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Abstract 

Pressure variations along an uneven permeable bottom, generated by the passage of gravity waves and by bottom 
currents, force water into the sediment below regions of high pressure, such as ripple troughs, and draw it out at regions of 
low pressure, such as ripple crests. The resulting pore water circulation brings organic matter and oxygen to the interior of 

the sediment, creates horizontal concentration gradients that can be as strong as the vertical gradients, and increases the flux 
of pore water constituents across the sediment-water interface. Here we review the present knowledge of pore water 

circulation and organic carbon mineralization in sandy continental shelf sediments. We argue that the circulation of water 
through the pores of the sediment enhances the mineralization rate of dissolved and particulate organic matter and that 
continental shelf sediments play a more important role in the oceanic carbon cycle than is generally thought. 

1. Introduction 

When a breaking wave forces water up on a sandy 
beach, only some of that water returns to the sea as 
surface runoff. The rest percolates down through the 

interstices between the sand grains and flows back to 

the sea via the interior of the sediment. The wave- 
forced flow of water through the sediment is some- 

times referred to as the intertidal pump because it 
takes place in the intertidal region of the coastal 

zone. It is an effective mechanism for bringing fresh 

supplies of dissolved oxygen and dissolved and par- 
ticulate organic matter to the interstitial biological 
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community and for removing the products of com- 

munity metabolism (Steele et al., 1970). 
Pore water flow is not constrained to intertidal 

sediments. The early work on the interaction be- 
tween sub-tidal sediments and waves, which was 

oriented towards understanding the role of bottom 

sediment in dissipating wave energy, showed that the 
pressure fluctuation at the sediment-water interface 

during the passage of gravity waves induces the 

interstitial water to flow among the grains (Putnam, 

1949). Webb and Theodor (1968, 1972) shifted the 

attention from the dissipation of wave energy to the 
pore water flow itself and to the ecological conse- 
quences of such flow. They showed, with an elegant 
field experiment, that dyed water injected into a 
ripple trough on a sandy bottom reappears at the 
crest of the ripple. They inferred that gravity waves 
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induce pore water to flow through the sediment from 
the trough of the ripple to the crest. They pointed out 

that wave-induced pore water circulation is an effec- 
tive mechanism for bringing organic material to mi- 

cro-organisms attached to the sand grains and con- 

cluded that sand beds must have an enormous capac- 

ity for consuming organic material. Riedl et al. 
(19721, who referred to the wave-induced pore water 

circulation as the subtidal pump, suggested that it 
might be ecologically important on a global scale. 
They calculated, using Darcy’s law to model pore 

water velocities, that the subtidal pump could poten- 

tially filter seawater through the permeable deposits 

on the continental shelves at a rate that would corre- 

spond to the volume of the entire ocean in only 

14,000 years. 
The subtidal pump has not received much atten- 

tion in recent attempts to describe the carbon cycle 

on continental shelves, perhaps because sands, which 
are the dominant sediment type on continental 

shelves, generally do not contain much organic mat- 
ter. If mineralization in the sediments can be ig- 

nored, most of the primary production will have to 

be consumed in the water column or be exported and 
subsequently mineralized in slope sediments. The 

comprehensive Shelf Edge Exchange Processes 

(SEEP) experiment in the Mid-Atlantic Bight was 

based on this idea (Walsh et al., 1988). The SEEP 
experiment did not entirely resolve the question of 

the fate of the organic carbon produced on the 

continental shelf. In particular, and here we quote 
from Rowe et al. (1988) “The cycling and fate of 

organic matter on the sea floor remains anything but 
well-known, in spite of the data and indirect flux 

estimates we present.” They added: “Total oxygen 
demand, as measured in cores and benthic chambers 

that are gently stirred, may underestimate this flux if, 

under in situ conditions, they are amplified by strong 
tidal currents. The budgets presented have been con- 

servative and it is to be expected that the role of the 
bottom in the cycling of carbon on the continental 
shelf will only be increased by the more detailed 

study with which we hope to continue.” 
Here we review the present knowledge of pore 

water circulation and organic carbon mineralization 
in sandy sediments. We argue that pore water circu- 
lation can enhance greatly the mineralization rate of 
dissolved and particulate organic matter and that, in 

consequence, continental shelf sediments play an 
important role in the oceanic carbon cycle. 

2. Solute transport in permeable sediments 

Deposits of sand and gravel dominate over muds 
on continental shelves. The pore water in these 

permeable deposits is exchanged with the overlying 
water by several physical transport mechanisms. The 

most dramatic of these is the resuspension of bottom 
sediment and the flushing of the interstitial water 

during intense storms, which occur with a frequency 

of months to years. On a time scale of days to 

weeks, strong currents and waves cause sand ripples 
to migrate and the pore water to be replaced with 

bottom water. On time scales of minutes to hours, 
waves and currents induce flow in the pores of the 

bed. Here we focus the attention on the short time 
scale phenomenon because it occurs most frequently. 

It has been common practice to treat the effect of 
pore water motion in permeable sediments on the 

transport of solutes as a diffusive phenomenon, per- 

haps because, until recently, solute transport was 
modeled with the assumption that the sediment bed 

is flat. In a flat bed, the flow trajectories are closed, 

i.e. a particle of pore water returns to its origin at the 
end of a wave period and there is no net advection 

(e.g. Putnam, 1949). Harrison et al. (1983) devel- 

oped the mathematical formalism for wave-driven 
mechanical dispersion whereby wave-enhanced 

transport is simulated with an empirical diffusion 
coefficient. Wave-driven mechanical dispersion is 

favored by large grain size or high permeability, 
large sediment thickness, large wave amplitude, and 

shallow water. Application of their model to the 
shelf area of the eastern U.S., of interest because 

Riedl et al. (1972) had considered the effect of 
wave-induced processes there, led them to conclude 

that mechanical dispersion would not increase the 
transport by more than a factor of two over that of 
molecular diffusion. 

Rutgers van der Loeff (198 I), in a field study of 
wave effects on sediment water exchange in sand, 
found that solute transport could be described by a 
two-layer model. The transport in the l-2 cm thick 
surface layer could be described as turbulent diffu- 
sion with a high apparent diffusion coefficient, and 
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the transport below could be described by molecular 
diffusion. However, he pointed out that the existence 
of a surface layer with high apparent diffusivity is in 
better accordance with the percolation pattern sug- 
gested by Webb and Theodor (1968, 1972) than with 

Putnam’s (1949) theory. Several studies have shown 

that dispersion models fail to simulate field observa- 

tions of both the shape of vertical concentration 

profiles and the difference between profiles in closely 

spaced core samples (e.g. Musgrave and Reeburgh, 

1982). Diffusion models cannot, of course, simulate 

solute transport when the pore water flow is spatially 

variable, such as in a rippled bed. 
To examine the effects of bottom topography on 

pore water flow and solute transport, Shum (1992, 
1993) developed two-dimensional models for the 

flow and transport below sand ripples (see Table 1 

for details). Model results show that the pore water 

motion below this commonly occurring bedform does 

not follow the simple closed elliptical trajectories of 
the flat bed but displays complex flow patterns (Fig. 

I). The streamlines for the time-averaged wave-in- 

duced flow suggest that, on the average, water enters 

the sediment in the ripple troughs and leaves it on 

the crests (Fig. 2). The streamlines resemble the 
circulation cells postulated by Webb and Theodor 

(1972). The wave-induced advection increases con- 
siderably with increasing sediment permeability, rip- 

ple slope, and wave height. In contrast to previous 
models, the advection is generally insensitive to the 

thickness of the permeable layer. 

The complex pore water flow pattern below a 

rippled bed can have strong effects on the distribu- 

tion of a reactive pore water constituent such as 
dissolved oxygen. Fig. 3 shows two typical distribu- 

tion patterns of a solute being consumed according 
to first-order reaction kinetics. As one would expect, 

the concentration decreases along the mean flow 
path through the sediment. The resulting horizontal 

concentration gradients may be as strong as the 
vertical gradients. Fig. 3b, in which the penetration 

depth of the solute is nearly twice that in Fig. 3a, 

corresponds to a pore water velocity three times 
greater, illustrating the effects of changing ambient 
wave conditions and sediment permeability on solute 
distributions. 

The increased penetration depth leads to an in- 

crease in the overall consumption of oxygen, as 

Table 1 

A model of solute dynamics in a permeable sediment bed. 

A sediment layer of finite thickness is bounded by an imperme- 

able bottom and spatially periodic surface ripples of length L and 

height 2a. The interior of the sediment can be represented as a 

continuum of constant porosity and permeabilty K in which the 

flow obeys Darcy’s law and is forced by the pressure fluctuation 

at the sediment surface that is created by the passage of gravity 

waves of period T and height H. 

A pore water constituent that reacts within the sediment via 

first-order kinetics with rate constant o is dispersed by the flow 

through the tortuous pore space. The dispersion is represented by 

an equivalent diffusion coefficient p. 

The physical and chemical characteristics of this system can be 

grouped into four dimensionless numbers: 

Definition Usual range 

Ripple slope s+ 0.05 0.2 1 

Ratio of the magnitude of velocity in 

pore water to that immediately above 

U _ rV 

v - VL 
,0-I,’ ,0-1 

the sediment bed 

Peclet number 

DamkShler’s second number 

where g is the gravitational acceleration. The pressure fluctuation 

is proportional to the square of the wave-induced velocity V 

immediately above the sediment surface which can be expressed 

as: 

V’S& 

where k is the wavenumber of the gravity wave and h is the water 

depth. The mean pore water circulation therefore increases with 

the wave height and the wave frequency but decreases as the 

water depth increases. 

The non-dimensional governing equations for flow and transport 

read: 

u=-vp (1) 
and 

Pu.vc-v’c+Dc=O (2) 
Eq. 1 can be solved analytically in terms of Fourier series in the 

horizontal coordinate and Pq. 2 can be solved using a finite-dif- 

ferencing scheme. Eq. 2 assumes a steady state. The time required 

for the system to reach a new steady state following a change in 

wave conditions depends on the reaction kinetics and the magni- 

tude of the disturbance, but is generally within days. 

illustrated in Fig. 4. Compared to the case of a flat 

bed, in which there is no net advective transport, the 
presence of ripples can increase the consumption of 
oxygen several times, everything else being equal. 
The effect of ripples on oxygen consumption in- 
creases with the slope of the ripple. The results in 
Fig. 4 correspond to a mild slope of 0.10 whereas 
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slopes as steep as 0.21 can be found in the field. It is 
probable that ripples can enhance the oxygen con- 
sumption by an order of magnitude over the case of 
a flat bed, supporting the suggestion of Webb and 
Theodor (1972) that sandy deposits are important 
sites of organic matter degradation. 

The physical models examined by Shum were 
formulated for idealized conditions. They assume 
spatially periodic and symmetric ripple profiles on 
the sediment surface, and constant porosity, perme- 
ability and diffusivity within the sediment layer. 
However, this does not mean that the phenomenon is 
restricted to such conditions, nor does it mean that 
pore water circulation is induced only by wave ac- 

Fig. 2. An example of the streamlines which represent the mean 

wave-induced pore water circulation under a rippled bed. Note 

that the direction of the mean flow is from the trough of the ripple 

to the crest. The difference between the values of the stream 

function for adjacent streamlines is constant. 

tion. For unidirectional flows, Thibodeaux and Boyle 
(1987) found that significant in-bed advection can be 
generated by water flowing over small obstructions 

Fig. 1. Illustration of the complex motion displayed by the pore water under a rippled bed during the passage of a gravity wave. Each 

trajectory is broken into distinct segments with each segment spanning and being separated by the excursion during a time that corresponds 

to 1/32th of a wave period. The locations for which the trajectories are computed and on which they are centered are marked with crosses. 

The positions of the pore water particles at the beginning of each of the two half periods of the trajectory are marked with dots. For 

comparison, the trajectory for the corresponding case immediately below a flat bed is also shown. The dimensions of the trajectories as 

drawn are scaled for the presentation and do not correspond to the actual dimensions. 
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b. 

Fig. 3. Examples of the distribution of a reactive solute such as oxygen in the pore water below a rippled sediment bed. The contour values 

are normalized to the concentration in the overlying water and range from 0.1 to 0.9 with identical intervals of 0.1. Note the importance of 

the horizontal concentration gradients. In both examples, s = 0.1 and D = 5000. The Peclet number is 316 in (a) and 1000 in (b). The 

parameters are defined in Table 1. 

Fig. 4. Illustration of how the consumption of a reactive solute 

such as dissolved oxygen in a rippled sediment can vary with 

ambient wave conditions, sediment characteristics, and reaction 

rates. The vertical axis represents the ratio between the consump- 

tion in a rippled bed (Jr) and the consumption in a flat bed (Jr) 

under otherwise identical conditions. The horizontal axis 

(Damkbihler’s second number) represents the rate constant of the 

reaction that consumes the solute; higher numbers correspond to 
higher rates. The calculations were made for two different tipple 

slopes (s = 0.1, solid lines; s = 0.15, broken lines), and tbrec 

different Peclet numbers (100, 316, and 1000). The Peclet number 

increases as solute transport by advection increases relative to 

diffusion. 

on the surface of a porous bed. They suggested that 
similar effects would occur when submarine currents 
move over dune-like mega-ripples on the ocean floor. 
The point we wish to make is that pressure variations 
along an uneven bottom, whether generated by waves 
or currents, force water into the sediment below high 
pressure regions such as in ripple troughs, and forces 
it out again below low pressure regions such as on 
ripple crests. 

3. Organic matter mineralization in coarse- 
grained sediments 

As a rule, coarse-grained sediments such as sands 
do not contain much organic matter. Since the rate of 
the bacterial processes that degrade organic matter in 
general depends on the concentration of organic 
matter, it would seem reasonable to think that or- 
ganic matter degradation is far less important in 
organic-poor sands than in organic-rich muds. How- 
ever, observations do not bear this out. The data of 
Rowe et al. (1988) show that the oxygen uptake by 
organic-poor sandy sediments on the northeastern 
U.S. shelf is similar to that of fine-grained organic- 
rich sediments from nearby locations on the shelf. 
Similar results were reported by Archer and Devol 
(1992) and by D evol and Christensen (1993) for the 
eastern North Pacific continental margin. Grant et al. 
( 199 1) compared the oxygen uptake of coarse-grained 
and fine-grained sediments on the eastern Canadian 
shelf and found that coarse-grained sediments with 
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less than 0.5% organic carbon by weight on the 
average only consumed 2.7 times less oxygen than 

muds. Andersen and Helder (1987) measured the 

oxygen uptake by intertidal sediments containing 

only 0.02% organic carbon and found oxygen uptake 

rates only a factor of 2-3 less than the uptake rates 
of sediments from a nearby location containing 

twenty times more organic carbon. 

There is little or no net accumulation and burial of 
organic matter in coarse-grained sediment, yet or- 
ganic matter has to be supplied to the sediment in 

order to sustain the observed oxygen uptake rates. In 

their study of beach and sublittoral sands, Steele et 
al. (1970) noted that the in-situ production of benthic 

diatoms could only account for 10% of the carbon 

requirement of the sand, calculated from the oxygen 
consumption. The remainder, they felt, was supplied 

as dissolved and particulate organic matter contained 

in the water pumped by wave-induced pressure 
changes into the interstitial ecosystem. They con- 

cluded that the main energy flow into the interstitial 

ecosystem is via the uptake of soluble organic matter 
by bacteria attached to the sand grains. Riedl et al. 

(1972) pointed out that the subtidal pump must 

contribute oxygen and particulate and dissolved or- 
ganic matter to the interstitial environment and that 

the boundary between oxidized and reduced sedi- 

ment must depend on the pump’s efficiency. 

While dissolved organic matter is supplied contin- 

uously to the sediment through wave pumping, large 
quantities of particulate organic matter can be de- 

posited rapidly and blanket the sea floor at the end of 

an algal bloom (Billett et al., 1983). On sandy 
continental shelves, such algal material may accumu- 
late in ripple troughs and be buried temporally as the 

ripples migrate (Jenness and Duineveld, 1985). High 
levels of chlorophyll have been observed at a depth 

of up to 10 cm in sandy sediments (Steele et al., 

1970; Jenness and Duineveld, 1985). The combina- 

tion of the temporal burial of algal biomass in the 
interior of sandy sediments and wave- and current- 
induced pore water circulation constitutes another 
important mechanism for mineralizing organic mat- 
ter on continental shelves. It may account for the 
apparent imbalance between the production and con- 
sumption of organic matter on continental shelves at 
the end of the winter-spring bloom (Walsh, 1991). 

4. Implications of the subtidal pump for future 
studies of bottom sediments 

The continental shelf environment presents a 

formidable challenge to those who wish to under- 
stand the role of bottom sediment in the carbon 

cycle. Extensive areas of the continental shelves are 

covered with mobile sands, have bedforms ranging 
from ripples to sand waves, and are subject to a 

strongly seasonal wave climate with wave heights up 
to 10 m or more. Mineralization of organic matter 

and associated fluxes of oxygen can therefore be 

expected to be highly variable both in time and 

space. 
The classical one-dimensional approach devel- 

oped for describing the distribution of pore water 

constituents and for measuring the related fluxes 

across the sediment-water interface of muds is 
clearly inadequate for the dynamic shelf environ- 

ment. The one-dimensional approach, which assumes 
that horizontal gradients are much less than vertical 

gradients (Bemer, 19801, may not work in shelf 
sands. Even on small spatial scales, vertical concen- 

tration profiles can be variable within the length of a 

ripple (Fig. 3). Current techniques for measuring 
fluxes (in situ or shipboard) ignore the effects of 

pore water advection and assume that solute trans- 

port can be described by a diffusion-like process. 
These techniques also neglect the dependence of 

fluxes on the prevalent wave climate. 
Although it is possible to make in-situ measure- 

ments of the oxygen distribution at the sediment- 
water interface with submillimeter resolution and 

thus obtain a measure of the concentration gradient 
across the boundary layer (Revsbech, 1983; Archer 
et al., 19891, the problem of converting a concentra- 
tion gradient into a flux remains. Within the sedi- 

ment, the presence of a horizontal pressure gradient 

may lead to advection-dominated transport, as was 

discussed above, In the water immediately above the 
sediment surface, the passage of gravity waves can 
lead to temporal oscillations in the oxygen concen- 
tration even within the so-called ‘diffusive boundary 
layer’ (Gundersen and Jorgensen, 1990). Numerical 
simulations show that advective transport induced by 
the separated flow above a sea bed can indeed lead 
to such oscillations @hum, 199.5). These simulations 
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also show that the transport across the boundary 
layer is predominantly advective under most condi- 
tions encountered in the environment, despite the 
apparent linearity in time-averaged vertical profiles 
of solute concentrations. Linear time-averaged oxy- 
gen profiles within the boundary layer, often ob- 

served with oxygen micro electrodes, should there- 
fore not be interpreted as an indication that the 

transport across the boundary layer is dominated by 

diffusion. 

The most promising development towards accu- 
rate in-situ flux measurements is perhaps a benthic 

chamber with flexible walls (Malan and McLachlan, 

199 1). In a hydrodynamically energetic environment, 

benthic chambers with flexible walls measured higher 
rates of oxygen uptake than chambers with rigid 
walls, presumably because they allow for wave-in- 

duced pore water motion. 
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