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Abstract. The enhancement of solute diffusivities within coastal surficial sediments as a result of
wave action is examined. Fluctuating pressure gradients associated with passing waves cause inter-
stitial water motions leading to enhanced diffusivities through the mechanism of shear dispersion.
Wave amplification of diffusivities is likely to be greatest for waves of period ∼10 s, in shallow
water, over a bottom of coarse grain. Diffusivity enhancement of hundreds of times molecular diffu-
sivity is achievable. The mechanism is distinct from, but complements, the mechanism of rotational
dispersion which has been previously described. Other mechanisms that enhance solute transport
within surficial sediments rely on the interaction between wave-driven or steady flow over bottom
obstructions such as biogenic structures or sand ripples. It is suggested that while the resulting ad-
vective flows may dominate solute transport within the top few 10 s of centimeters of the sediment
column, shear dispersion may be more important deeper within the sediment. In any event, in contrast
to these other mechanisms, shear dispersion is operative even when the seabed is flat. Application of
the theory to sediments of the South Atlantic Bight would suggest that shear dispersion is capable of
explaining a major part of the interstitial transport inferred from measurements.
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1. Introduction

In coastal environments, sediments are likely to play an important role in the bio-
geochemical cycling of such substances as nutrients and trace metals. The transport
rates of chemical species through sediments not only determine potential storage or
release rates of these substances, but they also influence the thickness of the storage
zone and hence the storage capacity of the sediments. Further, by determining
the distributions of these substances within sediments, transport processes play a
central role in setting the chemical environment there as well.

Solute exchange through sediment will occur by molecular diffusion through
the pore waters. Molecular diffusion through water is slow and is further slowed
in pore waters because the diffusing molecules must follow a tortuous path around
the sediment grains. In coastal environments where there are waves, currents and
salinity changes, other processes may come into play increasing transport rates to
levels that far exceed those due to molecular diffusion. On Checker Reef off the
island of Oahu Hawaii, Tribble et al. [1] inferred vigorous exchange through the
top 1 m of the sediment column from measurements of radon concentrations and
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salinity changes. The residence times over this layer were estimated to be of the
order of 2 days versus the ∼30 years it would take molecular diffusion to transport
dissolved substances over the same distance. The vigorous transport within surfi-
cial sediments was attributed largely to the effects of waves passing over the reef
flat. Falter and Sansone [2] measured the depth distributions of oxygen and several
nitrogen species on Checker Reef and showed the profiles to change in response to
a ‘wave event’. Marinelli et al. [3] demonstrated that profiles of nutrient concentra-
tions within sandy sediments of the South Atlantic Bight were inconsistent with the
assumption that transport was due to molecular diffusion. Rather, they suggested
that a much enhanced transport in the top 10 cm or so of the sediment column
was due to nonlocal advection driven mainly by the interaction between currents
and the bed. Jahnke et al. [4] contend that enhanced exchange of nutrients within
South Atlantic Bight sediments implies a more important role for these sediments
in nutrient recycling than would be the case if interstitial solute transport were
by molecular diffusion. Shum and Sundby [5] have argued that the role of shelf
sediments in the recycling of carbon has been underestimated because vigorous
pore-water transport can enhance greatly the mineralization rate of dissolved and
particulate organic matter, a view that has been developed further by Boudreau
et al. [6].

There are a number of purely physical mechanisms for enhancing transport
through sediment interstices and across the sediment surface [7], but most of these
fall into two general categories. In the first category, advective exchange through
sediments occurs when a current crosses an obstruction on the sediment surface. A
zone of elevated pressure occurs on the upstream face of the obstruction where the
flow is forced upwards; further downstream there is a zone of low pressure where
the flow is pulled downwards after it has passed the obstruction. Such a pressure
distribution on the sediment surface forces an interstitial flow through the sediment
between the high and low pressure zones. Savant et al. [8] and Thibodeaux and
Boyle [9] investigated the interstitial flow induced by the passage of a steady flow
over bed ripples. Webb and Theodor [10] and Shum [11] showed how interstitial
flow can result from the interaction between sand waves and the oscillatory bottom
currents induced by waves. The interstitial flow induced by the interaction between
biogenic structures including burrow mounds and depressions was investigated by
Huettel and Gust [12] in a laboratory flume.

The second category of physical exchange mechanisms involves the passage of
waves over a flat sea bed. Riedl et al. [13] identified waves propagating along the
water surface as a source of pressure gradients which could induce solute transport
across the sediment surface, a mechanism they call the sub-tidal pump. Through
the water column under the crest of a wave, the pressure is relatively high; under
the trough of the wave, the pressure is relatively low. In shallow water, most of the
pressure gradient due to the difference in water level between the trough and crest
of a wave penetrates some distance into the underlying sediment. As the wave
propagates, it causes a fluctuating pressure gradient within the sediments that in
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turn forces oscillatory flows through the sediment pores. Although Riedl et al.
considered the problem of how much water crosses back and forth across the sea
bed, Rutgers van der Loeff [14] and Harrison et al. [15] postulated that interstitial
motions due to waves could cause transport of solutes within the sediment itself.
They suggested that enhanced diffusivity could be expressed as the product of a
velocity scale proportional to the magnitude of the interstitial velocity fluctuations
and a length scale. Rutgers van der Loeff proposed the appropriate length scale to
be the interstitial excursion, whereas, Harrison et al. took it to be the sediment grain
diameter. Neither of these two analyses detailed the mechanism by which diffusion
would occur.

It is not obvious how a purely oscillatory flow within sediments would cause
solute transport since pore-water displacement through the first half of the wave
cycle would be counteracted by a reverse displacement of equal magnitude through
the second half of the cycle. One mechanism by which enhanced diffusion can
occur is ‘rotational dispersion’ which requires that the flow within sediment is
induced by a pressure gradient whose direction rotates in time, as it would under
water waves. Providing that the pore-water excursion is greater than the grain diam-
eter of the sediment, the pore water does not return exactly to its starting position
after every wave cycle. In effect, pore-water (and hence solute) transport occurs in
a manner which is akin in some ways to turbulent diffusion even though the pore-
water flows are far too small to be turbulent. Webster and Taylor [16] developed
a theory for this process that was confirmed experimentally in a laboratory wave
flume. One experiment showed diffusivity enhancement of 900 times due to waves.

A second distinct mechanism for solute transport within sediments due to oscil-
latory flow through its pores is shear or Taylor dispersion. Friction causes the fluid
velocity to be greater down the center of a pore than along its sides. Any concentra-
tion gradient along the pore combines with such a radially sheared flow to produce
a radial concentration gradient as well. The action of molecular diffusion in reduc-
ing this radial concentration gradient results in solute transport along the pore [17].
Watson [18] has demonstrated theoretically how oscillatory flow in tubes can lead
to enhanced longitudinal dispersion by this process. Webster [19] showed how the
shear dispersion mechanism applied to the wave-induced oscillatory flow within
empty U-shaped burrows can enhance the transport of solutes such as oxygen into
sediments.

The main objective of this paper is to develop a theory for shear dispersion in
permeable sediments. We show how enhanced diffusivities due to shear dispersion
can be calculated from knowledge of sediment grain size, porosity and permeability
and from wave amplitude and period. The analysis also considers sediment whose
permeability decreases with depth as would occur when deeper sediment pores
become clogged with fine particles. We determine enhanced diffusivities due to
shear dispersion in a hypothetical coastal zone and show how variation of para-
meters affects the calculations. The potential significance of the shear dispersion
process as a mechanism for solute transport vis-à-vis other transport mechanisms
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Figure 1. Schematic of the coastal zone.

including advective transport is discussed. A companion paper by Sutherland et al.
describes laboratory experiments that provide confirmation of the validity of the
shear dispersion theory presented here.

2. Pressure Field within Sediments

The seabed is assumed to be flat and horizontal, lying in the plane z = 0 (Figure 1).
The water depth is hw. Suppose the x coordinate is aligned with the direction of
propagation of a surface gravity wave of amplitude η0 (Figure 1). Let the equation
for the water surface be:

η = η0 cos(kx − ωt), (1)

where k is wavenumber, ω is wave frequency and t is time. LeBlond and Mysak
[20] show that ω and k are related by:

ω2 = gk tanh(khw), (2)

where g is gravitational acceleration. Also, they show that the pressure along the
seabed is:

ps = ρgη0

cosh (khw)
cos(kx − ωt). (3)

In the derivation of Equations (2) and (3), the seabed has been assumed imper-
meable. A permeable seabed has negligible effect on wave properties provided
flow volumes within the sediments are much less than flow volumes above the
sediments, which is generally the case.
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The pressure perturbation due to the passage of the wave penetrates into per-
meable sediment and causes water motions that can be described using Darcy’s
equation [21]:

−∇p + µ

K
u = 0 (4)

Here u is the flux of water (a vector) through the porous sediment, K is sediment
permeability, µ is the viscosity of water, and p is the pressure perturbation due to
the wave. Equation (4) is valid provided that the flows are slow enough and steady
enough that inertial effects (both spatial and temporal accelerations) can be ne-
glected [22]. If we wish to consider time-dependent flows, we should add the term
ρ∂u/∂t to the LHS of the force equation, Equation (4). The use of Equation (4) to
model a time-dependent interstitial flow therefore requires that:∣∣∣∣ρ ∂u

∂t

∣∣∣∣ � µ

K
u (5)

or for a harmonic flow at the wave frequency ω this condition is:

ωρ � µ

K
. (6)

This condition is generally an insignificant limitation to the applicability of our
analysis.

The interstitial water is taken to be incompressible and of constant density, ρ,
so that:

∇ · u = 0. (7)

We assume further that the water is of constant viscosity (uniform temperature
and salinity) and that sediment permeability is a function of depth within the sedi-
ment only; that is, K = K(z), where z is the vertical coordinate taken as positive
upwards.

Taking the divergence of Equation (4) whilst utilizing Equation (7), we obtain:

K∇2p + ∂K

∂z

∂p

∂z
= 0. (8)

Two scenarios for sediment permeability are considered. In the first, a uniformly
permeable sediment layer overlays impervious material such as bedrock to a thick-
ness hs (Figure 1). The second scenario considers a permeable sediment layer of
infinite thickness having a permeability that decreases exponentially with depth
within the sediment as:

K = K0 exp(λz), (9)

where K0 is the permeability at the sediment surface (z = 0).
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The pressure along the sediment surface for both scenarios is the pressure per-
turbation due to the passing wave given by Equation (3); that is, p = ps at z = 0.
For the first scenario, the condition that there be no flow into the impervious layer
underlying the permeable sediment requires that the vertical component of the
perturbation pressure gradient be zero along their interface, that is,

∂p

∂z
= 0 at z = −hs. (10)

The solution to Equation (8) with ∂K/∂z = 0 for scenario 1 and subject to the
boundary condition at the sediment surface and to Equation (10) is readily shown
to be:

p = ps

cosh(k(z + hs))

cosh(khs)
. (11)

For the second scenario, the bottom boundary condition is:

p → 0 as z → −∞. (12)

The solution to Equation (8) subject to Equation (12) and the boundary condition
at the sediment surface is:

p = ps exp(ξz), (13)

where:

ξ = −λ + √
λ2 + 4k2

2
. (14)

The flow within the sediment is driven by the imposed pressure gradient there.
Within the sediment, differentiation of Equations (11) or (13) gives:

∇p

ρ
= −Gx sin(kx − ωt)i + Gz cos(kx − ωt)k.

Here i, j, k are unit vectors in the x, y, z directions. The pressure gradient
amplitude terms are calculated for the two types of sediment characteristics as:

Scenario 1

Gx = kgη0 cosh(z + hs))

cosh(khw) cosh(khs)
, (15)

Gz = kgη0 sinh(z + hs))

cosh(khw) cosh(khs)
. (16)

Scenario 2

Gx = kgη0 exp(ξz)

cosh(khw)
, (17)
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Figure 2. The capillary tube network representing the sediment interstices (adapted from de
Josselin de Jong [23]).

Gz = ξgη0 exp(ξz)

cosh(khw)
. (18)

We consider a model of the sediment such as that proposed by de Josselin de
Jong [23] and Saffman [24]. The pore system is represented as a network of cap-
illary tubes each of uniform radius but whose random orientations are distributed
uniformly in all directions (Figure 2). We start by examining the flow in one tube
orientated at an angle θ with respect to the x-y plane. Let φ be the angle between
the projection of the tube on the x-y plane and the x axis (Figure 3). Defining a unit
vector l in the direction of the tube, we have:

l = cos θ cos φi + cos θ sin φj + sin θk. (19)

The projection of the pressure gradient along the direction of the tube is ∇p · l so
that the squared magnitude of this projection is:

G2
	 = cos2 θ cos2 φG2

x + sin2 θG2
z. (20)

Watson [18] showed that the flow volume through a tube is proportional to the
pressure gradient. The constraint that the flow volume into a junction of capillary
tubes equals the flow volume out places a constraint on the spatial distribution of
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Figure 3. Schematic of a single sediment pore.

the pressure field over the scale of the spacing of the network junctions, that is, over
the scale of the sediment grain diameters. However, Equations (11) and (13) still
describe the pressure field over length scales larger than several grain diameters
so that Equation (20) should be thought of as representing a value of G	 averaged
over a volume of at least several grain diameters in each dimension.

3. Wave-Induced Diffusivity

Chatwin [25] showed that the oscillating flow in a capillary tube increases the
effective along-tube diffusivity of a solute from its molecular value κ to a value
D where:

D = κ(1 + R). (21)

He further showed that the amplification factor R is proportional to the square of
the along-tube pressure gradient, that is:

R = f (a, ω, κ, v)G2
	, (22)

where a is the tube radius and v = µ/ρ is the kinematic viscosity of the fluid. In
the absence of zero mean flow, the along-tube solute flux is equal to the diffusivity
multiplied by the solute gradient along the tube, that is:

F = D
∂C

∂	
. (23)
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C being the solute concentration and 	 the along-tube coordinate. The transport
along the tube will be:

Q = πa2D
∂C

∂	
. (24)

Assuming that the situation considered is horizontally homogeneous, C will be a
function of z only. Hence, for a tube tilted at an angle θ to the horizontal we have:

∂C

∂	
= sin θ

∂C

∂z
. (25)

The transport through the tube in the z direction will be:

Qz = Q sin θ. (26)

Using Equations (21) to (26) we obtain:

Qz = πa2κ sin2 θ(1 + f cos2 θ cos2 φG2
x + f sin2 θG2

z)
∂C

∂z
. (27)

The average vertical transport through each tube, Q̄z, is obtained by averaging over
all possible tube directions. It is:

Q̄z = 1

4π

2π∫
0

π/2∫
−π/2

Qz cos θdθdφ = πa2κ

(
1

3
+ f G2

x

15
+ f G2

z

5

)
∂C

∂z
. (28)

To evaluate Q̄z we need f. Watson [18] showed that f could be calculated as:

f = 1 − B2(α)/B2(ασ 1/2)a6

2(1 − σ−2)α4B1(α)v4
= b(α, σ )

a6

v4
. (29)

Here, α is the Womersley Number defined as:

α = a
(ω

v

)1/2
, (30)

which is a measure of the ratio of the tube radius to a measure of the momentum
boundary layer thickness within the tube. The Schmidt Number, σ , defined as:

σ = ν

κ
, (31)

is the ratio of the molecular diffusivities of momentum and solute. The functions
B1 and B2 are calculated from the Kelvin functions ber and bei by:

B1(α) = α3B(α)

B ′(α)
, (32)
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Figure 4. function b in Equation (29) versus the Womersley Number, α for three values of the
Schmidt Number σ : 500, 1000, 2000. Also shown is the approximation b = 0.05α−4.

and

B2(α) = αB ′′(α) + B ′(α)

B ′(α)
, (33)

where

B(α) = ber2(α) + bei2(α). (34)

The validity of Watson’s [18] theoretical description of diffusion in oscillating fluid
flow has been confirmed experimentally by Joshi et al. [26].

For oxygen dissolved in water at 20 ◦C, κ has a value of 2.0 × 10−9 m2 s−1,
which is typical of the diffusion coefficients of other dissolved gases. With v =
1.0 × 10−6m2 s−1, we have σ = 5.0 × 102. For NaCl at the same temperature,
σ = 1.0 × 103. This value is typical for a strong electrolyte, whereas weak elec-
trolytes have σs somewhat greater than this value. Figure 4 shows the function
b in Equation (29) for σ = 5.0 × 102, 1.0 × 103, and 2.0 × 103. For α > 0.3,
the dependence of b on σ diminishes and the function can be approximated by
b ∼ 0.05 α−4.

Equation (28) provides the average vertical transport of solute through each
capillary tube. Suppose there are N such tubes in a sediment volume V. If these
N tubes cross a surface of area V 2/3, then the average vertical solute flux through
them will be:

F̄z = NQ̄z

V 2/3
. (35)
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If each tube has a length of V 1/3, then the total volume of the N tubes is:

Vt = NV 1/3πa2. (36)

Thus the porosity, which is the ratio of sediment void volume to total volume, is:

ϕ = Vt/V = Nπa2

V 2/3
. (37)

Combining Equations (28), (35) and (37), we obtain:

F̄z = ϕκ

(
1

3
+ f G2

x

15
+ f G2

z

5

)
∂C

∂z
. (38)

The vertical component of the effective diffusivity is thus:

Dz = ϕκ

(
1

3
+ f G2

x

15
+ f G2

z

5

)
. (39)

The first term in Equation (39) (= ϕκ/3) is the contribution to the effective diffu-
sivity by molecular diffusion. The factor ϕ is the reduction in bulk diffusivity due
to transport occurring in the pores only; that is, in only a fraction of the sediment
volume. The 1/3 factor is the correction to the molecular diffusivity associated with
the tortuosity of the sediment. The pores are aligned at many different angles to the
vertical so that diffusive transport does not occur in a direct line between one depth
within the sediment and another. Boudreau [27] estimated the reduction factor due
to tortuosity to be 1 − 2 log ϕ. For sand, ϕ ∼ 0.4, yielding a sediment molecular
diffusivity of 0.14 κ . Using Equation (39), the sediment molecular diffusivity is
estimated as 0.13 κ , a similar value.

The capillary tube model chosen to represent the flow pathways through sedi-
ment is unrealistic in that real sediments have pore dimensions of a continuum of
sizes. However, we can estimate an effective pore radius for particular sediment by
considering its hydraulic permeability, K. For the capillary tube model, Saffman
[24] showed that K is related to the tube radius, a, by:

K = a2ϕ

24
. (40)

The permeability of a sediment composed of particles of diameter, d, can be deter-
mined from the Kozeny–Carman equation [28] as:

K = 5.6 × 10−3ϕ3d2

(1 − ϕ)2
. (41)

Combining Equations (40) and (41), we obtain the following relation between the
effective pore radius and the particle diameter:

a = 0.37ϕd

(1 − ϕ)
. (42)
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If a reduction in permeability with depth within sediments (scenario 2) is due
to partial clogging of the sediment pores by finer particles, then we might expect
that both the porosity and the average pore size would be reduced. Suppose that
the average radius of sediment pores and not their number is reduced by clogging.
Then if a0 and ϕ0 are the pore radius and sediment porosity at the sediment surface,
the proportionality between ϕ and a2 expressed in Equation (37) implies that ϕ =
a2ϕ0/a

2
0 . If the surface permeability is given by K0 = a2

0ϕ0/24 (Equation (40)),
then elimination of ϕ from Equation (40) yields:

K = a4

a4
0

K0. (43)

Application of Equation (9) provides a parametric expression for the effective depth
variations of the pore radius and of the porosity under scenario 2 as:

a = a0 exp

(
λz

4

)

ϕ = ϕ0 exp

(
λz

2

)
.

(44)

The calculation of the profile of Dz through the sediment column for scenario
2 would proceed by applying Equation (39) at successive depths with a and ϕ

obtained from Equation (44) and with the pressure gradient terms, Gx and Gz

obtained from Equations (17) and (18).

4. Application

To illustrate the effects of waves on diffusion of solutes within sediments, we
consider a coastal zone having the following characteristics:

Water depth, hw = 10m.
Kinematic viscosity, v = 1.0 × 10−6 m2s−1 (water at 20 ◦C).
Water density, ρ = 1.0 × 103 kg m−3.

The sediments form a layer of uniform permeability overlying impermeable bedrock;
that is, we consider scenario 1. We assume:

Sediment grain diameter, d = 1.0 mm (sand).
Sediment porosity, ϕ = 0.4.
Sediment layer thickness, hs = 1.0 m.

The zone will be subject to waves having the following characteristics:
Wave amplitude, η = 0.2 m.
Wave period, T = 10 s.

These waves would be characterized as low swell. The frequency of the waves
is ω = 2π/T = 0.63 s−1. Their wavenumber, calculated as the solution to the
transcendental equation, (Equation (2)), is k = 6.8 × 10−2m−1. Hence, their wave-
length is L = 2π/k = 92 m. For these sediments and for these waves, ωρ is more
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than 1000 times smaller than µ/K so that the condition required for the neglect of
the acceleration term (Equation (6)) is well satisfied.

Equations (15) and (16) can then be used to evaluate Gx and Gz within the
sediment. Using Equation (42), the effective pore radius is calculated as 2.5 ×
10−4 m, so α = 0.2 from Equation (30). We take the diffusing substance to be
oxygen, for which κ = 2.0 × 10−9 m2s−1 and σ = 5.0 × 102. From Figure 4,
we have b = 15.5, and so f = 3500 m−2s4 using Equation (29). Once f, Gx

and Gz have been determined, Equation (39) can be used to calculate the effective
vertical diffusivity through the sediment layer. This diffusivity has a maximum of
2.4 × 10−9 m2s−1 at the sediment surface, decreasing by only 2% at the base of the
sediment layer.

The first term on the RHS of Equation (39), namely ϕκ/3, is the contribution to
Dz due to molecular diffusion alone. We define the ratio of the total diffusivity to
the molecular diffusivity term as D′

z so that:

D′
z = 3Dz/ϕκ. (45)

For the hypothetical case considered above, we have D′
z = 9.2. Hence, the presence

of waves substantially enhances the effective vertical component of the diffusivity
within the sediment.

We now consider the effect of parametric variation on D′
z. Figures 5 to 9 illus-

trate the dependencies of D′
z on wave height, η0, wave period, T, water depth, hw,

sediment grain diameter, d, and sediment layer thickness, hs , when each is varied
independently from the base values. Figure 5 shows that D′

z increases rapidly with
increasing η0. The amplitude of the pressure fluctuations is directly proportional to
the wave amplitude and the wave-induced component of the diffusivity is, in turn,
proportional to the square of the pressure fluctuation amplitude.

The surface diffusivity has a maximum at a wave period of about 9 s (Fig-
ure 6). The wavelengths of water waves decrease with increasing frequency. The
depth of influence of a wave scales as its wavelength. When the water depth is
greater than the wavelength (short period waves), the pressure fluctuations along
the sediment surface are small, resulting in low diffusivities. However, the pressure
gradients associated with a wave of fixed amplitude are inversely proportional to
wavelength so that for a large enough wave period, the diffusivity drops off. Fur-
ther, the efficiency of the shear diffusion process in oscillating flow increases with
increasing frequency or equivalently with decreasing period. Decreasing the water
depth causes a monotonic increase in D′

z (Figure 7). For waves of a given period,
decreasing the water depth decreases the wavelengths of waves, thereby increasing
the associated pressure gradients. Also, the influence of these waves penetrates
more effectively to a shallower bottom.

Over the range of sediment grain diameters between 0.5 and 5 mm, D′
z is a

strongly increasing function of d (Figure 8) due to the rapid increase of the ef-
ficiency of the shear diffusion process with increasing pore radius. Permeability
scales as particle diameter squared (Equation (41)) and so does the flow through
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Figure 5. Normalized surface diffusivity versus wave amplitude (hw = 10 m, hs = 1 m,
d = 1 mm, ϕ = 0.4, T = 10 s, σ = 500). Also shown are the corresponding vertical
coefficients of rotational dispersion.

Figure 6. Normalized surface diffusivity versus wave period (hw = 10 m, hs = 1 m,
d = 1 mm, ϕ = 0.4, η = 0.2 m, σ = 500).

the sediment pores. For the smallest particle diameter shown in Figure 8 (0.5 mm),
the diffusivity is enhanced over molecular diffusivity by a factor of 1.3 only, but
for a particle diameter ten times larger the diffusivity is enhanced by a factor of
almost 500.

For sediment thickness less than about 2 m, D′
z is approximately constant, hav-

ing a value of about 9 (Figure 9). The presence of the impermeable boundary below
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Figure 7. Normalized surface diffusivity versus water depth (hs = 1 m, d = 1 mm, ϕ = 0.4,
T = 10 s, η = 0.2 m, σ = 500).

Figure 8. Normalized surface diffusivity versus sediment grain diameter (hw = 10 m,
hs = 1 m, ϕ = 0.4, T = 10 s, η = 0.2 m, σ = 500). Also shown are the corresponding
vertical coefficients of rotational dispersion.

the permeable sediment layer restricts vertical water oscillations within the layer
and so reduces diffusivities there. As hs is increased beyond 2 m, these oscillations
become less restricted and so D′

z increases as well. Once hs , is about 50 m, the
sediment layer is sufficiently thick that the presence of a lower boundary has little
influence on water oscillations within the layer. Also shown in Figure 9 is the nor-
malized surface diffusivity calculated for scenario 2; that is, for an exponentially
decreasing permeability with depth. For this case, the abscissa is the permeability
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Figure 9. Normalized surface diffusivity versus sediment layer thickness (hw = 10 m,
d = 1 mm, ϕ = 0.4, T = 10 s, η = 0.2 m, σ = 500). Also shown is the surface diffusivity
calculated for scenario 2 as a function of the permeability decay length scale. The latter graph
sets λ = 1/hs .

decay length scale namely 0.69λ−1. The behaviours of the two scenarios are similar
to one another. As with scenario 1, a decreasing permeability with depth restricts
vertical pore-water motions and reduces D′

z, an impact which diminishes as the
near-surface zone of relatively high permeability thickens (λ reduces).

5. Discussion

The theory developed here for shear dispersion is used to explain the results of
diffusion studies in a laboratory wave tank by Sutherland et al. (in preparation).
The theory largely explains the observed enhanced diffusivities within the tank
which has a flat sediment surface so that advective flows such as those described
by Shum [11] should be small. In any event, the interstitial spread of dye within
the experiments had the character of diffusion rather than advection. For these
experiments also, transport by rotational dispersion [16] is calculated to be small
compared to shear dispersion.

The results presented by Webster and Taylor [16] can be used to estimate ro-
tational dispersion coefficients using the ‘standard’ set of water depth, wave, and
sediment conditions used in the application of the shear dispersion theory. The
variation of the vertical component of non-dimensional rotational diffusivity with
wave height and grain diameter is compared to the shear dispersion equivalents in
Figures 5 and 8. Rotational dispersion requires that the pore-water excursion ex-
ceeds the grain diameter so that there is a minimum wave height and grain diameter
below which the mechanism is not effective. For a fixed sediment grain diameter of
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1 mm, rotational diffusivity is between a half and a third of the shear diffusivities
through the range of wave heights examined. For fixed wave height, rotational
dispersion exceeds shear diffusivities for grain sizes greater than 2.7 mm. When
rotational dispersion is operative it augments transport due to shear dispersion.
In effect, shear dispersion is a process that occurs in the capillary pores, whereas
rotational dispersion is a mixing process that occurs at the junctions between pores.

We can ask what is the relative importance of shear dispersion and advective
transport as mechanisms for solute transport within sediments? If the permeabil-
ity is assumed to be uniform through the sediment column, then ξ = k from
Equation (14). Equations (17) and (18) show the pressure gradient to decrease ex-
ponentially with depth within the sediment with length scale 1/k so that the length
scale of shear dispersion decrease with depth is δs = 1/2k from Equation (39).
A wave of period 10 s in 10 m water depth has a wavelength of 92 m so that
δs = 7.3 m. Savant et al. [8] solved Laplace’s equation to obtain the pressure field
resulting from the flow over a rippled bed. In this case, the length scale of decrease
of the advective interstitial flow within the bed would be δa = 1/kr where kr

is the ripple wavenumber given by kr = 2π/Lr and Lr is the distance between
ripple crests. Wiberg and Harris [29] suggest that for anorbital ripples (a common
form of ripples in field settings), the ripple wavelength of the ripples is related
to the sediment grain diameter by Lr = 535 d. Even for relatively large grained
sand with d = 1 mm, we calculate δa = 0.09 m. It would seem that the length
scale of penetration by shear dispersion is much greater than that of the advection
associated with flows over sand ripples.

The appropriate scaling for the penetration of advective flows induced by the
interaction between a current and an isolated solid object is the size of the ob-
ject [30]. Likewise the laboratory experiments of Huettel et al. [31] and Ziebis
et al. [32] suggest the same scaling for the depth dependence of the interstitial
flow induced by a surface flow over burrow mounds. Even for the case of a fairly
large mound of a few tens of centimeters in diameter, we expect that the induced
advective flows would penetrate a much smaller distance into the sediment column
than would shear dispersion. Advective flows may very well dominate transport
near the sediment surface, but the reverse may be the case deeper in the sediment.
Of course, the depth penetration of shear dispersion may be limited by decreasing
permeability or by the presence of an impermeable layer.

Marinelli et al. [3] examined the pore-water profiles at station W27 (27 m
deep) on the South Atlantic Bight shelf and concluded that nonlocal exchange
processes [33] were responsible for enhancing exchange by as much as 50-fold
over diffusional exchange in surficial sediments. The median grain size at W27
is reported to be 0.505 mm and the sediment porosity to be 0.5. Assuming these
sediment characteristics and a wave height of 0.6 m and a wave period of 10 s, our
theory of shear dispersion predicts that diffusivities will be enhanced by a factor
of 39 above molecular diffusion. The wave climatology in the region derived from
measurements made by the South Atlantic Bight Synoptic Offshore Observational
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Network (SABSOON) show that these wave conditions are not unrepresentative of
those found at this location so it would seem that the mechanism of shear dispersion
is capable of making a significant contribution to the measured enhanced transport.

6. Conclusions

This paper describes a mechanism for enhancing the transport of solutes within
permeable sediments subject to wave action. The theoretical development has re-
quired simplifying assumptions the most significant of which is likely to be the
representation of the sediment as a collection of capillary tubes all of equal diam-
eter oriented at a continuum of angles to the vertical. The pores of real sediments
have a variety of cross-sectional areas which continuously vary along the pathways
followed by the interstitial flow. This flow would occur preferentially through the
larger pores and there are certain to be dead spaces where the flow is effectively
zero. In principle, such a feature could be modelled numerically using capillary
networks made up of connected pores of a variety of diameters and lengths. A
major challenge for such a formulation is the prescription of the distribution of
pores sizes and lengths that would be representative of real sediments.

Despite its simplifications, the present work does demonstrate that shear dis-
persion within sediments is potentially an important mechanism for enhancing
solute transport within permeable sediments. Presently, the laboratory experiments
and field observations that are available to confirm the validity of the theoretical
development to aquatic sediments are scarce. Unfortunately, most of the situations
in which enhanced exchange within sediments has been inferred from fluxes or
solute profiles do not also include observations of wave conditions (height and
period) as well as of the necessary suite of sediment characteristics (permeability,
grain size, porosity). More measurements are needed to evaluate the applicability
the mechanism of shear dispersion over a range of environmental conditions and
to support the refinement of its theoretical description.
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