude of the bioturbation coefficient is typically
comparable to or less than a molecular diffusion coefficient; therefore, the release of a
chemical from sediments is controlled, not only by bioturbation and irrigation, but also
by molecular diffusion.

The model presented in this thesis is a two-box model. The environmental system
of this model consists of only two of the three layers described above: the diffusive water
boundary layer and the biologically active sediment bed. At this stage, the turbulent
water layer is assumed to have negligible effects on sediment-water exchange for the

chemicals.
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2.3 Transport Mechanisms

2.3.1 Molecular diffusion in sediment beds

Molecular diffusion is an important transport mechanism in porewater because the
movement of the porewater is not turbulent. The diffusivity of a chemical depends not
only on the properties of the chemical but also on the condition of the porewater. Hayduk

and Laudie (1974) proposed a method to estimate the aqueous solution diffusivity (D,):

-5
D = 13.26 x 10~ )'('}1(5)89 (cm?s) (2-2)
ul.M . V

where p (centipoise or 107 g/cm-s) is the solution viscosity at the temperature of interest,
and V is the molar volume of the liquid chemical (cm’/mol). The molar volume of the
liquid chemical can be estimated from the LeBas method (Lyman et al. 1991) using the
additive volume increments listed in Table 2.1 (Reid et al. 1977).

The diffusivity of a dissolved species in a sediment bed is determined by
correcting its aqueous solution diffusivity for the tortuosity and porosity of the sediments.

The relationship between the sediment diffusivity (D',) and the aqueous diffusivity is

D, =—= (2-3)

where 0 is the geometric tortuosity (Ullman and Aller 1982; Di Toro et al. 1985). The

tortuosity can be expressed as
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Table 2.1 Additive volume increments for calculating LeBas molar voiume (Reid et al.
1977)

Atom Increment Atom Increment
{cm? /moi) {cm? /mol)
C 14.8 Br 27.0
H 3.7 Cl 24.6
O (except as noted below) 7.4 F 8.7
in methy! esters and ethers 9.1 ! 37.0
In ethyl esters and ethers 9.9 S 25.6
In higher esters and ethers 1.0 .
In acids 12.0 Ring 6.0
Joinedto S, P, N 8.3 3-Membered T
4-Membered - 85
N 5-Membered ~ ~11.5
Doque bondeq 16.6 6-Membered -15.0
in primary ammgs 10.5 Naphthalene -30.0
In secondary amines 12.0 Anthracene 475
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02=¢F (2-4)
where ¢ is the porosity of the sediments, and F is the formation resistivity factor. Archie

(1942) found an empirical relationship between the formation resistivity factor and the

sediment porosity:

F-¢™. (2-5)

Therefore,

D,=D, ¢, (2-6)

Archie found m = 1.3 - 2 for sands and sandstones. Atkins and Smith (1961) and Atlan
et al. (1969) reported m = 2.5 - 5.4 for clays. Ullman and Aller (1982) suggested that m
was related to the porosity; m = 3 for ¢ > 0.7, and m = 2 for ¢ < 0.7. Thus, D', = D_-¢’
for $ 2 0.7, and D', = D_-¢ for ¢ < 0.7.

Organic chemicals in porewater include those associated with organic colloids,
which include macromolecules that are comprised of both humic and labile components
(Chin et al. 1991). Therefore, the diffusion of colloids also plays a role in the transport
of organic chemicals in sediments. Aqueous colloidal diffusivity (D,) is a function of the
size and shape of the molecules and can be estimated using the following equation (Chin

et al. 1991):
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D =aM™® (2-7)

where M is the molecular weight of the macromolecule, and a and b are empirical
constants. Chin et al. (1991) estimated the aqueous colloidal diffusivity to be between

1 and 6x10° cm?s.

2.3.2 Biological transport processes

The activities of benthic organisms, such as ingestion and excretion, burrowing,
tube building, and biodeposition, can redistribute particles in sediment beds and result in
alteration of chemical gradients in the porewater (Kadko and Heath 1984; Kadko et al.
1987). Therefore, these activities can substantially facilitate the transport of chemicals
within the sediment bed and across the sediment-water interface (Bosworth and
Thibodeaux 1990). Greer: et al. (1992) used two species of marine organisms to show
directly that these organisms increased solute transport. Other researchers demonstrated
biological sediment reworking using **Th-***U, **Ra-"’Th, or **Rn-***Ra disequilibrium
(e.g., Aller and Cochran 1976; Aller et al. 1980; Aller and DeMaster 1984; Kadko et al.
1987; Martin and Sayles 1987).

The benthic organisms that cause sediment reworking can be put into two
categories: those livi..g on top of the bed and infauna (Bosworth and Thibodeaux 1990).
Organisms that live on sediment surfaces include invertebrates, such as crabs, lobsters,
and snails, as well as vertebrates, for example, bottom-living fishes. Infauna are

organisms that live in sediments. They include surface feeders, which feed at or above

22



the sediment-water interface, and subsurface feeders, which feed below the interface.
Conveyer-belt feeders are special subsurface feeders which pump subsurface sediments

through their bodies and deposit the sediments on the sediment surface.

BIOTURBATION

As mentioned in Section 2.2, bioturbation is a random mixing of sediments and
the associated porewater by the activities of benthic organisms. Goldberg and Koide
(1962) first proposed to quantify the process using a bioturbation coefficient Dy [L*-T™},
analogous to a diffusion coefficient. One way that D, can be determined is by using
radioactive tracers, for example, the disequilibrium between a natural radionuclide and its
daughter, such as **Th/”*U (Aller et al. 1980; Aller and DeMaster 1984; Martin and
Sayles 1987), **Ra/*"Th (Kadko and Heath 1984; Kadko et al. 1987), and *'°Pb/**Ra
(Nozaki et al. 1977, Peng et al. 1979; Kadko 1981; DeMaster and Cochran 1982; Kadko
and Heath 1984; Cochran 1985; Brownawell 1986). In steady state, the excess activity
distribution of the daughter isotope can be modeled by radioactive decay, sedimentation,

and bioturbation:

0-4

d[(1- dlo(l- A
dx{DB [« ¢)p,A1}_ [o(1-¢)p, 1_A(l_¢)ps 4 (2-8)

dx dx

where

b
Ii

depth below the sediment-water interface, cm,

>
it

excess activity of the daughter isotope over the mother isotope, dpm/g,
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D, = bioturbation coefficient, cm’/s,

¢ = porosity,

® = sedimentation rate, cm/s,

p, = density of dry solids, g/cm’, and

A = decay constant of the daughter isotope, 1/s.

When Dg, ¢, @, and p, are constant, the solution of Equation 2-8 is

w-y/w?+4Dg2
A=A0exp( 8" x

(2-9)

2D

B

where A, is the excess activity at x = 0. When sedimentation is negligible, i.e.

4D A >> @,

= i (2-10)
A Aoexp[ \‘[: x].

B

Bomb-produced artificial radionuclides, such as ****°Pu and "'Cs were also used
to estimate D, (Noshkin and Bowen 1973; Guinasso and Schink 1975; Stordal and
Johnson 1982; Cochran 1985). Unlike natural radionuclides, the distribution of these

artificial radionuclides cannot be assumed steady state. For a pulse input,

2
A exp-F— . (2-11)
A, 4Dt
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And for a continuous input,

2
A x| -2 |- E | P erie[ 2 (2-12)
4, 4Dgt | 2N Dyt 2, /Dt

(Cochran 1985).

McCaffrey et al. (1980) estimated D, by measuring the **Na uptake rate. They
brought cores to the laboratory and injected **Na into the overlying water of the cores.
They then measured the rate at which *Na was removed by transport into porewater, as
well as the vertical disiribution of *Na in the sediments.

Instead of using radioactive tracers, Kadko and Heath (1984) estimated D, by
balancing dissolved and particulate diagenetic manganese fluxes. The flux balance below

the precipitation level at steady state gives

0 = wMn,, -D, i%‘-'l -D, ﬂgﬁ) (2-13)
where
Mn,, = concentration of solid phase manganese in excess of the burial (or
supply) concentration of about 2%,
Con = concentration of dissolved manganese, and
D, = effective molecular diffusivity of dissolved manganese in the
porewater.

And for the region above the oxidation level,
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(0]
InMn,,, = InMn, g, + —2— (2-14)

/
Dgx

where x' is the distance from the Mn,,, maximum (positive upward).

Previous estimates of Dy are: (1) on the order of 107 cm’/s for Buzzard Bay,
Massachusetts (Brownawell 1986; Martin and Sayles 1987), (2) 10” - 10° cm?/s for
Boston Harbor (Wong 1992), (3) 10° cm?/s for Narragansett Bay, Rhode Island
(McCaffrey et al. 1980), (4) from 10" to 5x10® cm*/s for Manganese Nodule Project
(MANQOP) sites in the east equatorial Pacific (Kadko and Heath 1984; Cochran 1985;
Kadko et al. 1987), and (5) from <10®to 1.6x10° cm?*/s for Long Island Sound with most
value 0.2-0.5 x10° cm® (Aller et al. 1980). The value of D, mainly depends on the food
supply into the sediments (Martin and Sayles 1987; Santschi et al. 1990); therefore, in the
deep-sea sediments in the east equatorial Pacific, the bioturbation is slower. Aller et al.
1980) indicated that the high and low values of D, in Long Island Sound might reflect
non-steady state local accretion and erosion, respectively. Martin and Sayles (1987) found
temperature was another factor that determined the biological activity in the sediments.
They found a factor of three difference between the average cold season and warm season

D,.

IRRIGATION
Irrigation is a non-local advective solute transport process exchanging pore fluids

between sediment beds and overlying water columns caused by the actions of tube-
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dwelling benthic macrofauna (Imboden 1981; Emerson et al. 1984, Boudreau 1986, Wong
1992). These benthic organisms pump burrow water and exchange it with the overlying
water to maintain the oxygen and clean water supply (Aller and Yingst 1978; Aller et al.
1983). The extent of irrigation is described by an irrigation rate constant, o [T"']. Similar
to bioturbation, the values of the irrigation rate constant is determined by temperature and
the supply of organic matter. The study by Martin and Sayles (1987) showed that the
irrigation rate at their study site significantly varied with seasons. They found irrigation
was unimportant during the cold season.

Like D, o can be determined using radioactive tracers. The disequilibrium
between **Rn and **Ra has been used to estimate biological irrigation rates by many
researchers (e.g., Smethie et al. 1981; Christensen et al. 1984, Hammond et al. 1985;
Martin and Sayles 1987; Wong 1992). The radon excess in bottom seawater is supplied
by a net flux from sediments. This flux causes a radon deficiency relative to radium
emanation in the sediments (Key et al. 1979). Assuming that the amount of sorbed radon
is negligible, Key et al. (1979) and Martin and Sayles (1987) formulated an equation to

describe the steady-state **’Rn distribution:

2
0- D,’,% - (A-A,) -Ad + AP (2-15)

where

x
Il

depth from the interface, cm,

A = ™Rn activity in the porewater, dpm/cm’,
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A, = ™Rn activity in the overlying water, dpm/cm’,

D', = sediment diffusivity, cm?/s,

Q,, = irrigation rate at depth x, 1/s,

A = decay constant of *’Rn, 1/s, and
P = **Rn production, dpm/cm’,

The ***Rn production measurement is based on the assumption that in the absence of
transport process, porewater “’Rn is in equilibrium with sediment **Ra (Martin and Sayles

1987):

P=P_+APe*! (2-16)

where P_ is the asymptotic supported porewater **Rn activity, AP is P, minus the
supported “’Rn activity in the porewater adjacent to the sediment-water interface, and /
is the scale length for P. P_, AP, and / are obtained from fitting the profile of the
supported **Rn porewater activity.

Later Wong (1992) and Wong et al. (1992) developed a transport model for **Rn

in sediments, which included sorption effects:

oC, 9. 9C, D +D, acC,
— T e— + .
ot ox| © ox |, -Op S K, O
+
¢ (2-17)
o (x)
-C A -
L A-0)p LK, ¢+ 4 o)

¢
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where

C

supp,.pw

supp,s

depth,

¢ C,. +(1-9) p, C,

total mobile radon concentration per unit volume of bulk sediments,
concentration of dissolved phase radon,

concentration of sorbed phase radon,

¢ Coupppw T (1-9) p, C,ipp

total effective concentration of ***Ra producing mobile ***Rn,
effective concentration of **Ra producing mobile **Rn in
porewater,

effective concentration of **Ra producing mobile ***Rn in solids,
porosity of the sediment bed,

density of the dry solids,

biotuibation coefficient,

aqueous diffusion coefficient corrected for tortuosity and porosity,
enhanced bioturbation coefficient quantifying irrigation,
non-local exchange term quantifying irrigation,

organic carbon content of the sediment bed,

organic carbon - water partition coefficient (= 23 mg/L for Rn), and

decay constant of *’Rn.

In this formulation, o is given
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- r -
) = A(Csug C) °ll . (1 d))ipfocKOC] _ (2-18)

Martin and Sayles (1987) and Wong (1992) treated o as an exponentially

decreasing function:

X
@y = aoexp(— ?] (2-19)
1

whereas Hammond et al. (1985) used three zones of constant a with discontinuous
changes in o at the zone boundaries.
’Na was also used to estimate irrigation rate constant by McCaffrey et al. (1980).

o may be obtained from

V. V V
s |-Ls I PO 2-20
ln[Cs(t)(l % ] % Cs(O)] a(l % ]t (2-20)

P p P

where
C,(t) = normalized **Na concentration in overlying solution at time t,
C,(0) = normalized **Na concentration in overlying solution at t=0,
Vv, = volume of overlying solution, and
v, = volume of porewater.
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Emerson et al. (1984) used an in situ *H-water experiment and dissolved silicate

profiles to estimate a. They measured the rate of tritium penetration into sediments by

covering the sediments with bell jars, injecting tritiated water, and then taking cores from

the sediments after a period of time. The models they established were

and

where

aCHY _pr F0H]_ CHI-CH, (2-21a)
ot ax? ¢
0 - /d2[Sz] ( _LSily ]+k([sl.]a_[st.]) (2-21b)
dx? ¢
X = depth,
[’H] = -concentration of dissolved *H in the porewater,
[’H], = concentration of dissolved *H in the overlying water,
[Si] = concentration of dissolved silicate in the porewater,
[Si], = concentration of dissolved silicate in the overlying water,
[Si], = asymptotic value of the silicate concentration in the porewater,
D', = bulk sediment diffusive coefficient corrected for tortuosity ,
a = irrigation rate constant,
¢ = porosity, and
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k = diatom dissolution rate constant.

The o values found were on the order of 10° - 107 s for many places: Boston
Harbor (Chin et al. 1991; Wong 1992), Buzzards Bay, Massachusetts (Martin and Sayles
1987), San Francisco Bay (Hammond and Fuller 1979, Hammond et al. 1985),
Narragansett Bay, Rhode Island (McCaffrey et al. 1980), and Puget Sound (Emerson et

al. 1984).

2.4 Desormption Kinetics in Sediment Beds

Nonpolar organic chemicals in sediment beds exist in three phases: dissolved in
porewater, associated with porewater colloids, and sorbed to solids. Since only mobile
organic chemicals, i.e. dissolved and colloidal phase species, can move from sediments
into the overlying water, desorption may be an important process near the sediment-water
interface.

The concentration of colloidal phase species, C_, (ng/cm’pw), can be written as

C,,=C,.m (2-22)

coc coc

where C_ (ng/g colloidal organic carbon) is the concentration of species associated with
colloidal organic carbon, and m,, (g colloidal organic carbon/cm’pw) is the concentration
of colloidal organic carbon in the porewater. The colloidal phase concentration can be
assumed locally in equilibrium with the concentration of species dissolved in porewater,

C,. (ng/cm’pw); therefore,
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Q)

Hh

(2-23)

where K_ (cm’pw/g col. org. C) is the colloid-water distribution coefficient. Substituting

Equation 2-23 into Equation 2-22 resuits in

Cou=Cpu K,y - (2-24)

Sorption has been modeled as a first-order chemical reaction (Oddson et al. 1970;

van Genuchten et al. 1974; Wu and Gschwend 1988):

s .
I = le +k_lew (2 25)
where
S = concentration of species sorbed in/on solids, ng/g solid,
k, = desorption rate constant, 1/s, and
k., = sorption rate constant, cm’ pw/g solid-s.

The mass balance relationship in the sediments gives

dt

aM; _ [dM,, ndol] (2-26)
dt dt

where
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M = S-V,-p,, amount of species sorbed in/on solids,

M, = C,.'V,.. amount of species dissolved in porewater,

M, = C.oV,., amount of species associated with porewater colloids,
V, = volume of the solid matrices in the sediments,

Voo = volume of the porewater in the sediments, and

P, = density of dry solids.

By dividing both sides of Equation 2-26 with the volume of the sediments (V) and

substituting Equation 2-24 into Equation 2-26, Equation 2-26 becomes

ds dc dC (2-27)
1-4)p, 22 = -[¢—2* + $K Ly
It follows that
4Cp, _ __(1-9)p, ds (2-28)
dt (1 +K m_) dt

Defining p = (1-¢)p,/d and substituting Equation 2-25 into Equation 2-28 yields

Cpw Py o, P o (2-29)
dt (1+Km_) # (@(1+Km_)

When C,, and S are in equilibrium, dS/dt = 0 = dC,,/dt, and
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K, - -C§- (2-30)
pv

where K, = f, K, , the solid-water distribution coefficient (cm’pw/g solid), in which f,_

is the organic carbon content, and K, is the organic carbon-water partition coefficient.

Thus,
k, = kK, (2-31)
And consequently,
ds
L - b K,C,S) (2-32)
dc pk
pw - 1 S__K C 2"33
dt (1 +Kcmcoc) ( d pw) ( )
and
dCo _ PR KMo (o KiCot) (2-34)
dt 1 +Kcmcoc Kcmcoc

The desorption rate constant, k,, can be estimated using the model developed by

Wu and Gschwend (1988):
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= Ee_ﬂf (2-35)

where D is the effective intraparticle diffusivity, R is the radius of the aggregate particle,

and

B = 10.56K,p +22.7 (2-36)

where p is the solid-water ratio.
The effective intraparticle diffusivity, D, is defined as

2
Dmn

D = (2-37)
i (1 —n)p,Kd+n

where n is the intra-aggregate porosity and has a typical value of 0.13 for sorbing silts
(Wu and Gschwend 1986).

For a hydrophobic chemical,  ~ 10.56K p, and D ; ~ D_n*/(1-n)p,K,; therefore,

10.56 p D, n*

k, >
p,R*(1-n)

(2-38)
_021pD,

TR or n =0.13 .
Ps

This approximation suggests that the desorption rate constant, k,, is independent of the

organic chemical's hydrophobicity.
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2.5 Diffusive Boundary Layer above the Sediment-Water Interface

The thickness of the diffusive water boundary layer has been found to be
107 - 10° cm (Levich 1962; Wimbush 1976; Boudreau and Scott 1978; Sarmiento 1978;
Boudreau and Guinasso 1982; Santschi et al. 1983; Jorgensen and Revsbech 1985,
Sweerts et al. 1989; Jorgensen and Des Marais 1990). Although it is very thin, it plays
a very important role in sediment-water exchange; the flux of some chemicals across the
sediment-water interface is greatly controlled by the resistance posed by this thin layer.

Near the sediment-water interface, surface friction retards the motion of the
overlying fluids, and, as a result, viscosity becomes more important than turbulence. The
region where eddy viscosity is smaller than molecular viscosity is referred to as the
viscous sublayer (Figure 2.2) (e.g., Wimbush 1976; Thibodeaux 1979; Boudreau and
Guinasso 1982), and the region where turbulent diffusion is smaller than molecular
diffusion is called the diffusive boundary layer. The relationship between the thickness
of the viscous sublayer (Z,) and the thickness of the diffusive boundary layer (Z,)is given

by

7z - Ly (2-39)

where Sc is the Schmidt Number, Sc = v/D_ , and v is the kinematic viscosity (Wimbush
1976, Thibodeaux 1979). Z, can be estimated by the following equation (Wimbush

1976):
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Figure 2.2 Structure of the water boundary layer
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zZ = (2-40)

where u, is the friction velocity due to flow of the overlying water.

Thus,

_ _ (2-41)

The friction velocity can be estimated from the following equation (Thibodeaux 1979;

NI -
p 8

Streeter and Wylie 1985):

where
T, = shear stress exerted by the fluid onto the surface,
p = fluid density,
f = friction factor, a function of the roughness of the sea bottom, and
u = average flow velocity depth-wise.

From Equation 2-42 we can conclude that the thickness of the diffusive boundary layer
depends on the flow velocity of the water and the roughness of the sediment bed surface

(Jergensen and Revsbech 1985; Jergensen and Des Marais 1990).
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When there is no chemical reaction within the diffusive boundary layer, the
vertical flux through this layer, F,, can be described by Fick's first law of diffusion with

a linear concentration gradient:

F =D M (2-43)

where D, is the diffusion coefficient, C, is the concentration of species in bulk seawater,

and C, is the concentration at the sediment-water interface.

2.6 Flux Model

2.6.1 Governing equations

The amount of a chemical per unit volume of bulk sediment (C,, ng/cm’ sediment)

is the sum of the chemical dissolved in the porewater (C,,, ng/cm® porewater), associated

pw>

with the colloids (C_,, ng/cm® porewater), and sorbed in/on the solids (S, ng/g solid):

C, = ¢C,, +¢C ,+(1-d)p,S (2-44)

where ¢ is the porosity of the sediment bed (cm’pw/cm’sed), and p, is the density of the

dry solids. The change of the total concentration in the sediments with time is

oC, ) 9(¢C,,) . aC,,) .\ (1 -¢)p,S] (2-45)
ot ot ot ot '
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Adapted from Equations 2-8, 2-15, 2-21a, 2-32, 2-33, and 2-34, and following the
examples of Berner (1980) and Wong (1992), the terms on the right hand side of Equation

2-45 can be written as

0(¢C a(¢C aC
@Cp) | 2, 20C) 0 0C] e o
ot oz oz 0z F
(2-46a)
36vC,) K (1-9)p,
- - KC -S
0z 1+Kcmm( aCpu™5)
aPCy) 5|, 9(C.,) acC,,
__3?‘2‘— = _a_z DB_aTq"" +¢D‘{ az_l] - a(d)ccol—ccol.w)
: (2-46b)
- a(‘bvccol) _ kl (1 —¢)pchmooc chcol -S
az 1 +KC mCOC KcmCOC
and
A1 -9)p,S1 _ 3 [ 1-0)p,S1] _a1-4)p,wS]
ot az | ° oz 0z (2-46¢)
vk (1-0)0,(K,C,,~S)
where
z = vertical coordinate, positive upward,
C. = concentration of species dissolved in bulk seawater, ng/cm’sw,
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C... = concentration of species associated with the colloids in bulk seawater,

ng/cm’sw,

D, = bioturbation coefficient, cm?/s,

D', = aqueous molecular diffusivity corrected for porosity and tortuosity,
cm?/s,

D', = aqueous colloidal diffusivity corrected for porosity and tortuosity,
cm’/s,

a = irrigation rate constant, 1/s,

v = porewater advection rate, cm/s,

® = gsedimentation rate, cm/s,

k, = desorption rate constant, 1/s,

K, = solid-water distribution coefficient, cm’pw/g solid,

K. = colloid-water distribution coefficient, cm’pw/g col. org. C, and

m, = concentration of colloidal organic carbon in the porewater,

g col. org. C/cm’pw.
To simplify the model, it is assumed that
(1) C, and C,, ,, are negligible compared to C,, and C,, ;
(2) porewater advection and sedimentation are negligible;
3) ¢,p, D D', D', a, k, K, K, and m_, are constant with depth;
(4) C,. and C,_, are in equilibrium; ie, C, = K.-m_C,, ;and
(5) the concentrations of chemicals in dissolved, colloidal, and sorbed phases

change so slowly that dC,./dt, dC_,/dt, and dS/dt are approximately zero.
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Thus, the equation for mobile species is of the form:

aC aC
0 = pw col
¢ ot "¢ ot

. o*c,, (2:47)
= d) [DB(I +Kcmwc) +(Dm +DcKcmcoc )] '—aZT

-da(+K,m,)C,, -k (1-0)p,KK,C,,-S) .

And for sorbed species,

d
0= (1-0)p, 2

(2-48)

- (1-0)0,0, 25 1 k(1 -9)p K,C,, - )
ps Bazz 1 p.: d™ pw *

By defining D, = vy(1+K.m_), D, = D' +D'K.m_, & = a(1+K.m_, ), and p = (1-$)p./,

Equations 2-47 and 2-48 can be reduced to

\ _
i UL S L S (2-49)
dz*>  Dy+D, " Dy+D

m

and

€2 g, lde -0 . (2-50)




The boundary conditions for Equations 2-49 and 2-50 are
(1) C.=¢C, at z=0;
(2) dS/dz=10 at z=0;
3) C,.=C, at z = -L (the depth of the biologically active layer); and
4 S=K(C, atz=-L

For most organic chemicals, it can be assumed that a << k,pK,; therefore, the solutions

of Equations 2-49 and 2-50 are

C, =C +—= _CL_C"
i e(Dy+D )L

coth(eL) +1
DypK,

CL 'Co
DgpK, ¢
L+ —————tanh(el) (2-51)
€(Dg+D,)

D.pK
(€, -Cp)——22
€(Dg+D,) .
- Y smh[e(L +z)]
Leosh(eL) +—22 24 ginh(eL)
€(Dg+D,)

and
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(€, -G)K,

§ =CK,;, + ———
€(Dy+D,)L
————coth(eL) +1
DypK,
_ (C-C)K,
D.pK
L+—2074 tann(eL) (2-52)
€(Dg+D,)
K
(C,-Cp) =
+ < sinh[e(L+z)]
DppK,; .
Lc&h(ﬁL)+—-:——T-Slnh(€L)
€e(Dy+D,)
where
€. | ek K (2-53)
DB+Dm DB

(See Appendix for the derivation.)

The concentration gradient at the sediment-water interface (z = 0) is

(cL-co)(l : '_{“"DB]

4Cpy - Dy +D,, (2-54)
o, KaPDs ner
€(Dy+D,)
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The validity of the assumption that o << k,pK, is summarized in Figure 2.3.

Given Equation 2-38, avk,pK, becomes

5 «(l+K.m,)p R?

¢ coc

kipK;  02p°D,K,f,

(2-55)

Assuming that o was negligible compared with k,-p-K, if avk,-p-K, = 0.1, the values of
R that made a/k,pK,=01 when m_ =10*g col. org. C/cm’pw, ¢ =0.9,
D, = 3x10° cm?s, and f,, = 1% (R,,,,) were calculated from Equation 2-55 and shown in
Figure 2-3. For sediments the aggregate radius of which is smaller than R, a << k,pK,,
and hence, this model is applicable. This figure is just a quick reference. For evaluation
of the model applicability to sites and organic pollutants of interest, the values of o and

k,-p'K, need to be calculated.

2.6.2 Flux expressions

The total flux across the sediment-water interface (F, ) is the sum of the diffusive

flux (F, ) and the irrigational flux (F, ): F, = F, + F,.

DIFFUSIVE FLUX

The diffusive flux from the sediment bed across the sediment-water interface is
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Figure 2.3 Examination of the model applicability. For sediments the aggregate radius
of which is smaller than R, this model is applicable.
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- - dC
Fp = -¢(Dy+D, ) —== (2-56)
dz |,
Substituting Equation 2-54 into Equation 2-56 yields
- - K. pD
¢(DB+D,.)(CL-CO)(1 e e
F, - D5 Dy, 2-57)
D
K,p Dy
L+ —_— tanh(e L)
€(Dy+D,)

This expression indicates that the flux of a sorptive chemical is enhanced by
desorption. For a non-sorptive chemical (i.e,, K, = 0), the diffusive flux within the

sediment bed (F'p) is

C,-C
Fp = ¢(D, +Dpy 22 (2-58)

The magnitude of the sorption enhancement is the ratio of F to F'; :
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Fomive  _ Fpg-0)

ENHANCEMENT

/
Fnon-soqm'w FD (z=0)

L+ XaPDg (2-59)

DB+DM . DB+Dm

/
Dy +D, l+———————————deDB tanh(e L)

eL(58+Dm)

Defining

K;pDy

1+

'lp' - DB+DM
K,p Dy

b4 — - tanh(eL)
eL(Dy+D,) (2-60)

eL(D_B +5m) +K,pDgelL
€L(D,+D,) +K,pDytanh(eL)

and substituting into Equation 2-59 gives

+D
Fp = 0 (C=Co)¥ (2-61)

Since eL >> 1, tanh(eL) = 1. The y equation can be simplified:

¥ = 58+5M+deDB
5 +5 + deDn . (2-62)
B m €L




Here we assume chemical concentration profile is in steady state; therefore, the

diffusive chemical flux in the sediments must be equal to that in the diffusive boundary

layer (F,), in which

C,-C

F,=(D,+Dm,K.) ¥, (2-63)
) Zw
Let D, = D, + D;m,, K, hence,
D.+D D
Fp=¢——"(C,-C)¥ = =% (C,-C,)=F, . (2-64)
L Z,
This yields
D, +D D
¢y (Dy+D,) c,+ ¢
L Z
G = — u . (2-65)
¢y (Dy+D,) . D,
L Z

w

Letting C,= S,/K, and substituting Equation 2-65 into Equation 2-64 gives

=z : (2-66)
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In this flux expression, the denominator can be interpreted as the total resistance of the
mass transfer across the sediment-water interface, which is the inverse of the total mass
transfer velocity (v,,). This total resistance consists of the resistance in the biologically
active layer (1/v,) and that in the diffusive boundary layer (i/v,):

1

1.1 (2-67)
v v, v,

[~ 4

in which
1. L (2-68)
Ve  oy(Dy+D,)
and
1 _Z4 (2-69)
vW DW

If 1/v,>> /v, 1/v,, = 1/v,, which means the transfer is dominated by the diffusive water
boundary layer. If l/v, << l/v,, the transfer is dominated by the biologically active
sediment layer.

In the case that desorption in sediments is very fast, that is, k, — o (i.e., € —> o),
the concentration of dissolved species and the concentration of sorbed species are about
in equilibrium, and an equilibrium desorption enhancement factor can be derived from

Equation 2-62:
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q,eq = _m (2-70)
Dy+D,
The sediment resistance becomes
r L . @2-71)
v‘eq ¢(DB+DM+deDB)
And the diffusive flux under this equilibrium condition is
S
L _ C,
K,
Fy, = . (2-72)
eq Zw L

—~ +

D, ¢(D,+D, +K,pD,)

Equation 2-72 is less complicated than the non-equilibrium flux equation (Equation 2-66).
If simple estimation of the diffusive flux is desired, Equation 2-72 can be used to predict
the upper limit of the diffusive flux, and the ratio y/y,,

‘l’ D-B + b-m

Yo 5.5 . KaeDs’ @73)

+D +— =
B m GL

helps evaluate the simplification.
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From Equations 2-51, 2-52, and 2-65, the theoretical concentration profiles of the
dissolved species and the species sorbed in the solids of sediments can be calculated, and
those are generally illustrated in Figure 2.4. The concentration profile of the dissolved
species calculated in this way is similar to those reported earlier by Boudreau and
Guinasso (1982) (Figure 2.5). The sediment layer in which the concentration of dissolved
species and the concentration of sorbed species are out of equilibrium is only a small
fraction of the entire sediment bed. The thickness of this layer is approximately as large

as L/y.

IRRIGATIONAL FLUX

The irrigational flux across the sediment-water interface is

0 0
F=daf (C,, -Cldz+da[ (o -Cy)dz -

-0
=¢a(l +mch)J_LCM‘)dz ~ba(l+m,  K)CL

in which
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Figure 2.4 Concentration profiles of dissolved species and sorbed species predicted from
the model
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Figure 2.5 Schematic representation of the concentration gradient of a species diffusing
from the sediments: (a) internally controlled regime: the resistance of the diffusive water
boundary layer is much less than the resistance within the sediments; (b) intermediate
regime; (c) external diffusion regime: the resistance of the diffusive water boundary layer
is much greater than the resistance in the sediment bed (Boudreau and Guinasso 1982).
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C,-C,)K,pD
['c dz = - %Py ()

L P eL(Dy+D,)

(C,-Cy)LK,pD,
eL(D,+D,)+K,0D,

(2-75)

(C,-Cy)L*e(Dy+D,)
2[eL(D,+D,) +K,pD,]

under the assumption that cosh(eL.) — o, tanh(eL) = 1, coth(eL) = 1, and sech(eL) = 0.

From Equations 2-74 and 2-75, we can know that the irrigational flux increases
with a thicker biologically active layer (i.e, L increases), but decreases with a higher
overlying water concentration (C,). Therefore, the extent of irrigation is controlled not
only by the quality of the sediment bed, but also by the quality of the overlying water.
The effect of colloids on the irrigational flux is not significant, which will be discussed

in Section 2.7.

2,7 Sensitivity Analysis

A sensitivity analyses was conducted to identify the model parameters that are
critical for controlling the flux of organic chemicals across the sediment-water interface.
The parameter values used for this analysis are listed in Table 2.2, and the results are
shown as Figures 2.6 to 2.15. The sensitivities of the ratio of the resistance in sediments
to the total resistance (r,) and the ratio of the resistance in the diffusive water boundary

layer to the total resistance (r,) are also demonstrated in these figures.
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Table 2.2 Parameter values for the sensitivity analysis

BASE LOWER UPPER FIGURE TABLE
PARAMETER VALUE LIMIT LIMIT NUMBER NUMBER
f. 4.2% 1.0% 10.0% 2.6 2.3
“ ¢ 0.80 0.01 0.99 2.7 2.4
R (cm) 0.01 1x10° 1x10° 2.8 2.5
L (cm) 20 1 100 2.9 2.6
i
Z_ (cm) 0.015 1x10? 1x10° 2.10 2.7
D, (cm?s) 1x10° 1x10" 1x10* 211 2.8
o (1/s) 5x107 1x107 1x10* 212
m, (g COClem?) 1x10° 1x10" 1x10™ 2.13 29
m,.. (g COC/cm’) 1x10° 1x10"° Ix10* 2.14 2.10
4.1x10°
(pyrene)
D, (cm?s) 1x10° 1x10° 2.15 211
| 3.7x10°
(b(a]p)
1.7x10?
(pyrene)
K. (cm’/g) Ix10° 1x10’ 2.15 2.11
3.9x10°
(bla]p)
5.2x10*
(pyrene)
[ K, (cm’/g COC) * *
1.2x10°
(b[alp)
D. (cm’/s) 3x10*
p, (g/cm’) 25
S, (ng/g) 1000
C, (ng/cm’) 0

* It is assumed K, = 03K, .
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For sediments rich in organic matter, a large fraction of each organic chemical is
sorbed to the solids. On the one hand, the desorption enhancement is extensive (Table
2.3) because of the abundant source of each chemical from the solids to the porewater.
As a result, the resistance in the sediment bed is lessened as f, is increased. On the other
hand, the fraction of mobile chemical, i.e. the fraction of chemical that is able to travel
across the sediment-water interface, is diminished with greater organic matter contents.
Since the water resistance is more important than the sediment resistance, the net effect
is that the diffusive flux only decreases somewhat as the sediment organic carbon content
increases (Figure 2.6). The irrigational flux also decreases due to the decreasing amount
of mobile chemicals.

For sediment of higher porosity, the fraction of mobile chemical is larger;
however, the desorption enhancement becomes less significant. The degree of the
decrease of the desorption enhancement is larger than the increase of porosity (Table 2.4).
As a result, the resistance in the sediments increases as the porosity increases. When the
water resistance, which does not change with the porosity, 1s much more important than
the sediment resistance, the diffusive flux is not sensitive to porosity (Figure 2.7). For
porosity larger than 0.9, desorption decreases to a greater extent, and the sediment
resistance becomes more significant. Therefore, the diffusive flux decreases as the
porosity decreases. In contrast, the irrigational flux is not controlled by the resistances.
The more the mobile chemical is, the larger the irrigational flux is. However, the
irrigational flux is insignificant compared to the diffusive flux. The sensitivity of the total

flux to porosity is consistent with the sensitivity of the diffusive flux to porosity.
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Table 2.3 Sensitivities of the enhancement factor (y) and resistances to the organic
carbon content (f,.) of sediments

PYRENE

f,. 1 /v, /v, /v,
s/cm s/cm s/cm
1% 730 2600 3400 6000
2% 1400 1300 3400 4700
3% 2100 910 3400 4300
4% 2700 700 3400 4100
5% 3300 570 3400 4000
6% 3900 480 3400 3900
7% 4400 420 3400 3800
8% 5000 370 3400 3800
9% 5600 340 3400 3700
10% 6100 310 3400 3700

BENZO[A]PYRENE
f, 17 /v, /v, 1/v,,
s/cm s/cm s/cm
1% 6800 140 2000 2200
2% 12000 76 2000 2100
3% 17000 55 2000 2100
4% 22000 43 2000 2100
5% 26000 36 2000 2100
6% 30000 32 2000 2100
7% 33000 28 2000 2100
8% 37000 25 2000 2100
9% 40000 23 2000 2100
10% 44000 21 2000 2100
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Figure 2.6a Sensiuvities of fluxes and resistances to the organic carbon content (f,) of
sediments for pyrene
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Figure 2.6b Sensitivities of fluxes and resistances to the organic carbon content (f,.) of
sediments for benzo[a]pyrene
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Table 2.4 Sensitivities of the enhancement factor (y) and resistances to porosity (¢)

PYRENE

) 1] /v, /v, /v,
s/cm s/cm s/cm
0.1 120000 150 3400 3500
0.2 55000 170 3400 3600
0.3 31000 200 3400 3600
0.4 20000 230 3400 3600
0.5 13000 270 3400 3700
0.6 8200 340 3400 3700
0.7 5000 450 3400 3800
0.8 2800 670 3400 4100
0.9 1200 1300 3400 4700
0.99 103 13000 3400 17000

ENZO[A]IPYRENE
¢ 17 /v, /v, /v,
s/cm s/cm s/cm
0.1 940000 10 2000 2100
0.2 420000 11 2000 2100
03 240000 12 2000 2100
0.4 150000 14 2000 2100
0.5 99000 17 2000 2100
0.6 64000 2] 2000 2100
0.7 40000 28 2000 2100
0.8 23000 42 2000 2100
0.9 9700 83 2000 2100
0.99 850 820 2000 2900
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Figure 2.7a Sensitivities of fluxes and resistances to porosity (¢) for pyrene
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Figure 2.7b Sensitivities of fluxes and resistances to porosity (¢) for benzo[a]pyrene
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The desorption of a chemical in the sediments depends on the size of the
aggregates; for larger aggregates, the desorption rate decreases. Consequently, the
desorption enhancement is smaller, and the resistance in sediments becomes more
extensive (Table 2.5). For aggregates smaller than 10?2 c¢cm, the sediment resistance is
much less important than the water resistance; therefore, the flux is not sensitive to the
aggregate size (Figure 2.8). For aggregates larger than 107 c¢m, the sediment resistance
becomes more important, and the flux decreases as the aggregate size increases.

For diffusive fluxes, the resistance in the sediments becomes larger when the
pollutants need to travel a longer distance (Table 2.6). However, this effect is
counterbalanced by the desorption enhancement, which increases as the thickness of the
biologically active layer (L) is increased. The desorption enhancement for a highly
hydrophobic chemical, such as benzo[a]pyrene, is greater than that for a ruore soluble
chemical, such as pyrene. As a result, for a more hydrophobic chemical, the sediment
resistance becomes less important, and the diffusive flux is not as sensitive to L as that
is for a soluble chemical (Figure 2.9). In contrast to the diffusive flux, the irrigational
flux is proportional to L for both hydrophobic and soluble chemicals. The sensitivity of
the total flux to L depends on the competition of the diffusive flux with the irrigational
flux. Generally, under the conditions modeled here, the irrigational flux F, is small
relative to its counterpart diffusive flux F (Figure 2.9).

The thickness of the diffusive water boundary layer (Z,) determines the magnitude
of the resistance in this layer (Table 2.7). For the Z,, values reported in the studies cited

in Section 2.5 (107 to 10° cm), the water resistance, which is increased for thicker water
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Table 2.5 Sensitivities of the enhancement factor (y) and resistances to the aggregate
size (R)

EXRENE

R V] I/v, /v, 1/v,,
cm s/cm s/cm s/cm
10° (100 nm) 3300 560 3400 3900
10" (1 um) 3300 560 3400 3900
10 (10 um) 3300 570 3400 4000
107 (100 um) 2800 670 3400 4100
10" (1 mm) 1100 1700 3400 5000
10° (1 cm) 160 11000 3400 15000

BENZO[A]PYRENE

R 1 /v, /v, 1/v,,
cm s/cm s/cm s/cm
10° (100 nm) 38000 24 2000 2100
104 (1 pm) 38000 25 2000 2100
10° (10 um) 36000 26 2000 2100
10% (100 pm) 23000 42 2000 2100
10" (1 mm) 4800 200 2000 2200
10° (1 cm) 540 1800 2000 3800
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Figure 2.8a Sensitivities of fluxes and resistances to the aggregate size (R) for pyrene
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Table 2.6 Sensitivities of the enhancement factor () and resistances to the thickness of
the biologically active layer (L)

EXYRENE
L 17 /v, /v, /v,
cm s/cm s/cm s/cm
1 680 140 3400 3500
10 2400 390 3400 3800
20 2800 670 3400 4100
50 3100 1500 3400 4900
70 3200 2100 3400 5500
100 3200 2900 3400 6300
BENZO[A]PYRENE

L Y 1/v, /v, /v,
cm s/cm s/cm s/cm
1 2500 29 2000 2100
10 16000 30 2000 2100
20 23000 42 2000 2100
50 30000 78 2000 2100
70 32000 100 2000 2200
100 34000 140 2000 2200
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Table 2.7 Sensitivities of the enhancement factor () and resistances to the thickness of
the diffusive water boundary layer (Z,)

PYRENE
Z, 11 /v, /v, 1/v,,
cm s/cm s/cm s/cm
107 (10 um) 2800 670 230 900
10? (100 pm) 2800 670 2300 2900
10" (1 mm) 2800 670 23000 23000
10° (1 cm) 2800 670 230000 230000

BENZO[A]PYRENE

Z, W /v, /v, /v,
cm s/cm s/cm s/cm
10° (10 pm) 23000 42 140 180
107 (100 pm) 23000 42 1400 1400
10" (1 mm) 23000 42 14000 14000
10° (1 cm) 23000 42 140000 140000
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boundary layers, is more significant than the sediment resistance. Therefore, the decrease
of the diffusive flux is very sensitive to the increase of Z, (Figure 2.10; note the use of
logarithmic scales of the flux diagram). In contrast, the irrigational flux increases when
Z, increases, because when Z, is larger, the amount of chemicals released from the
sediments is smaller, and, consequently, the concentration difference between the
chemicals in the sediments and the chemicals in the overlying water column is larger.

Bioturbation facilitates the chemical exchange across the sediment-water interface.
However, when bioturbation is much slower than molecular diffusion (D, << D')),
molecular diffusion is the only transport mechanism within the sediments. The transport
in the sediments becomes so slow that the sediment resistance is much inore significant
than the water resistance. Therefore, molecular diffusion is the dominating transport
factor controlling the diffusive flux, and consequently the diffusive flux is not sensitive
to such slow bioturbation (Figure 2.11). When bioturbation becomes comparable to
molecular diffusion, the sediment resistance is decreased with faster bioturbation (Table
2.8), and the diffusive flux becomes sensitive to bioturbation.

As indicated in Section 2.6.1, irrigation has negligible effect on the vertical
distribution of the chemical concentration. Therefore, the diffusive flux is not sensitive
to the irrigation rate a (Figure 2.12). The irrigational flux is proportional to the irrigation
rate. However, for commonly reported irrigation rates (10 ~ 107 1/s), the irrigational
flux is not significant, so the total flux is not sensitive to irrigation.

When there are more organic colloids in the porewater, the fraction of organic

chemicals that can travel across the sediment-water interface is larger. However, this
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Table 2.8 Sensitivities of the enhancement factor () and resistances to the bioturbation
coefficient (Dg)

D, V] /v, /v, 1/v,,
cm?/s s/cm s/cm s/cm
10" 1.0 8700000 3400 8700000
10 1.2 7600000 3400 7600000
16° 2.6 3400000 3400 3400000
10° 17 530000 3400 530000
107 150 56000 3400 59000
10° 1100 5800 3400 9200
10° 2800 670 3400 4100
10 2500 94 3400 3500

BENZO[A]JPYRENE

D, 7} /v, /v, 1/v,,
cm?/s s/cm s/cm s/cm
10" 1.2 4400000 2000 4400000
107" 3.2 1700000 2000 1700000
10° 23 230000 2000 240000
10 220 24000 2000 26000
107 2000 2500 2000 4500
10°¢ 13000 280 2000 2300
10° 23000 42 2000 2100
10" 13000 8.4 2000 2100
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effect is not significant from the point of view of bed-water fluxes. The ratio of the
amount of the chemicals in the colloidal phase to that in the dissolved phase 1s K m,_,.
When the porewater colloids are not abundant, the amount of chemicals associated with
colloids is negligible. The fluxes, the desorption enhancement, and the resistance in the
sediment are not sensitive to the colloid concentration in the porewater (Figure 2.13,
Table 2.9). Even when the organic colloid concentration in the porewater increases to the
extent that the amount of the chemical in the colloidal phase is comparable to the amount
of the dissolved chemical, the diffusive flux does not show a significant increase. The
reason is that when the chemical concentration in the porewater, including the chemical
in the colloidal phase, is high, the tendency for enhanced desorption decreases (see Table
2.9). The colloidal enhancement is canceled by the decreasing desorption enhancement.
The overall effect slightly decreases the sediment resistance. Since the water resistance
is larger than the sediment resistance for the base parameter values for the sensitivity
analysis, the diffusive flux is not sensitive to the organic colloid concentration in the
porewater. However, the irrigational flux, which is not influenced by the sediment
resistance, shows a slight sensitivity (see Figure 2.13).

Similar to the organic colloid concentration in porewater (m_,), the organic colloid
concentration in the overlying water column (m,.,) has a negligible effect on the
resistance in the water boundary layer when m,,, is small (Figure 2.14, Table 2.10).
Unlike the sediment resistance for m_,., when m,,, is large, there is no canceling factor
for the water resistance, and the water resistance becomes small; therefore, the diffusive

flux reflects the decrease of the water resistance and increases. In contrast, the
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Table 2.9 Sensitivities of the enhancement factor (y) and resistances to the concentration
of colloidal organic carbon in porewater (m_,)

PYRENE
m,, W 1/v, /v, /v,
g COC/cm® s/cm s/cm s/cm
10" 2900 670 3400 4100
10° 2900 670 3400 4100
10°® 2900 670 3400 4100
10”7 2900 670 3400 4100
10° 2800 670 3400 4100
10° 2000 650 3400 4000
10 550 610 3400 4000
BENZO[A]PYRENE
m,, W /v, /v, 1/v,,
g COC/cm® s/cm s/cm s/cm
10" 40000 50 2000 2100
10° 40000 50 2000 2100
10°® 40000 50 2000 2100
10”7 37000 48 2000 2100
10° 23000 42 2000 2100
10° 5100 32 2000 2100
10 650 27 2000 2100
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Table 2.10  Sensitivities of the enhancement factor (y) and resistances to the

concentration of colloidal organic carbon in seawater (m,,,)
PYRENE
M., V7 /v, /v, 1/v,,
g COC/cm’ s/cm s/cm s/cm
10" 2800 670 3500 4200
10° 2800 670 3500 4200
10°® 2800 670 3500 4200
107 2800 670 3500 4200
10° 2800 670 3400 4100
10° 2800 670 2600 3200
10* 2800 670 760 1400
BENZO[AIPYRENE
M, 7 I/v, /v, 1/v,,
g COC/cm’ s/cm s/cm s/cm
107° 23000 42 4000 4000
10° 23000 42 4000 4000
10* 23000 42 4000 4000
10”7 23000 42 3600 3700
10° 23000 42 2000 2100
10° 23000 42 380 420
10" 23000 42 42 83
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irrigational flux decreases because when the diffusive flux is larger, the concentration
difference between the chemical in the sediments and the chemical in the overlying water
column becomes smaller.

In addition to the sensitivities to the environmental factors discussed above, the
sensitivities to properties of the chemical of interest were also analyzed. The properties
of chemicals that can affect the fluxes are the aqueous solution molecular diffusivity (D,)),
the organic carbon-water partition coefficient (K,) and the organic colloid-water
distribution coefficient (K.). The K, values for pyrene and benzo[a]pyrene at site Sl
reported by Chin 2and Gschwend (1992), which were used as the base values for this
sensitivity analysis, were about three-tenths as great as the corresponding K, values (see
Table 2.2). Therefore, for this sensitivity analysis, K_ is assumed to be three-tenths as
much as K, .

When the chemical is more mobile (i.e., b, is large), the resistances in both the
sediments and the water boundary layer are smaller, and the diffusive flux is greater
(Figure 2.15a). Hydrophobic chemicals, which have high K and K_ tend to be
associated with the solid matrices and the colloids in the sediments. Similar to the effect
of the organic content of the sediments, the sediment resistance is reduced by the
extensive desorption enhancement (Table 2.11), and the water resistance is also lowered
due to the high affiliation of hydrophobic chemicals with the colloids. However, for
higher K. compounds, only a small fraction of the chemical is dissolved in the porewater
and able to move across the seaiment-water interface. The net result of the competition

between the enhanced load of mobile species and the increased total resistance determines
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Table 2.11 Sensitivities of the enhancement factor () and resistances to the organic
carbon-water partition coefficient (K,,)

Dm = 10° cm%/s

K. W /v, /v, 1/v,,
cm’/g s/cm s/cm s/cm
10° 1.0 2300000 15000 2300000
10' 1.2 1900000 15000 1900000
10* 3.4 680000 15000 700000
10° 25 95000 15000 110000
10* 220 11000 15000 25000
10° 1800 1300 14000 15000
10° 9500 190 7900 8100
10’ 21000 25 1500 1500

Dm = 102 cm%s

| '} /v, Iiv, 1V,
cm’/g s/cm s/cm s/cm
10° 1.0 1500000 1500 1500000
10' 1.2 1300000 1500 1300000
10? 2.6 590000 1500 590000
10° 17 90000 1500 92000
10* 160 9700 1500 11000
10° 1400 1000 1500 2500
10° 10000 120 1400 1500
10’ 34000 14 790 800
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the sensitivity of the diffusive flux to K, (see Figure 2.15a). In contrast to the diffusive

flux, a high D,, slightly decreases the irrigational flux (Figure 2.15b) because the larger

diffusive flux due to the large molecular diffusivity lowers the concentration differences
between the chemical in the sediments and the chemical between the overlying water
column. The irrigational flux is sensitive to K because there is no counterbalancing
factor like the desorption enhancement for the diffusive flux.

In summary, these sensitivity analyses indicate

(1) f., Z,, Dg, and K, are very important parameters;

(2) R and L are conditionally important; for R > 0.1 mm, the flux is sensitive to R;
the flux of a soluble chemical is more sensitive to L than the flux of a
hydrophobic chemical; and

3) ¢, ¢, m, ,and m,, are negligibly important factors for typically reported values.

These parameters are generally measured or estimated in studies concerning sediments.

Efforts to quantify fluxes of organic pollutants at sites of interest need to focus on the

estimation of the organic carbon content of the sediments, the thickress of the diffusive

water boundary layer, the bioturbation coefficient, as well as the organic carbon-water

partition coefficients of the organic pollutants of interest.

2.8 Discussicn
This flux model is not applicable to all organic chemicals. It was assumed that
a << k,pK, during the development of the flux model; however, this assumption may not

be valid for hydrophilic organic chemicals or sediments composed of coarse aggregates.

94




It is necessary or compare o and k,-p-K, before using the model, especially for

hydrophilic organic chemicals.

The sensitivity analysis demonstrates that the diffusive flux is more significant

than the irrigational flux in most cases. The irrigational flux can be comparable to the

diffusive flux when

(1)

(2)

)

the diffusive water boundary layer is thicker than 1 mm (see Figure 2.10). This
indicates that when the surface of the sea bottom is very smooth, or the horizontal
flow velocity of the overlying water column is very small, the irrigational flux can
be greater than the diffusive flux.

the bioturbation of the sediments is slower than 107 cm*/s. When the bioturbation
is very slow, the resistance of the sediments for the diffusive flux becomes so
large that under the modeled condition: o = 5x107 1/s, the irrigational flux can be
comparable to the diffusive flux (see Figure 2.11). Generally, slow bioturbation
indicates that the sediments are heavily polluted. The biological irrigation should
be slow as well, and the irrigational flux can still be smaller than the diffusive
flux. Therefore, we can not conclude that the irrigational flux is more important
than the diffusive flux for heavily polluted sediments.

the biological irrigatior '« faster than 10° 1/s. Under this condition, even if
bioturbation is as fast as 10° cm?/s, the irrigational flux can not be neglected (see

Figure 2.12).
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It should be noted that even when the irrigational flux is larger than the diffusive flux
under the conditions described above, irrigation remains negligible for the vertical
distribution of the chemical concentration in most cases.

The sensitivity analysis shows that the resistance in the diffusive water boundary
layer is usually the dominant resistance. This results from the significant reduction of the
sediment resistance by the desorption enhancement (see Tables 2.3 - 2.11). The
significance of desorption enhancement also indicates that desorption generally is not the
step that limits the chemical exchange between the sediments and the overlying water
column. The limiting step is the diffusion of chemicals across the water boundary layer.
However, there are a few exceptions:

(1)  When bioturbation is slow (D, < 107 cm?/s), the sediment resistance is more
important than the water resistance. Because the biologically active layer is
extensively thicker than the water boundary layer, molecular diffusion alone is too
slow to drive chemicals across the sediment bed in a shorter time than across the
water boundary layer.

(2)  For more hydrophilic organic chemicals (K, < ~10* cm’/g, e.g. fluorene), the
sediment resistance may become more important than the water resistance (see
Figure 2.15d). Due to the small degree of desorption enhancement for relatively
water-soluble chemicals, the sediment resistance exceeds the water resistance (see
Table 2.11).

(3) The sediment resistance can be more important than the water resistance even for

a chemical whose K, is larger than 10* cm’/g {e.g. pyrene) (see Figure 2.10a).
g1\ p
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When the overlying water column is very turbulent, or the surface of the sediment
bed is very rough, the diffusive water boundary layer can be so thin that the water

resistance becomes smailer than the sediment resistance.

2.9 Summary

This chapter presented a tlux model for the transfer of organic chemicals between
bed sediments and the overlying water column. The following summarizes the key results
of this modelling effort.

1. The sediment-water environment was divided into three layers according
to the chemical transport mechanisms: the turbulent water layer, the diffusive water
boundary layer, and the biologically active sediment bed. In this study, seawater flushing
was assumed to be very fast; thus, only the other two layers controlled the sediment-water
exchange (Section 2.2).

2. The key transfer mechanisms in the sediments were molecular diffusion,
bioturbation, biological irrigation, and desorption. In the diffusive water boundary layer,
molecular diffusion was the dominant transport mechanism (Sections 2.3, 2.4, and 2.5).

3. Biological irrigation usually has negligible effects on the wvertical
distribution of the chemical concentration in the sediments (Section 2.6.1). Generally, the
diffusive flux i1s more important than the irrigational flux when Z, <1 mm,
D, > 107 cm?/s, and a < 107 1/s (Sections 2.7, 2.8).

4, The diffusive flux across the sediment-water interface can be quantified

using the concentration difference between the sediments and the overlying water column
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divided by the sum of the resistance of the sediment and the resistance of the water
boundary layer (Section 2.6.2).

5. Among the model parameters, the organic carbon content of the sediments
f... Dg, Z,, and K, are the ones that critically control the flux across the sediment-water
interface. Therefore, people who are interested in investigating the flux of organic
chemicals from sediments need to focus or the estimation of these critical parameters
(Section 2.7).

6. Although colloids can carry organic chemicals across the sediment-water
interface, the flu:x is not increased significantly by higher colloid concentrations (Section
2.7).

7. The resistance of the water boundary layer is usually more important than
the sediment resistance because the desorption enhancement significantly reduces the
sediment resistance (Sections 2.7, 2.8).

8. This flux model may not be applicable to hydrophilic organic chemicals
or sediments composed of coarse aggregates. Before using this model to calcuiate the
flux of organic chemicals from sediments, one must check if & << k,pK, (Sections 2.6.2,

2.8).
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CHAPTER 3
APPLICATION OF THE FLUX MODEL: ESTIMATION OF THE FLUXES OF

ORGANIC CHEMICALS FROM THE SEDIMENTS IN BOSTON HARBOR

3.1 Study Sites and the Analytical Data

The sediment samples for this study were taken from three sites in Boston Harbor
(Figure 3.1). Large box cores (0.25 m*) were taken, in conjunction with colleagues from
the University of Massachusetts/Boston, outside the mouth of Fort Point Channel (FPC)
on November 14, 1989, south of Peddocks Island (PI, 42°17'20"N, 70°55'44”W) on
June 12, 1990, and northwest of Snectacle Island (SI, 42°19'46"N, 70°59'34”W) on
October 10, 1990. FPC represents the inner harbor, into which contaminants are
discharged from several sources including the largest untreated combined sewer overflows
(CSOs) (Figure 3.2, Rex et al. 1991). Neither of the sites in the outer harbor (PI, SI) is
near the outfalls of the sewage plants at Deer Island and Nut Island. However, SI is close
to a large former CSO discharge on Moon Island and other Dorchester Bay CSOs
(MWRA 1993). In addition, when the tide is ebbing, the water quality near SI is
deteriorated by the heavily polluted water from the inner harbor. Unlike FPC and SI, PI
is far from CSOs (see Figure 3.2).

The core samples were sectioned and analyzed for total organic carbon (Wong
1992), porosity (Susan McGroddy, unpublished), polycyclic aromatic hydrocarbon (PAH)
concentrations (Susan McGroddy, unpublished), organic colloid concentrations (Yu-Ping

Chin and Philip Gschwend, unpublished), *’Rn (Wong 1992), and **Th (Gordon Wallace,
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Figure 3.1 Location of the study sites in Boston Harbor (Wong 1992)



TS .

Massachusetts

Figure 3.2 Locations of the combined sewer overflows and wastewater outfalls (Rex et
al. 1991)
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unpublished). The **Rn data were used to calculate the irrigational rates, and the **Th
data were used to calculate the bioturbation coefficients.

The organic content of the sediments (f,) was determined by weight loss on
ignition of dried sediments at 450°C overnight (Wong 1992). The values of f,, were
variable with depth, but averaged 5.1% at FPC and 4.2% at both PI and SI.

The porosity (¢) was calculated from the water content of the sediments measured
by S. McGroddy (unpublished data), and the dry density of the sediments (p,) was
assumed to be 2.5 g/cm’. The porosity of the sediments at each site was found to
decrease with depth (Figure 3.3). The averages of the porosity at PI and SI were 0.77 and
0.71, respectively. The porosity of the sediments at the top centimeter at FPC was used
to calculate the flux because it was assumed that only the top centimeter of the sediments
was biologically active based on the fact that the excess activity of ***Th was undetectable
below 1 cm.

The concentrations of several PAHs in the sediments were measured at these sites
(Figure 3.4, S. McGroddy, unpublished). These PAH concentrations irregularly varied
with depth. The PAH concentrations at FPC and SI are much higher than the PAH
concentrations at PI, which agrees with the fact that FPC and SI are near the CSO,
whereas PI is not.

The organic colloid concentrations in the porewater (m_ ) were measured using
the ultrafiltration method along with ultraviolet spectrophotometry and to:al organic

carbon analysis described in Chin and Gschwend (1991) and Chin et al. (1991). The
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Figure 3.3 Porosity of the sediments at the (a) Fort Point Channel (b) Peddocks Island

and (c) Spectacle Island sites (from McGroddy, unpublished data)
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Figure 3.4a Concentrations of the PAHs sorbed in/on the solids of the sediments ai ihe
Fort Point Channel site (McGroddy, unpublished data)
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Figure 3.4b Concentrations of the PAHs sorbed in/on the solids of the sediments at the
Peddocks Island site (MicGroddy, unpublished data)
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Figure 3.4c Concentrations of the PAHs sorbed in/on the solids of the sediments at the
Spectacle Island site (McGroddy, unpublished data)
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results are shown as Figure 3.5. The organic colloid concentration at the top sediments
at each site was used to calculate the flux.

The measurement of the **’Rn concentration was detailed in Wong (1992). The
biological irrigation was then quantified with Equation 2-19 [ou(x) = a,exp(-x /a,)], by
numerically fitiing the deficit profiles of *’Rn to optimize o, and o,. The optimized
values were o, = 1.8Ix10°s' and o, =1245cm at PI, and a,=6.99x10" 5",
o, = 9.93 cm at SI (Wong 1992). The irrigation rate was assumed to be constant with
depth for the flux model, and the average irrigation rate was computed from the following

equation:

L
_ fo &y dx
L
(3-1)
WL
e, (1-e M)
L .

The average irrigation rates at PI and SI were 6.8x10”7 s and 3.5x10" s, respectively.
These values were similar to those found in the studies discussed in Section 2.3. Because
the sediments at FPC were more contaminated than the sediments at Pl and SI, the
irrigation rate at FPC was assumed to be smaller than the irrigation rate at PI or SI. The
irrigation rate at SI was used to examine the applicability of the flux model to the
sediments at FPC and to compare the irrigational flux with the diffusive flux at FPC.
The excess activity of *'Th in the sediments (G. Wallace, unpublished) was used

to calculate the bioturbation coefficients (D,). D, was assumed te be constant with depth,
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and the ®Th data were fitted to Equaticn 2-9 (Figure 3.6). D, was found to be
1.2x10” ¢cm*/s and 6.3x10° cm?/s for PI and SI, respectively. Compared with the D,
values reported in literature (10° ~ 10" cm?/s, see Section 2.3), the biological activities
at PI and SI were rather extensive. The excess activity of **Th in each section of the
FPC core was undetectabie except in the 0-1-cm section, which indicated that there was
no bioturbation in the sediments below ! cm. Based on this finding, the maximum
bioturbation coefficient was estimated to be 1.7x107 cm*/s. The observation of a higher
irrigation rate and a higher bioturbation coefficient at FI is consistent with the
presumption that the sediment bed at PI is less contaminated.

The colloid-water distribution coefficient (K,) was measured by fluorescence
quenching described in Chin et al. (1991). The observed K, values for pyrene were
1.1x10* cm’/g at FPC and 5.2x"0* cm®/g at SI (Chin and Gschwend 1992). The observed
organic carbon-water partiticn coefficients (K,.) for pyrene at FPC and SI were 1.6x1:°

cm’/g and 1.7x10° cm’/g, respectively (Chin and Gschwend 1992). The K, and K__ data

for PI were assumed to be the same for SI.

A number of benthic organisms were found in the cor:s. Shrimps were seen in
the top centimeter of the PI core, and worms could be found up to 30 cm deep of the PI
core and 16 cm deep of the SI core. These depths were assumed to be the thicknesses
of the biologically active layers of the sediments (L). As indicated previously, there was

no bioturbation in the FPC sediments deeper than 1 cm; therefore, L. was assumed to be

1 cm at FPC,
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Figure 3.6 Excess *‘Th concentrations and the fitting curves at the (a) Peddocks Island
and (b) Spectacle Island sites (from Wallace, unpublished data)
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3.2 Fluxes of Pyrene and Benzo|a]pyrene from the Sediments

The fluxes of pyrene and benzo[a]pyrene from the sediments at the siudy sites
were calculated. Pyrene represents the more water-soluble chemicals (K, on the order
of 10° cm’/g), and benzo[a]pyrene represents the more hydrophobic compounds (K, on
the order of 10° cm’/g). However, the benzo[a]pyrene concentration at PI was not
available. The values of the model parameters used to estimate these fluxes are listed in
Table 3.1. Some of them were obtained from the analyses described in Section 3.1. The
others were assumed or calculated using the equations reviewed in Chapter 2.

The aqueous solution molecular diffusivity was calculated using Equation 2-2
under the assumpiion that the porewater temperature was 10°C. The sediment diffusion
coefficiants corrected for tortuosity and porosity were then calculated from Equation 2-6
using m = 3, suggested by Ullman and Aller (1982). The diffusivity of colloids (D,)
reported by Chin et al. (1991) ranged from 1.2x10° to 5.9x10® cm?/s. In this thesis,
3x10° cm*/s was chosen to calculate the flux.

The thickness of the diffusive water boundary layer (Z,) was estimated using
Equations 2-41 and 2-42 (Table 3.2). In Equation 2-42, the velocity for estimating the
friction velocity should be the average velocity depth-wise; however, in the absence of
the velocities at various depths, the velocity measured at a certain depth shown on the
tidal current charts of Boston Harbor (National Ocean Survey 1977) was used to estimate
Z,. The velocity was measured at the time of spring tides, that is, during the time of new
or full moon when the currents were stronger than average. Therefore, the velocity on

the tidal current charts ought to be corrected by the correcting factor given in the charts.
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Table 3.1 Parameter values for the estimation of the fluxes of pyrene and benzo[a]pyrene

from the sediments at the study sites

Fpe o 3 Reference
Pyrene Blalp Pyrene Pyrene Bla]p

£, 5.1% 5.1% 42% 4.2% 42% Wong, 1992

¢ 0.84 0.84 0.77 0.71 0.71 McGroddy, unpubl.

P, (8/cm’) 2.5 2.5 25 2.5 2.5 (assumed)

P (g/em’) 0.47 0.47 0.74 1.04 1.04

R (cm) 0.01 0.01 0.01 0.01 0.01 (assumed)

L (cm) 1 1 30 16 16 (assumed)

Z, (cm) 0.029 0.028 0.022 0.010 0.010

D, (em¥s) 1.7x107 1.7x10” 1.2x10° 6.3x10°¢ 6.3x10° Wallace, unpubl.

Dg (cm¥s) 2.0x107 8.8x107 | 1.2x10° | 7.1x10° 2.4x10°

o (15) 3.5x107 | 3.5x107 | 6.8x107 | 3.5x107 | 3.5x107 Wong, 1992
" a (1/s) 4.1x107 1.8x10* | 6.9x107 | 3.9x107 1.3x10°

D,, (cm¥s) 4.1x10% | 3.7x10* | 4.1x10° | 4.ix10* | 3.7x10°

D', (cm¥s) 2.9x10°¢ 2.6x10°¢ 2.5x10° 2.1x10°¢ 1.8x10¢

D, (cm?s) 3.0x10° | 3.0x10° | 3.0x10° | 3.0x10¢ | 3.0x10° Chin et al., 1991
| D', (cms) 2.1x10¢ | 2.1x10% | 1.8x10* | 1.5x10* ! 1.5x10*

D, (cm¥s) 3.3x10* L1x10* | 2.5x10% | 23x10* | 6.1x10°

D, (cm¥s) 4.6x10° | 1.1x10% | 43x10¢ | 43x10° | 7.2x10*

o oy || 16X10° | 16x10% | 15x107 | 24x10% | 2ax10° | d‘“’;‘nﬂpﬁgf

e ey || FOXI0% | 10X10* | 10x10% | 10x10% | noxa0t | dL 'l‘l’n"pl‘:{:;‘

K., (cmlg) 16x10° | 3.7x10° | 1.7x10° | 17x10° | 3.9x10° Gschwigf“l 38‘2’

E;n,/g co0, LIx10* | 2.5x10° | s2x10* | S2x10* | 1.2x10° Gschwe‘égf"lgg‘z’

K, (cm'/g) 8.2x10* 19x10° | 7.1x10° | 7.1x10 1.6x10°

k, (115) 1.6x10° 1.4x10° | 25x10° | 35x10° | 3.1x10°
|| 8. oee 5500 3500 220 2800 1300 | McGroddy, unpibl.
" C,, (ng/em’) 0 0 0 0 0 (assumed)
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Table 3.2a Estimation of the thickness of the diffusive water boundary layer (Z,,) at FPC:
(1) the hourly current velocities measured 10 ft from the water surface (from National
Ocean Survey, 1977); (ii) estimated 2.,

O
Spring tide Correcting Corected velocity

Time velocity (knot) factor knot cm/s

SFB! 0.1 0.6 0.06 3.08

SFB+1" 0.2 0.6 0.12 6.17

SFB+2 03 0.6 0.18 9.25

SFB+3 0.4 0.6 0.24 12.34

SFB+4 0.4 0.6 0.24 12.34

SFB+5 03 0.6 0.18 9.25

SEB' 0.2 0.5 0.10 5.14

SEB+1" 0.1 0.5 0.05 2.57

SEB+2 0.1 0.5 0.05 2.57

SEB+3 0.1 0.5 0.05 2.57

SEB+4 0.2 0.5 0.10 5.14

SEB+5 0.2 0.5 0.10 5.14

SEB+6 0.1 0.5 0.05 2.57

Average velocity at 10 ft 6.01
(i1)
Pyrene Benzola]pyrene

Friction factor f 0.03
Average velocity u 6.01 cm/s
Friction velocity u. 0.37 cm/s
Molecular diffusivity D, 4.1x10" cm'/s 3.7x10* cm?/s
Kinematic viscosity v 0.013 cm’/s
Z, 0.029 ¢m (290 um) | 0.028 cm (280 pm)

" SFB: Slack; Flood begins. SEB: Slack; Ebb begins.

'" SFB+n: n hour(s) after SFB. SEB+n: n hour(s) after SEB.
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Table 3.2b Estimation of the thickness of the diffusive water boundary layer (Z,) at PI:
(1) the hourly current velocities measured 20 ft from the water surface (from National
Ocean Survey, 1977); (ii) estimated Z.

®
Spring tide Correcting Corected velocity
Time velocity(knot) factor knot cm/s
SFB' 0.2 0.6 0.12 6.17
SFB+1" 0.2 0.6 0.12 6.17
SFB+2 0.4 0.6 0.24 12.34
SFB+3 0.3 0.6 0.18 9.25
SFB+4 0.3 0.6 0.18 9.25
SFB+5 0.4 0.6 0.24 12.34
SEB' 0.4 0.5 0.20 10.28
SEB +i" 0.3 0.5 0.15 7.71
SEB+2 0.3 0.5 0.15 7.71
SEB+3 03 0.5 0.15 7.71
SEB+4 03 0.5 0.15 7.71
SEB+5 0.2 0.5 0.10 5.14
SEB+6 0.1 0.5 0.05 2.57
Average velocity at 20 ft 8.03
(i)
Friction factor f 0.03
Average velocity u 8.03 cm/s
Friction velocity u. 0.49 cm/s
Molecular diffusivity D,, (pyrene) 4.1x10* em¥/s
Kinematic viscosity v 0.013 cm’/s
Z, 0.022cm (220um)

" SFB: Slack; Flood begins. SEB: Slack; Ebb begins.

" SFB+n: n hour(s) after SFB. SEB+n: n hour(s) after SEB.
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Table 3.2¢ Estimation of the thickness of the diffusive water boundary layer (Z,) at SI:
(1) the hourly current velocities measured 25 ft from the water surface (National Ocean
Survey, 1977); (ii) estimated Z.,.

O
Spring tide Correcting Corrected velocity

Time velocity (knot) factor knot cm/s

SFB' 0.2 0.6 0.12 6.17

SFB+1" 0.4 0.6 0.24 12.34

SFB+2 0.6 0.6 0.36 18.50

SFB+3 0.7 0.6 0.42 21.59

SFB+4 1.0 09 0.90 46.26

SFB+5 0.9 08 0.72 37.01

SEB' 0.6 0.5 0.30 15.42

SEB+1" 0.2 0.5 0.10 5.14

SEB+2 0.3 0.5 0.15 7.71

SEB+3 0.5 0.5 0.25 12.85

SEB+4 0.7 0.6 0.42 21.59

SEB+5 0.6 0.5 0.30 15.42

SEB+6 0.3 0.5 0.15 7.71

Average velocity at 25 ft 17.52
(i1
Pyrene Benzola|pyrene

Friction factor f 0.03
Average velocity u 17.52 cm/s
Friction velocity u. 1.07 cm/s
Molecular diffusivity D, 4.1x10* cm'/s 3.7x10° cm’/s
Kinematic viscosity v 0.013 cm?/s
Z, 0.010 cm (100 pm) 0.010 cm (100 pm)

" SFB: Slack; Flood begins. SEB: Slack; Ebb begins.
" SFB+n: n hour(s) after SFB. SEB+n: n hour(s) after SEB.
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The flow velocity is linearly related to the friction velocity, which is linearly related to
Z,,; therefore, the arithmetic mean of the velocities measured hourly in a tidal cycle can
be used to estimate Z, The friction factor (f) was chosen to be 0.03, corresponding to
a drag coefficient (C,)' of 4.0x10” in a water depth of 5 m reported by Signell and
Butman (1992). The kinematic viscosity was the viscosity at 10°C. The estimated Z,,
values were 0.029 cm (290 pm) for pyrene and 0.028 cm (280 pm) for benzo[a]pyrene
at FPC, 0.022 cm (220 pm) for pyrene at PI, and 0.010 cm (100 um) for both pyrene and
benzo[a]pyrene at SI. These values are within the range of the Z, reported in literature
(see Section 2.5).

Before applying the parameter values into the model, it is necessary to check if
a << k,-p-K,:

Table 3.3 Examination of the model applicability to the study sites
L s ]

FPC P1 SI
pyrene bla]p pyrene pyrene bla]p
o 4.1x107 1.8x10° 6.9x10” 3.9x107 1.3x10°
k,-pK, 6.1 120 13 26 530

From Table 3.3, it is confirmed that the flux model is applicable to all of the study sites.

The results of the flux estimation are shown in Table 3.4. The estimated total flux of

! C, =f/8 = n’gh"/‘ (Westerink ct al. 1984); n is the Manning coefficient; g is the gravitational

acceleration; h is the depth of the water column. Signell and Butman (1992) selected n = 0.0264 (SI units)
to model the tidal exchange and dispersion in Boston Harbor. The corresponding drag coefficients were
2.5,3.2, 4.0, 6.8 x10” in water depths of 20, 10, 5, 1 m, respectively.
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Table 3.4 Fluxes of pyrene and benzo[a]pyrene from the sediments at FPC, PI, and SI

FPC PI S1

Pyrene B[a]p | Pyrene | Pyrene Bla]p

F, (ng/cm’.yr) < 2500%% | < 230%+ 170 4300 190

F, (ng/cm’.yr) < 6.6*** | < 0.87%** 15 50 38

F.. (ng/cm’.yr) < 2500 <230 180 4300 196

S/K,-C*  (ng/em’) 0.67 0019 | 0031 039 | 8.0x10°

(ng/L) 670 19 31 390 8.0

/v, (s/cm) 6500 2500 5100 2300 1300

1/v, (s/cm) 2000 110 720 580 32

1/v,, (s/cm) 8500 2600 | 5800 2900 1400

(v)(11v,,) 0.76 0.96 0.88 0.80 0.98

(AN)I(11v,) 0.24 0.04 0.12 0.20 0.02

F,/F,, > 0.99 > 0.99 0.92 0.99 0.98

| £/E. <001 <001 | 008 0.01 0.02

“ Inventory (ng/cm?) 2,200 1,400 | 3,800 3,300 | 15,000

t(ﬁl:]aerzz;tsristic cleanup > 1 6 21 8 81
* C, was assumed to be zero.

**  The diffusive flux at FPC was calculated from the estimated maximum bioturbation
coefficient.

*** The irrigational flux at FPC was calculated using the irrigation rate at SI, which was
presumably higher than the irrigation rate at FPC.

117



pyrene from the sediments was 2500 ng/cm*yr at FPC, 180 ng/cm’yr at PI, and
4300 ng/cm*yr at SI; the flux of benzo[a]pyrene was 230 ng/cm’yr at FPC and
190 ng/cm®yr at SI. The "inventory" in Table 3.4 is the amount of the chemical within
the biologically active layer per square centimeter. The "characteristic cleanup time" is
the approximate time needed for the chemical in the biologically active layer to be totally
released to the overlying water column at the releasing rate calculated from the flux
model.

The diffusive flux is much greater than the irrigational flux at each sie. At FPC
the irrigational flux is negligible even though it was estimated from a presumably higher
irrigation rate. PI has the greatest irrigational flux fraction because the biologically active
sediment layer at PI is the thickest, which causes a greater irrigational flux (see Figure
2.9). Another cause is a thicker diffusive water boundary layer at PI, which causes a
larger resistance for the diffusive flux.

As predicted in Chapter 2, the water resistance is more important than the
sediment resistance at each site. It should be noted that at both FPC and SI, the fraction
of the sediment resistance for pyrene is larger than that for benzo[a]pyrene, which is
consistent with the conclusion from the sensitivity analysis (see Figure 2.15d).

Although the pollutant concentration at FPC is greater than the concentration at
SI, the flux at FPC is smaller. One of the reasons is that the water boundary layer at
FPC, which is located in the more tranquil inner harbor, is much thicker than the water

boundary layer at SI, and hence, the water resistance at FPC is greater. The other reason
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is that the bioturbation at FPC is slower than the bioturbation at SI; therefore, the

sediment resistance at FPC is greater as well.

3.3 Significance of the fluxes of pyrene and benzo[a]pyrene

To determine the significance of the organic pollutant flux from the sediments in
Boston Harbor, the loadings of pyrene and benzo[a]pyrene to the harbor water were
estimated and compared with the loadings from other sources.

The fluxes of pyrene and benzo|a]pyrene from the sediments were calculated for
additional sites: (1) where the concentrations of pyrere and benzo[a]pyrene in the
sediments were reported by Shiaris and Jambard-Sweet (1986) (Table 3.5) and (2) which
were in non-erosional areas according to the results of a sidescan-sonar survey conducted
by Knebel et al. (1991). The outer harbor was divided along the Moon Island - Long
Island line into the North Harbor and the South Harbor for estimating the loadings
because the South Harbor was considered to be less contaminated (see Figure 3.2) with
the exception of the Squantum site (SQ). SQ is close to a large former CSO discharge
on Moon Island. Among the sites in the North Harbor, the sediment PAH concentrations
at the Governor Island Flat site (GIF) are the greatest because it is close to the keavily
contaminated inner harbor (Shiaris and Jambard-Sweet 1986). The properties of the
sediments at the sites listed in Table 3.5 were assumed to be similar to those at SI (for
the North Harbor sites) or PI (for the South Harbor sites) except for L and D,. L and D,
at FPC, PIL, and SI were related to the pyrene concentration in the sediments (S,,):

L=-5.49x10°xS, + 31.27,and D, = -2.2x10°xS,, + 1.25x10°. These relationships were
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Table 3.5 Concentrations of pyrene and benzo[a]pyrene in Boston Harbor sediments (ng/g

dry solids) (Shiaris and Jambard-Sweet 1986)

Site Longitude Latitude Pyrene B[a]p
Thompson Island (TT) 71°01'24" 42°19'01" 1783 1975
Govemnor Island Flats (GIF) 70°59'40" 42°20'59" 4686 3150
Deer Island Flats (DIF) 70°57'53" 42°20'47" 415 1156
Castle Island (CI) 71°00'05" 42°20'00" 1378 1259
Squantum (SQ) 70°59'44" 42°17'46" 10355 932
Seal Rock (SR) 70°58'29" 42°16'35" 621 683
Crow Point Flats (CPF) 70°53'30" 42°15'56" 163 321
Hull Bay (HB) 70°53°24" 42°17'08" 184 64
Hull Gut (HG) 70°55'05" 42°18'04" 2268 1577
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used to estimate the L and D, at the other sites. Z, at these sites was estimated by the
same way Z, at PI and SI was estimated. The concentration in the seawater and the
irrigational flux were assumed to be negligible. The results are summarized in Table 3.6
and Figure 3.7.

The loadings from the sediments in the North Harbor and the South Harbor were
calculated by multiplying the average flux in each section by the non-erosional area. The
flux at FPC was used to calculate the loading from the inner harbor sediments. The non-
erosional area of Boston Harbor was estimated by MWRA (1993) from a sidescan-sonar
survey conducted by Knebel et al. (1991). Table 3.6 shows the loading estimates. The
amounts of pyrene and benzo[a]pyrene released from the sediments in the entire harbor
per year were estimated to be 1400 kg and 96 kg, respectively.

MWRA (1993) estimated the loadings of pyrene and benzo[a]pyrene from
stormwater, CSOs, the atmosphere, and rivers to Boston Harbor water (Table 3.7). For
Boston Harbor, the sediment bed is the most important source for both pyrene and
benzo[a]pyrene. The amount of contaminants from sediments greatly exceeds the amount
from other sources. Therefore, to clean up Boston Harbor, the efforts need to focus on

cleaning the sediments or impeding the release of organic pollutants from the sediments.

3.4 Discussion
The assumption that the chemical concentration in the seawater is negligible is
acceptable for the study sites. The average pyrene concentrations in the seawater near

Nut Island and Deer Island sewage outfalls, which were presumably higher than the

121



Table 3.6a Estimation of the loading of pyrene from Boston Harbor sediments: (i) fluxes
from the outer harbor sediments; (ii) estimated loading.

(i)
NORTH HARBOR SI TI GIF DIF CI Ave.
F, (~ F,) (ng/em’yr) 4300 2300 4700 490 1000 2600
S/K, (ng/L) 392 250 656 58 193
1/v,, (s/cm) 2900 3400 4400 3700 6000
SOUTH HARBOR PI SQ SR CPF HB HG Ave.
F, (= F,) (ng/cm’.yr) 170 1700 520 110 290 3600 1100
S/K, (ng/L) 31 1450 87 23 26 316
1/v,, (s/cm) 5800 28000 5200 6800 2800 2800

(i1)

Inner Harbor North Harbor South Harbor Total
Non-erosional
Area (km?)* 8.0 27.7 40.4 76.1
Flux (ng/cm®yr) 2500 2600 1100
Loading (kg/yr) 200 720 440 1400

* MWRA, 1993
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Table 3.6b Estimation of the loading of benzo[a]pyrene from Boston Harbor scdiments:
(1) fluxes from the outer harbor sediments; (ii) estimated loading.

(1)
NORTH HARBOR SI TI GIF DIF CI  Average
F, (= F,)(ng/cm?.yr) 190 230 280 120 78 180
S/K, (ng/L) 8 12 19 7.1 7.7
1/v,, (s/cm) 1400 1600 2200 1900 3100
SOUTH HARBOR SQ SR CPF HB HG Average
F, (= F,)(ng/cm®yr) 54 50 18 10 250 77
S/K, (ng/L) 5.7 4.2 2.0 0.40 9.6
1/v,, (s/cm) 3300 2600 3500 1300 1200

(i1)

Inner Harbor North Harbor  South Harbor Total

Non-erosional
Area (km?)* 8.0 27.7 40.4 76.1
Flux (ng/cm’.yr) 230 180 77
Loading (kg/yr) 18 50 31 99

* MWRA, 1993
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Table 3.7 Estimated loadings of pyrene and benzo[a]pyrene to Boston Harbor (kg/yr)

Source Pyrene Bla]p
Stormwater* 1.7 0.68
CSOs* 4.6 1.3
Atmosphere* NA 3.5
Rivers* 160 8.2
Sediments 1400 96

* MWRA, 1993
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concentrations in other places in the harbor, were 4.1 ng/L and 7.6 ng/L, respectively, and
benzo[a]pyrene was not detectable in niost samples taken at these two sites (MWRA
1988). These concentrations are negligible compared with the pyrene concentrations in
the porewater (see Table 3.6, S/K,).

The estimation of the fluxes of pyrene and benzo[a]pyrene from the sediments in
Boston Harbor described above was under the assumption that these chemicals were 100%
available. However, S. McGroddy (pers. com.) has found evidence that part of the PAHs
in the sediments in Boston Harbor is retained in soot in the sediment bed. Therefore, the
chemical concentration in the porewater is not in equilibrium with the chemical
concentration in the solids, and the chemicals are not entirely available. Assuming only
10% of each pollutant is available, the loading from the sediments to the harbor water is
140 kg/yr for pyrene and 9.6 kg/yr for benzo[a]pyrene, comparable to the loading from
the rivers (see Table 3.7). If this assumption is correct, the sediment bed is still a major
pollution source, although it is not a dominant one.

The results of the flux calculation confirm the conclusion of the sensitivity analysis
that the diffusive flux is more significant than the irrigational flux. People who are
interested in investigating the flux of organic chemicals such as PAHs and PCBs from
sediments may be justified in omitting investigation of the irrigation rates assuming
mixing organisms are present. The flux estimation also substantiates that the resistance
of the diffusive water boundary layer is more important than the resistance of sediments
for "real-world" conditions. Therefore, it is important to make a reliable estimate of the

thickness of the water boundary layer, which includes the investigation of the friction
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factor of the sediment bed surface and the measurement of the horizontal flow velocity
of the overlying water column. The estimation of Z,, in this thesis is approximate because
a single value for the friction factor was used for all of the study sites. In addition, the
current velocity for the Z,, estimation was supposed to be the average velocity over the
water column; however, due to lack of velocity data at various depths, the velocity at a
single depth was used. Furthermore, the velocities at the study sites were not measured.
The velocities used for Z,, calculation were estimated from the velocities measured near
the study sites by the National Ocean Survey (1977). To estimate the organic chemical
flux accurately, it is critical by a factor of two to obtain reliable surface friction factor
data and current velocities at various depths.

The characteristic cleanup time for pyrene at FPC is estimated to be only a year
(see Table 3.4). This may result from the very thin biologically active layer (1 cm).
However, the pyr.ne flux estimated from the model developed by Wong (1992) was
625 ng/cm’.yr at the first year and as great as 123 ng/cm’.yr at the tenth year. Unlike the
model presented in this thesis, Wong's model did not assume that the sedimeut and
porewater concentrations were in steady state. For FPC, the steady-state assumption is
not appropriate. While the pollutant in the top-centimeter sediments is driven out of the
bed by bioturbation, the pollutant in the sediments below the biologically active layer is
slowly diffusing in the undisturbed sediments. The sediment and porewater concentrations
can not be in steady state at the top centimeter. This example indicates that the steady-
state assumption is the weakness of this flux model. The flux estimated from this model

is an instantaneous flux, which may be close to the real non-steady-state flux for a short
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period of time; however, this model is not suitable for long-term flux estimation.
Estimation of the flux as a function of time needs a non-steady-state model.

Another weakness of this flux model is the assumption that the model parameters
are constant with depth. In the real world, most of the parameters vary with depth. The
sensitivity analysis shows that the organic carbon content of sediments, bioturbation
coefficient, and the organic carbon-water partition coefficient are critical parameters. It
is necessary to consider them as functions of depth. However, if these parameters are
treated as functions of depth, the governing differential equation system will be too
complicated to be solved analytically. In addition, as discussed above, a non-steady state
model is necessary for estimating the long-term flux, which makes the equation system
more complicated. Therefore, it is necessary to develop a numerical model to estimate

the flux more accurately.

3.5 Conclusions

The model presented in this thesis not only predicts fluxes of organic pollutants
quantitatively, but also describes the fluxes qualitatively. This model demonstrates that
the diffusive flux is usually more significant than the irrigational flux, and that the
resistance that critically controls the diffusive flux is the resistance of the diffusive water
boundary layer. This model also identifies that the organic carbon content of sediments,
the bioturbation coefficient, the thickness of the diffusive water boundary layer, and the

organic carbon-water partition coefficients of organic chemicals are the parameters to

129



which the flux is sensitive. When estimating the flux of organic pollutants from
sediments, researchers need to focus on investigating these parameters.

In this chapter, the sediment bed has been identified as a likely major source of
PAHs to the Boston Harbor water. Therefore, sediment pollution management should be

the major issue of the Boston Harbor cleanup plan.
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APPENDIX

SOLUTION OF THE GOVERNING EQUATION SYSTEM

From Section 2.6.1, the governing equation system consists of two differential

equations:
d*C a +k pK k
L L "Cw+_'p_s=o (A-1)
dz? D +D ™ D_+D
B m B m
and
2 k k. K
IS _Hgilite 2o (A-2)
dz2 D D ™

To solve these equations, Equation (A-1) should be rearranged to express S as a function

of C,,:

« )
+(k 5 +K)C,, - (A-3)

Differentiating Equation (A-1) twice gives

d‘c,, E:klpkd d’C,,  kp 4§ -
dz* D,+D, dz* Dy+D_ dz?

(A-4)
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Substituting Equation (A-3) into Equation (A-2) and then substituting Equation (A-2) into

Equation (A-4) yields

—C,,=0. (A-5)
dz?  Dy(Dg+D,) **

d*c,, _(a:k,gixd+_l_c_l_)dzcw L
dz* \ Dy+D, Dy

The general solution of Equation (A-5) is

€,Z ~€2 t4 ~€2% -
C,@ =ae" +ae " rae™ ra,e® (A-6)

where
a+kpk, k _|(akpk, k) aka
62 = 58+5m Dy \ D_B+5m Dy DB(58+5M) (A-72)
! 2
and
a+kpK, k |(@+kpK, kY _ 4ka
—_ _ e -
== == == A-Tb
€2 = DB+Dm DB \ DB+Dm DB DB(DB+DM) ( )
2 2 )

Assuming o << k,pK,, and 4k,o/[Dy(D4+D, )] << [k,pK/(D,+D_ )+k,/D,]’, Equations

(A-7a) and (A-7b) become
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2
€1=0

and

Therefore, the general solution of Equation (A-5) becomes

N €z ~€Z
C,@ - a +a,z+a.e +ae

where

S LL BN
D,+D, Dpg

The first- and the second-order derivatives of C,,, are

dCPW = 4+ €z _ -€z
T = @ taee-aee
and
d*c
y 2 = ay’et ra,ele et
z
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By substituting Equation (A-10) into Equation (A-12) and substituting Equations (A-9)
and (A-12) into Equation (A-3), the general solution for S may be written as

Dy+D Dy+D

B m

P Dy P Dy

S@ =aK;+a,K;z-a,

under the assumption that a/k,p << K.

And the first-order derivative of S is

e(DB+Dm) ot s

2 mp-ezr (A-14)
pDy pD,

oK, -a,

&8

The first boundary conditicn is that C,,, = C, at z = 0; therefore, Equation (A-9) reduces

to

a, =Cy-a,-a,. (A-15)

The second boundary condition is that dS/dz =0 at z=0. Thus, Equation (A-14)

becomes

e(D, +D ,
) (KB DM)(a3_a4) . (A-16)
pP g
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The third boundary condition is that C,, = C, at z = -L; that is

C,=a,-a,L+a,e ' +aet . (A-17)

Substituting Equations (A-15) and (A-16) into Equation (A-17) results

C, = Cy+a, e-er- S0 0L +a, et L5 OIL 1 (ac1g)
K,pD, K,pDy

The last boundary condition is that S = K,C,, atz = -L. S at z = -L can be obtained from
Equation (A-13) by substituting -L for z. K,C,, at z=-L is given by multiplying

Equation (A-17) by K,. Then this boundary condition yields

a, = —a;e L, (A-19)

By substituting Equation (A-19) into Equation (A-18), a, can be written as

a. = _(CL—CO)
3 - — -— — — .
e(DB+Dm)L+1+e(DB+Dm)Le_2eL_e_2€L (A-20)
K,pDy K,pDg

By multiplying the nominator and the denominator of Equation (A-20) by e, a, becomes
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-(C, - Cpect

a; = ——
e(Dy+D,)L . (A-21)
2|-—————"—cosh(eL) +sinh(eL)
Dgp K,
in which cosh(eL) = Y2(e*“+e*"), and sinh(eL) = Y2(e™-e*").
By substituting Equation (A-21) back into Equation (A-19), a, is found to be
.- (C,-Cpe <t
4 — -
e(Dg+D,)L , (A-22)
2| ——————cosh(eL) +sinh(eL)
Dgp K,
Substituting Equations (A-21) and (A-22) into Equation (A-16) yields
- - (CL - Co)
% (A-23)

D.pK
L+— 2074 (L)
€(Dg+D,)

in which tanh(eL) = sinh(eL)/cosh(eL).
Then a, can be obtained by substituting Equations (A-21) and (A-22) into Equation (A-15):

(CL - Co)

6(58+5 )L (A-24)
2 _coth(eL)+1
Dgp K,

a =Cy+

in which coth(eL) = cosh(eL)/sinh(eL).
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Finally, the solutions of Equations (A-1) and (A-2) are given by substituting Equations

(A-21), (A-22), (A-23), and (A-24) into Equations (A-9) and (A-13):

CL 'Co

i e(Dy+D,)L

coth(eL) +1
Dyp K,

c,-C,
- Z
D.pK
L+-#tanh(e1.)
€(D,+D,)

DypK,

(C,-C
t o)e(DH+Dm)

D.oK
Lcosh(eL)+————_Bp 4 sinh(eL)

€(Dgy+D,)

and
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sinh[e (L +z)]



C,-C)HK
€(Dg+D,)

L
~——coth(eL) +1
DypK,

(€, -G)K,
DgpK,
€(Dgy+D,)

tanh(eL) (A-26)

Kd
(C,-Cy) -2
" i sinh[e(L +2)] .

DgpK, |
Lcosh(e L) + ——=———sinh(e L)
e€(Dy+D,)
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