
Chapter 9

Sediment–Water Interfaces, Chemical Flux at

Louis J. Thibodeaux and Joseph Germano

Glossary

Benthic boundary layer A slow moving water layer above the sediment.

Bioturbation transport A chemical mobility process driven by the presence of

macrofauna and macroflora residing near the interface.

Chemical flux The basic term that quantifies chemicalmobility across an

interface with units of mass per area per time (kg/m2/s)

Chemical mobility A general term used to denote the idea that chemicals do

move from place to place.

Interface A real or imaginary plane which separates water from

sediment.

Mass transfer rate The chemical flux times the area perpendicular to its

direction of movement (kg/s).

Sediment surface layers A series of distinctive mud layers occupying thickness

of several centimeters depth.

Transport model One of several concepts for describing a chemical

mobility process, and the associated formula or algo-

rithm needed to describe it mathematically (a.k.a., the

flux expression).
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Definition of the Subject

Numerous individual transport processes which mobilize chemicals on either side

of the interface have been studied. However, a consistent theoretical framework

connecting the processes across the interface that correctly quantifies the overall

flux remains elusive. This occurs because two fundamentally different individual

flux relationships are needed to represent the two very different transport

mechanisms needed for quantifying the numerous chemical, biological, and physi-

cal processes ongoing at this unique locale. The two basic types of transport

processes are the chemical potential driven and the media advection driven. Several

theoretical modeling approaches exist for combining these, but all have problematic

conceptual features, which will be reviewed. By generalizing flux continuity across

the interface, which is the fundamental basis for arriving at the well-known and

accepted two-resistance theory, the “interface compartment model” is presented

and offered as a unifying theory describing advection-driven and potential-driven

transport across the sediment–water interface.

Introduction

All theories for chemical transport across the interface originate from the nineteenth

century with the Ohm–Kirchhoff laws of electrical currents and potentials. Lewis and

Whitman [1] used an analogous electrical flux approach for deriving the chemical

potential–driven flux across a gas–liquid interface. It is presumed that most of

the significant, individual chemical transport processes on both sides of the

sediment–water interface, which influence the flux of geochemicals as well as

the anthropogenic ones, have been discovered. Many have been reported and are the

subject of several reviews. They are the result of biological, chemical, and geophysical

processes, and most have been verified based on observations in the field and/or in the

laboratory. Some have been thoroughly studied while others have not. As

a consequence, there are well-developed descriptions for several processes as well as

many theoretical equations for theflux.A unified theory is proposed for connecting flux

across the interface.

Photographs taken of the interface region, obtained using a sediment profile

camera [2, 3] are displayed in Figs. 9.1–9.4. (Figures 9.1–9.4 A collection of color

images of the sediment–water interface. These are selected photos taken by Joseph

Germano over a time period of 28 years. Four categories are presented.) Fig. 9.1

contains images of the interface and a small sampling of the wide range of effects

caused by various macrofauna. Figure 9.2 shows images of the interface being acted

upon by submerged aquatic plants with leafy parts in the water column above and

holdfasts below. Figure 9.3 has images which indicate an interface under the

influence of low oxygen and/or chemical pollutant stresses. Finally, Fig. 9.4

shows the particle advection process. These are but a few glimpses of the character
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and forms of this important global environmental interface which occupies the

largest plane area on Earth. It separates the fluid water–dominated media above and

the underlying solid, fluid water–saturated zone below. Figure 9.5 is a conceptual

illustration of the interface and its adjoining regions, modified from the original by

Deep-sea octocoral (Kophobolemnon)
suspension feeding in benthic boundary

layer. San Francisco Deep Ocean Disposal
Site, 2850 meters.

Mound of clam fecal pellets effectively
changing sediment grain-size and

transport properties. Elliott Bay Disposal
Site, Puget Sound, 102 meters.

Bryozoans, polychaetes and a clam
siphon can be seen projecting above

the sediment-water interface. San
Diego Harbor, 10 meters.

Infaunal deposit-feeding polychaetes
aerating sediment to depth. Puget 

Sound, 70 meters.

Deep sea colonial foram colony with
commensal amphipods. Mid-Atlantic

continental slope off Virginia, USA,1600 meters.

Dense assemblage of Ampelisca abdita
tubes. Jamaica Bay, Long Island, 5 meters.

Subsurface excavations caused by ghost
shrimp (Calianassa) visible at sediment

surface. Pearl Harbor, Hawaii, 12 meters.

Deposit-feeding polychaetes are visible in
the sediments below the nudibranch at the

surface. Nearshore embayment in Unalaska,
Aleutian Islands, 36 meters.

Transected polychaete burrow at depth
demonstrates how animals in the "anoxic
subsurface sediments" create their own

oxygenated mileu. Peconic Estuary, Long
Island, NY, 6 meters.

a b c

d e f

g h i

Fig. 9.1 Animal–sediment–fluid relationships (9 photos)
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Subsurface infaunal burrows can be seen beneath the
fronds of Caulerpa prolifera on the sediment surface.

Coastal embayment off Sicily, 14 meters.

These sandy clays support a dense assemblage of the
invasive Caulerpa racemosa. Coastal embayment off

Sicily, 8 meters.

Mixed assemblage of red algae with a frond of Laminaria
pushed below the sediment surface by the camera prism.

Sinclair Inlet, Puget Sound, 5 meters.

Fronds of seagrass can be seen above these silty fine
sands. Sinclair Inlet, Puget Sound, 4 meters.

a b

c d

Fig. 9.2 Submerged aquatic vegetation (4 photos)
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Records of past anoxic events are preserved in the
layers of these clays. Caspian Sea, 750 meters.

No visible RPD can be seen in these organically enriched
sediments. Hackensack River, New Jersey, 3 meters.

A diffusional layer of oxidized sediment can be seen 
on the surface of these riverine sediments. Hackensack

River, New Jersey, 4.5 meters.

 White aggregations of Beggiatoa colonies can 
be seen on the surface of these anoxic sediments.

Nearshore embayment in Unalaska, Aleutian
Islands, 32 meters.

a b

c d

Fig. 9.3 Polluted sediments (4 photos)
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Santschi et al. [4]. It is an idealized model of the previous images showing the

location of the interface plane and some of the processes occurring in the adjoining

bulk media phases or compartments.

At any interface locale, it is expected that a combination of individual pro-

cesses on either side may control the net flux. There may be a dozen or more

individual processes, identifying the key ones on either side and coupling them in

a logical fashion so as to understand the overall process and quantify the effective

flux is an ongoing challenge. As the photographs show, each sediment–water

interface has unique characteristics so that the flux is expected to be highly

variable from locale to locale. One goal of this chapter is to develop a unified

theory for combining the individual processes on the water-side to those on the

sediment-side and to obtain the appropriate algorithm for the across-media or

interphase flux. The substances of concern are geochemicals such as nitrogen,

silica, carbon, and lead and anthropogenic chemicals such as polychlorinated

biphenyls, naphthalene, ibuprofen, and caffeine. The development also is appli-

cable to aquasols, nanoparticles, and other identifiable particles moving across the

sediment–water interface.

This chapter will first review the available transport processes theories. Several

significant individual processes will be listed and summarized. Based on the

mechanisms that drive the transport, each will be placed into one of two categories

of flux equation types. The theoretical arguments supporting the use of two

categories will be covered. Then, a model development section will begin with

Deposit-feeding infaunal taxa such as maldanid polychaetes
can loosen sediment fabric and eject particles into the
benthic boundary layer. Long Island Sound, 15 meters.

 Subsurface methanogenesis can also periodically release
gas and sediment particles into the overlying water.

Saginaw River , 3 meters.

a b

Fig. 9.4 Examples of particle advection (2 photos)
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a literature review and summary of the various theoretical approaches proposed for

combining the individual processes arriving at the net flux across the interface. The

algebraic forms of the flux equations will be given. Finally, the concepts behind the

proposed interface compartment (IC) theory will be presented and the flux equation

derived. Included will be a discussion of the IC theory in relation to the existing ad

hoc protocols in use.

The methods section will describe the modeling approach, the chemicals used in

numerical simulations, and the individual processes selected for performing the flux

calculations. Including flux calculations in the theoretical section is necessary

because it extends and amplifies the IC model theory by providing a layer of reality

to accompany the mathematical formulas. In addition, it provides a quantitative

means of comparing it to the approaches being used.

interstitial - water
transport
a) diffusion
b) biological irrigation
    particle mixing
    by organisms

benthic boundary
layerfiltering

of particles

settling

coagulation
of particles

flow out

desorption

sediment -water

interface

flow in

primary production

hvinterface

air-water

CO2, H2O2 nutrients

gas exchange
(volatile forms)

water

atmosphere
hv

resuspension
of particles

adsorption onto
suspended particles

Fig. 9.5 Transport processes near the sediment–water interface. This figure is a slightly modified

version of the original produced by Santschi et al. [4]. It is a classical graphical illustration of the

interface plane. It is an idealized model of the interface region showing some of the processes

occurring in the water column and the bed surface layers
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Transport Process Theories

There are numerous individual chemical transport processes operating on both

sides of the sediment–water interface, and they have been the subject of literature

reviews [4–6] and monographs [7–12]. Two types of equations are commonly

used that reflect process mechanisms. They are the chemical potential and media

advection; one or the other type will be applicable to each process as they are

presented and discussed. The chemical potential type will be considered first.

The molecular diffusive transport process derived from Fick’s first law of

diffusion is the most basic and ubiquitous process [13–15]. The integrated equation

is a chemical potential–type process. It contains a concentration difference term

that reflects the chemical potential between two locations in space. It also contains

an effective diffusion coefficient for the porous medium and the path length. It is

applicable to the transport of all solutes and to Brownian particles in bed sediment

as well as on the water-side of the interface. On the water-side of the interface, the

mass transfer coefficient often replaces the diffusion coefficient and path length

quotient [14].

At this juncture, it is well appreciated by the reader that chemical flux, such as

molecular diffusion, is a function of the concentration difference or gradient and

a kinetic transport parameter. Chemical reactions and phase partitioning can and do

occur in the layers on either side of the interface, which affects the magnitude of the

respective concentrations and hence the flux. However, applying the transient,

reactive-diffusion equation to the chemical species of interest in each layer is

beyond the scope of this article. For the sake of clarity, the tactical analytical

approach taken in this manuscript portrays the sediment–water interface region so

as to isolate and focus only on the transport processes. Therefore, the reader should

note that the two layers of interest are assumed to be very thin, void of chemical

reactions within (i.e., degradation, oxidation/reduction, polymerization, etc.), and

have constant concentration differences across them. In other words, the chemical

species are conserved, and a steady-state flux is occurring in the defined

sediment–water interface region.

The term Brownian diffusion is conventionally applied to very small particles

that respond to the kinetic motions of the surrounding solvent molecules. The

transport of colloids, also termed aquasols, in the water on either side of the

interface is quantified by a chemical potential–type transport process. These are

present in the form of dissolved organic carbon (DOC) particles or inorganic

particles with sorbed chemical fractions. The bioturbation transport process of

particles in the bed as well as in the adjoining porewater is driven by the presence

of macrofauna. It is consistent with the chemical potential–type transport mecha-

nism in that the randomness of a collection of macrofauna-driven particle and fluid

motions mimics the molecular kinetic mechanism of diffusion on a larger physical

scale. For this reason, it is termed a biodiffusion process and is treated as such

mathematically [9, 14, 16–19]. Bioturbation has also been depicted as a convective

transport process. This typically involves use of bed turnover rate and nonlocal
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particle movement rates. However, the potential-based biodiffusion also has theo-

retical merit in that the range of macrofauna sizes and transport lengths tends to

approach a Gaussian distribution, indicating that the process can be described

by a diffusion type of equation. In addition, the biodiffusion model has an extensive

database of field- and laboratory-measured biodiffusion transport coefficients that

convective transport lacks for this process [19].

The two generic forms of the chemical potential–type flux equations are

F ¼ D=hð Þ Cs � Ci
� �

(9.1)

and

F ¼ K Ci � Cw
� �

; (9.2)

where F (kg/m2/s) is the flux, D is the diffusion coefficient (m2/s), h is the path

length (m), K is the convective mass transfer coefficient (m/s), and C (kg/m3)

represents the concentration in water for the sediment bed (s), the interface (i),

and the water column (w) beyond the benthic boundary layer, respectively.

The media convective–type rate equation for chemical flux reflects a transport

mechanism driven by the directed motion of a bulk media. Several types operate

across the interface region. In-bed porewater convection moves solutes and fine

particles in both directions. The porewater flow direction responds to hydraulic

pressure differences across the bed layers. These can be long-range pressure

differences such as in-bank and water column head differences or localized pres-

sure differences generated by the flowing water column as it encounters local

bottom roughness such as sand waves, mounds, etc. [20]. In either case, the

chemical flux is the product of the effective Darcian porewater velocity and its

aqueous concentration.

Solid particles moving through the water-side benthic boundary layer are also

a media convective–type flux. The primary ones are particle deposition onto the bed

from the water column and resuspension from the bed surface. These transport

mechanisms are initiated and maintained by the action of the flowing water. The

fluid-generated shear stress at the bed surface drives particle movements into

suspension as well as change the particle deposition probability [21, 22]. However,

particles and so-called marine snow are also formed in the water column [23], and

others originate as wind-blown dust on the sea surface, etc.; all types are deposited

onto the bed. The physics of cohesive and noncohesive sediment transport employs

complex algorithms for their estimation [24, 25]. For the purpose of this manu-

script, a deposition velocity and a resuspension velocity will be used to characterize

the respective processes. In each case, the flux is equal to a velocity–concentration

product so the generic forms of the media convective–type equation are

F ¼ nwCw (9.3)
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and

F ¼ npCp; (9.4)

where nw and np (m/s) are the effective media velocities of water and particles

perpendicular to the interface plane, and Cw and Cp are the media concentrations.

The above review covers the most well-known, characterized, and quantified

individual processes. Several other processes have been observed and described.

One termed the “benthic cannon” is dramatic and appears in Fig. 9.4. As shown, the

organism responsible for this phenomenon (a maldanid polychaete) is seen

injecting a spray of fine particles from its burrow into the lower portion of the

water column. In a similar mechanism, gas bubbles generated within the bed can

also move to the interface and emerge, likewise injecting fine particles into the

water-side boundary layer (Fig. 9.4). The role of the nepheloid layer, made up of

submerged aquatic vegetation and other macrofauna activities that enhance and

attenuate chemical transport processes, remains to be studied and quantified. Due to

the lack of sufficient information on these and other individual processes, they

cannot be included in numerical simulations at this time.

Several computational studies have been performed aimed at comparing

aspects of various individual processes. The most comprehensive of these is

a study of trichlorobiphenyl (TCP) for nine in-bed transport mechanisms [26].

Individual processes were ranked by characteristic times-of-recovery of TCP in

freshwater riverine bed sediment. It was concluded that in high-energy

environments, sediment transport was likely the dominant sediment-side TCP

transport process, while in low-energy environments, bioturbation was likely to

dominate the movement rate of TCP in the upper layer of the bed. Singh et al. [21]

developed a framework for a comprehensive mathematical model for fine and

cohesive sediment transport to be combined with contaminant transport models in

rivers, lakes, and estuaries; they observed that much research needs to be done

before truly realistic chemical exchange models for the sediment–water interface

will be available for practical use. They further noted that sediment transport and

chemical transport must be meshed in development of a comprehensive model. In

assessing the soluble release process of polychlorinated biphenyls (PCBs) from

bed sediment in three North American rivers, Thibodeaux et al. [27] evaluated

five individual transport processes by comparing the magnitudes of the mass

transfer coefficients. However, such individual process studies do not completely

address the interconnections that result in across-media transport at the

sediment–water interface. Comprehensive studies of the interconnections of

transport processes are lacking. A study limited to solute transport of

polychlorinated biphenyls in the Hudson River highlights the importance of

connecting processes across the interface plane [28, 29]. It was found that during

active in-bed bioturbation, the transport resistance on the water-side benthic

boundary layer is significant and that both of these processes regulate the PCB

flux from the bed.
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The number and complexity of the biological, chemical, and geophysical pro-

cesses cooperating to drive chemical flux across the interface is daunting, and

sorting out the cause-and-effect factors is confusing without the aid of theoretical

guidance. Ad hoc approaches are in use, but all have theoretical shortcomings and

may not, therefore, extend into areas outside of the data set. A robust theory that can

accommodate the types of various individual chemical transport processes on either

side of the interface and connect them in a logical and transparent procedure is

needed for several reasons. In the first place, there appear to be none available.

Second, having one will lead to much better understanding of the overall situation

related to transport and will provide a hypothesis for interpretation of flux data from

both laboratory and field measurements. Third, modelers of aquatic chemodynamic

processes need a theory-based procedure for connecting chemical movement

between the adjoining bulk-phase compartments based on first principles.

Theories and Model Development

G. S. Ohm (1787–1854) found that the electric current (I) is directly proportional to

the difference in voltaic potential between the ends of a conductor (V) and the

proportionality constant is R�1, where R is the resistance. G. R. Kirchhoff

(1824–1887) extended Ohm’s law. By analogy, the Ohm–Kirchhoff laws were

applied by Whitman [30] and Lewis and Whitman [1] to chemical flux (F) across

a gas–liquid interface plane. The emf potential, V, was replaced by chemical

concentration potential such as (Cs � Ci), and the result is the well-known resis-

tance-in-series (RIS) law for chemical mass transfer. When applied to the solute at

the sediment–water interface the flux equation is

F ¼ Cs � Cwð Þ= 1

B
þ 1

D

� �
; (9.5)

where B and D (m/s) are the water-side and sediment-side mass transport

coefficients, respectively. Because of chemical-to-water partitioning, with coeffi-

cient Kd (L/kg), the Cs = ws/Kd, where ws (g/kg) is chemical loading on sediment

solids and D = Db r Kd/h, where Db (m
2/s) is the biodiffusion transport coefficient,

r (kg/L) particle density, and h (m) bed depth. This result has been verified using

field data [29, 31].

Resistance-in-series is applicable only to potential-driven processes. It is often

time referred to as Ohm’s law [32, 33] and has become a shortcut modeling

approach. Misapplication occurs, for example, when media velocity is treated as

a potential-type transport coefficient and likewise added in the resistance fashion to

obtain the overall resistance. It has been misapplied for atmospheric deposition of

gases and particles where both potential and convective processes resistances are

summed [34, 35]. Hybrid applications that involve converting the chemical
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potential resistance to an equivalent media convective type for use with the

adjoining bulk-phase concentrations appear in multimedia compartment (MMC)

models [33, 36] for the sediment–water interface. As presented in the next section,

a return to first principles embodied in the Ohm–Kirchhoff and Lewis–Whitman

laws will mend the problem and produce a unified theoretical construct that

accommodates both types individually and in unison.

Environmental models contain multiple phases so interfaces are necessary. The

sediment–water interface is depicted as an idealized concept in Fig. 9.5. It is an

imaginary plane within the complex transition zones separating bulk water phase

from bulk sediment phase as depicted in the Figs. 9.1 to 9.4. The “interfacial

compartment” is defined based on the following assumptions and concepts: (a) it

is a two-dimensional surface containing no mass that separates the adjoining bulk

phases, (b) the chemical flux direction is perpendicular to the surface plane, (c) the

net entering and departing fluxes are equal, (d) a hypothetical aqueous chemical

concentrations with mass per volume units (mg/m3) is assumed, and (e) because

solid (i.e., particle) phases exist on one side, chemical equilibrium is assumed to

exist at the interface plane for estimating the equivalent aqueous concentration.

A mass balance on the interface plane is performed. Because of assumption,

a steady-state equation results and yields a simple algebraic relationship for the

interface compartment concentration. It in turn yields a single flux equation

containing the individual process mass transfer coefficients and the bulk chemical

concentrations in the adjoining media compartments.

Although there are many individual processes occurring in the region of the

interface, for demonstration purpose, only four will be used in the following

derivation of the interfacial compartment model. This approach simplifies the

mathematics of the theoretical procedure while maintaining the essence of the

concept. The combination of chemical potential–type and media convective–type

transport mechanisms used is shown in Fig. 9.6. The double-tipped arrows on either

D

R

water column

sediment bed

Interface
compartment

SB

flux

h

Fig. 9.6 The essence of the interface compartment. The bubble indicates the location of the IC. It

is a plane surface so the line depicts one edge. The large arrow to the left depicts the chemical flux

and direction. Transport begins in the sediment bed, crosses the interface, and emerges into the

water column. This net flux is a result of four individual processes. The B process is solute

transport through the water-side benthic boundary layer. The S process is particle deposition (i.e.,

settling) onto the bed surface and R is particle resuspension from the bed surface. On the sediment

side, the D denotes a diffusive process across a distance h. This illustration is used in deriving the

IC model equation (i.e., Eq. 9.8)
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side of the interface are the chemical potential type. They represent respectively the

solute transport across the benthic boundary layer with coefficient B (m/s) and

diffusive transport within the upper sediment layers with coefficient D/h (m/s),

where the layer thickness is h (m). The single-tipped arrows depict the media

convective–type flux equations. They represent particle deposition or settling

with coefficient S (m/s) and particle resuspension with transport coefficient R (m/

s). The assumed chemical movement pathway and direction of flux F (kg/m2/s) is

depicted by the large arrow. The sediment bed porewater concentration, CS (kg/m
3),

in equilibrium with the bed load fraction, wa (mg/kg), is at position h, and the bulk

water column concentration is CW (kg/m3) and is located at the edge of the benthic

boundary layer. The overall chemical potential driving force is the concentration

difference, CS � CW.

A steady-state Lavoisier mass balance for the interface compartment requires

that the flux from the sediment-side to the interface, Fsi, equals that departing the

interface on the water-side, Fiw. It is

Fsi ¼ D=hð Þ Cs � Cið Þ ¼ B Ci � Cwð Þ þ RCi � SCw ¼ Fiw (9.6)

This result yields the concentration in the interface compartment:

Ci ¼ D=hð ÞCs þ Sþ Bð ÞCwð Þ= D=hþ Bþ Rð Þ (9.7)

Combining the two equations yields flux between the compartments in terms of

the bulk-phase concentrations:

FIC ¼ Cs 1þ R=Bð Þ � CW 1þ S=Bð Þ
h=Dþ 1=Bþ Rh=BD

(9.8)

This result is the interface compartment model (IC) flux; it is consistent with the

traditional potential flux in that it takes the form of Eq. 9.5 when the convective

parameters S and R are set to zero. It is the opinion of the authors that the above

procedure is the correct one. However, alternative flux relationships have been

proposed for the across-interface flux based on various assumptions and

methodologies. Two commonly used approaches appear below.

Invoking the RIS concept directly by mimicking the form of Equation 9.5 is one

approach used [32]. In its derivation, the water-side conductances are summed and

then inverted to obtain the overall water-side resistance which is then added to the

sediment-side resistance. This procedure yields

FRIS ¼ Cs � Cw

h=Dþ 1= Bþ R� Sð Þ (9.9)

for the RIS flux equation. The multimedia compartment or box model approach is

a hybrid [33]. Its derivation starts by decomposing chemical potential flux into two
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individual convective-type flux components. It then uses the Lavoisier mass balance

for summing the individual fluxes but assumes all are driven by the bulk compart-

ment concentrations. The multimedia compartment (MMC) flux equation is

FMC ¼ Cs � Cw

h=Dþ 1=B
þ RCs � SCwð Þ (9.10)

The flux equation for the RIS and MMC models reduce to Eq. 9.5 when S and

R are set to zero.

At this juncture, it is clear that three very different algebraic algorithms based on

as many approaches are available for estimating the flux across the sediment–water

interface. In all cases, the fluxes are linear in relation to the bulk media

concentrations and contain the appropriate conductance. Only in the case of the

RIS model must the bulk media concentrations be equal for a zero flux. For both the

IC model and the MMC model equations, a simple algebraic proof shows that

positive, nonzero bulk media concentrations can yield a zero flux. This is a more

realistic outcome because in nature it is possible to have a situation where a mix of

conductance produces a zero net flux and the bulk media concentration is unequal.

Numerical simulations using the theoretical models in flux calculations provide

a realistic and quantitative means demonstrating these and other outcomes. The

methods used and the results of the numerical flux calculations are presented and

discussed in the next section.

Simulation Methods and Results

Although only four individual transport processes were used in the development of

the three theoretical models presented in the previous section, nine individual

transport processes will be used in the numerical simulation. This is done in order

to realistically mimic and highlight the most significant process typically present in

the sediment–water interface region. The four on the water-side include solute

transport in the benthic boundary layer, particle resuspension from the bed surface,

particle deposition from the water column onto the surface, and colloid Brownian

transport through the benthic boundary layer. The five on the bed-side are colloid

Brownian diffusion in the porous bed, Darcian water advection into and out the bed,

solute molecular diffusion in porewater, particle biodiffusion, and porewater

biodiffusion. Altogether, there are five chemical potential–type flux expressions

and five media advection type. The types and categories of the processes plus the

base case numerical values of the parameters are summarized in Table 9.1. The top

four lines represent the water-side transport coefficients and the remaining six

represent the bed-side transport coefficients. The large numerical difference in the

PCB versus BZ transport coefficients are due to partitioning for the particle-

associated processes. For details on how the bed and water column transport
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coefficients are calculated, see Chapters 10 through 13 in the Handbook of Chemi-
cal Mass Transport in the Environment [37].

Data available in the literature on several North American rivers and lakes with

bed sediment and water column contaminated with organic chemicals were used.

Several studies [27, 29, 38–41] provide the necessary physical, chemical, and

biological data and information needed for estimating the bed and water column

transport coefficients used in the calculations. Typical bed and water column

characteristics at 25�C and 3 m water column depth were used. These

characteristics were bed porosity, 75%; bulk density, 572 kg/m3; sediment layer

thickness for active transport, 0.05 m; fraction organic carbon in bed solids, 50 g/

kg; dissolved organic carbon (DOC) in the porewater, 50 g/m3; particle biodiffusion

coefficient, 2E-6 m2/day; porewater biodiffusion coefficient, 2E-5 m2/day; colloid

Brownian diffusivity, 1.61E-5 m2/day; Darcian water convection into bed, 4E-4m/

day, and out, 1.1E-3 m/day; Peclet number = 1; water column suspended particle

concentration, 0.005 kg/m3; particle depositionvelocity, 4E-4m/day; particle resuspen-

sion velocity, 1E-4 m/day; and colloid benthic boundary layer transport coefficient,

2.3E-4 m/day.

The porewater chemical concentrations are separated into dissolved and particle-

bound DOC fractions and the fractions transported separately, the dissolved as

solute molecular diffusion and the DOC as Brownian particle diffusion. The

chemical equilibrium phase distribution partition coefficient is used to relate the

solute and DOC-bound concentrations. For characterizing the physical properties of

the bed, the New Bedford Harbor estuary site was used [41]. The chemical

2,4,2’,4’-tetrachlorobiphenyl was used as the PCB. Its partition coefficient was

21.6 m3/kg and that used for benzene (BZ) was 0.001 m3/kg. The tabulated

molecular diffusivity in water for each was used [14]. For the benthic boundary

layer, solute transport coefficients were based on those from the Hudson River; they

were 0.32 and 0.30 m/day for BZ and PCB, respectively. These two chemicals

represent the extremes of hydrophobic properties typically encountered in

contaminated bed sediments. In addition, they also represent the extremes of

numerous soluble and particle-phase geochemicals.

Table 9.1 Transport coefficients (m/day)

Name, location, and typea Benzene PCB

Solute, water-side mass transfer coefficient, cp. 0.32 0.30

Particle resuspension, ma. 5.72E-5 1.24

Particle deposition, ma. 2.0E-9 4.32E-5

Colloid, water-side, ma. 2.31E-7 4.99E-3

Colloid, bed-side, cp. 2.31E-4 2.31E-4

Darcian velocity into bed (�), ma. 4.35E-4 3.99E-4

Darcian velocity from bed (+), ma. 1.18E-3 1.08E-3

Solute diffusion in bed, cp. 7.48E-4 6.85E-4

Particle biodiffusion, cp. 1.14E-5 0.25

Porewater biodiffusion, cp. 2.0E-4 2.0E-4
acp chemical potential, ma media advection–type flux
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The data appearing above were used with the appropriate algorithms and

formulations to estimate the numerical values of the nine transport coefficients

[14]. Water (porewater in the bed and in the column above) is the continuous phase

across the interface. The transport coefficients use chemical concentrations in water

for flux calculations with both the chemical potential–type and media

advection–type equations. A summary of typical numerical values of the nine

transport coefficients appear in Table 9.1 for BZ and PCB. Several of the base-

case transport parameters were perturbed in doing numerical simulations to cover

their expected range of variation.

The results of the first numerical study appear in Table 9.2. Calculated fluxes for

the PCB using the three theoretical models, the interface compartment (IC) model,

resistance-in-series (RIS) model, and multimedia compartment (MMC) model,

appear. In addition, the IC model interface concentration, Ci (g/m
3), is given.

This simulation uses a porewater concentration of 0.065 g/m3 and water column

0.020 for a chemical potential gradient driving the PCB flux from the bed to the

water column for positive flux values with unit g/m2∙d. The negative values denote
fluxes directed into the bed. The first numerical study was to assess the role of

transport aggressiveness or intensity on the flux.

The first three simulations (i.e., 1, 2, and 3) represent molecular diffusion and in-

bed water advection. The flux varies from low positive to negative. Low bed

porosity will produce a low flux; all models have essentially the same values for

simulation 2. Porewater advection in the opposite direction is sufficient to reverse

flux direction as shown in simulation 3. This reverse in flux behavior is present in all

three models, but flux numbers are different for each. This is expected because the

algebraic forms are different (see Eqs. 9.8, 9.9, and 9.10).

These IC model simulations reveal an interconnection between the media

convective–type erosion process on the water-side and the chemical

potential–type diffusive process in the bed (see simulations 4, 5, and 6). In the

absence of biodiffusion, which is the case for these three simulations, the

flux for the IC and RIS models remains unchanged with increasing particle

resuspension aggressiveness. This occurs because the in-bed transport

Table 9.2 PCB flux (g/m2∙d) increasingly active processes

Active processes

Ci(g/m
3) IC RIS MMCCs =.065, Cw =.020

1. Mol. diff., bed porosity 0.1% .020 4.3E-9 4.3E-9 5.0E-8

2. Mol. diff., bed 78% porosity .021 3.1E-5 3.1E-5 3.18-5

3. Water advection into bed, Pe = �10 .0196 �1.3E-4 �2.8E-3 �4.1E-4

4. Mild resuspension, Pe = +10, DOC on. .0195 4.5E-4 3.3E-4 2.4E-3

5. Aggressive resuspension .00418 4.5E-4 3.4E-4 8.1E-2

6. “Storm event” resuspension .00013 4.5E-4 3.4E-4 3.2

7. Mild resusp., mild in-bed biodiff. .0468 9.4E-3 9.0E-3 1.1E-2

8. Mild resusp., aggressive biodiff. .0648 1.5E-2 1.5E-2 1.6E-2

9. “Storm” resusp., aggressive biodiff. .0413 2.1 1.4 3.2
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processes are slow; they are combined porewater advection and molecular

diffusion. The resistance-in-series law is operating properly in the IC and RIS

models, where the slowest process controls. However, an equivalent resistance-

in-series functionality is absent in the MMC model, and the flux tracks particle

resuspension directly, resulting in substantially higher fluxes. The generally

higher MMC model flux values are due to the porewater solute concentration

because it, rather than the interface concentration, is the driver and is always

numerically larger.

More interesting process interconnections are revealed in simulations 7, 8, and 9.

In these cases, in-bed particle and porewater biodiffusion are active as well as

particle resuspension. The flux increases for both the IC and RIS model simulations

as they track the level of biodiffusion; however, the MMC model does not change

much because it is already high. This behavior by the IC and RIS models shows that

an active bed-side process must be present to provide chemical mass readily

available and in the upmost layer in order for erosion to be an effective transport

process. The rapid biodiffusion provides the mass while the slower molecular

diffusion and water advection processes cannot. Finally, all three models give high

and approximately equal flux for the most aggressive resuspension and biodiffusion

transport coefficients (see simulation 9).

To summarize, the simulation study starts with mild in-bed passive molecular

diffusion and a very low-porosity sediment layer. The flux is very low. As one

moves down the table, level of transport aggressiveness increases. The final one is

for aggressive particle biodiffusion and hydraulic flows that result in aggressive

particle resuspension. The flux is very high in this case. The variation in flux from

low and high is approximately 109. The flux numbers for the IC and RIS models are

similar in magnitude while the MMC is consistently higher and, in some cases,

much higher. Its flux behavior seems to track the particle resuspension process in

aggressiveness. Clearly, Eq. 9.10 supports this behavior.

The flux behavior of BZ is somewhat different; no tabular data are provided. The

behavior for simulations 1, 2, and 3 are similar to the PCB ones. Low porosity

yields low flux, and into bed water advection can reverse the weak diffusion-driven

flux. Being less hydrophobic, BZ displays limited sorption to their surfaces. For this

reason the in-bed particle transport is not a significant chemical mobilization

process for BZ. For simulations 2 through 9, all three models give essentially the

same numerical flux values. All models reflect no particle process dependence,

and all display only chemical potential flux–driven behavior patterns. Theoreti-

cally, in the absence of particle processes, all three models are equal and become

identical to Eq. 9.5.

The second numerical study was on the in-bed concentration gradient difference

polarity and the effect on the direction of the flux. Equations 9.8, 9.9, and 9.10 show

each model has a different mathematical dependence on the porewater and water

column concentration. In the above simulations, the concentration difference was

set to simulate chemical transport from the bed, so for PCB, the concentration

differences as Cs were =.065 and 0.02 g/m
3, and for BZ, they were 20 and 2.0 g/m3.

So as to further test the models for realistic flux behavior characteristics, the
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chemical potential gradient range and the direction were reversed; the flux results

for reversing the gradient direction appear in Figs. 9.7 and 9.8. In each figure, the

flux is on the vertical axis and the imposed concentration difference on the

horizontal axis. Each line in Fig. 9.7 represents a model from top to bottom; they

are MMC, IC, and RIS.

Figure 9.7 presents aspects of the flux behavior. The vertical axis displays the flux.

Positive numbers represent the PCB moving from the bed to the water column.

Negative numbers represent the PCB moving from the water column to the bed.

The zero flux indicates no net chemical movement in either direction. The horizontal

axis displays chemical concentrations in the water column and the porewater. It is an

unusual axis in that it has zero on each end and maximum in the center.

The horizontal axis consists of two sections divided vertically by a dotted line.
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Fig. 9.7 PCB flux across the sediment–water interface. A positive flux, F, is from the bed to the

water column and negative is from water to the bed. The concentration differences between bed

and water column used in the calculations are displayed on the ordinate. The progression of

concentration difference values was devised to force the chemical potential out the bed, on the left,

and into the bed on the right so as to drive the flux accordingly. At the vertical dotted line, bed and

water concentrations are equal. Only for the RIS model is the flux zero. The three lines depict the

theoretical behavior of the PCB flux for the three models: IC, RIS, and MMC
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The concentration is a maximum at the position of the dotted line. To the left side of

the vertical line, the porewater concentration in the bed, CS, is held constant at a value

of 0.065 g/m3 and the water column concentration, CW, is varied from 0.0 to 0.065 g/

m3 as shown. Under these conditions, the concentration difference tends to move the

PCB from the bed to the water column and produce a positive flux. It does for all three

models. Only for the RIS model does the flux equal zero for the condition where CS =

CW = 0.065. Due to the particle resuspension process, the PCB flux result for both the

IC and MMC models remain positive and nonzero when moving from the bed to the

water column. In the next simulation, concentration levels in bed porewater versus

the water column concentration will be reversed.
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Interface
Compartment
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in-series−0.03

−0.02

−0.01

+0.01

+0.02

+0.03

+0.04
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Cs (g/m3)Cw = CsCw (g/m3)

20 10100 0

Fig. 9.8 Benzene flux across the sediment–water interface. A positive flux, F, is from the bed to the

water column and negative is from water into the bed. The concentration differences between bed

and water column used in the calculations are displayed on the ordinate. The progression of

concentration values were devised to force the chemical potential out the bed, on the left, and

into the bed on the right, so as to drive the flux accordingly. The two lines depict the theoretical

behavior of the BZ flux for the three models: IC, RIS, and MMC. The IC and MMC flux values

overlap
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Consider concentration conditions to the right of the dotted line in Fig. 9.7. As

shown on the horizontal axis, the water column concentration, CW, is held constant

at 0.065 g/m3 and the porewater concentration, CS, is reduced from 0.065 down to

0.0 g/m3. The flux for the RIS model starts at zero and goes negative as the PCB

moves into the bed. The other model results display a positive flux at the start and

both trends downward. TheMMCmodel shows a steep decline and reaches zero flux

at CS of about 0.01 g/m3. The IC flux declines to the same value as well, and this

occurs because the imposed concentration gradient encourages PCB movement from

the water column to bed.

The point of the above flux versus concentration study for PCBs was to show

the different behavior patterns produced by the three models. The horizontal

concentration axis was contrived to force the flux to range in magnitude from

positive to negative and therefore cover all possible conditions to be encountered

in nature. The IC model is theory-based, and so it characterizes the correct PCB

flux behavior. Hopefully, future experiments will be able to verify or refute this

behavior. The RIS model predicts lower flux values while those for the MMC

model are much higher. All three models behave according to the algebraic forms

of 9.8, 9.9, and Eqs. 9.10 for the IC, RIS, and MMC, respectively. Both the IC and

the MMC models have a flux inflection; this suggests they are better quantitative

representations of the overall flux process. Crossing the Cw = Cs line and

interchanging concentration represents a switching of processes; it is in the

algebra (see Eqs. 9.8 and 9.10).

A somewhat different behavior occurs for BZ. The results are displayed in

Fig. 9.8 where the graph is constructed similar to that for PCB. The RIS and MMC

flux values are identical and appear as a single diagonal line that starts positive,

goes to zero, and then ends negative. The IC model starts at a slightly lower

positive flux. It decreases then goes through a slope change at CS = CW. This is an

algebra-driven inflection point in the IC model; it occurs at CS = CW = 20 g/m3

(see Eq. 9.8). As CS decreases toward zero, the flux goes into a steep decline with

increasing negative values. It parallels the behavior of the RIS and MCmodels but

with slightly higher flux values. Beyond the IC model, flux is higher than the

others. The particle transport process is low, and the MMC model takes the

same algebraic form as the RIS. However, the IC model reflects the correct

theoretical approach and displays a very different behavior pattern. Being water

soluble, BZ has minimal particle association. However, the particle processes

enter as ratios (see Eq. 9.8). This has the effect of delaying the zero flux. It occurs

at CS of 11.0 g/m3.

The flux results for the IC versus RIS and MMC models using this specific

simulation with BZ and PCB are different numerically. They also display different

behavior patterns as the imposed concentration gradient condition is changed to

encourage chemical movement from the bed to a condition of chemical movement

into the bed. Presumably, the IC model result is the correct one since it is theory-

based. However, at this juncture, it is a hypothesis in need of testing against

laboratory and field experimental measurements.
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Significance for Aquatic Environments

There are numerous individual transport processes on both sides of the interface that

are driven by biological, chemical and geophysical phenomena. Some processes

work in parallel while others work in series, forming a connected network of

processes moving anthropogenic substances and geochemicals across the interface.

The interface compartment (IC) concept and associated mathematical model is

developed and presented as the appropriate theoretical approach for understanding

the overall process and quantifying the resulting net flux. For aquatic researchers, it is

a tool with several uses. It provides a testable hypothesis and a means of interpreting

rate data based from measurements in the laboratory or field. It provides

a mathematical rate equation for individuals making numerical flux estimates.

Finally, the derivation provides a protocol for obtaining one additional model equa-

tion for use by chemical fate modeler’s connecting mobility across the interface that

separates the adjoining bulk sediment and water compartments.

Future Directions

The sediment–water interface is the largest plane surface on Earth. Understanding

and quantifying chemical and particle mobility across this semipermeable interface

is relevant to the work of a broad community of aquatic researchers. The interface

compartment model provides the basic theory for connecting chemical flux across

the sediment–water interface. Correctly quantifying the net chemical, particle, and

aquasol exchange rates across this plane is a key factor for understanding the fate

of numerous natural and anthropogenic substances on Earth and aid in assessing

the ecological significance. The potential impact of the IC model’s further devel-

opment and use in the environmental and geosciences fields may be a key

contributing factor. Life-forms residing on both sides, in the water column or the

surface sediment layers, depend on oxygen and nutrient fluxes. The bed is a source

or a sink of soluble and particulate carbon compounds depending on the

chemodynamics of the specific locale. The bed is a sink for chemical pollutants

entering the aquatic system but, later as conditions improve in the water column, it

becomes the source. These are just a few examples of the types of possible uses

which require theoretically sound and verified science-based tools. As outlined

above, further work is needed on the interface compartment concept before it is

accepted as a unified theory and modeling protocol.
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