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Permeable Marine Sediments:
Overturning an Old Paradigm

Sandy sediments, which cover about 70% of
continental shelves and most beaches, are often
thought of as geochemical deserts that harbor
no life because they are usually poor in organic
matter and other reactive substances. Based on
the belief that significant reactions and fluxes
and a dynamic ecology require large standing
stocks of reactants and organic matter,sandy sedi-
ments are neglected. However,new observations,

some of which are highlighted here, are
fortunately changing this misguided view.

New Observations
in Various Environments

Shelf Relict Sands. Marine sands that are even
occasionally re-suspended by waves and bot-
tom currents maintain high permeability to

water flow by loss of any fine clay particles.
Moreover, currents, waves, and density fluctua-
tions engender pressure fluctuations across
sediments, as do their interactions with any
sea bed topography These pressure variations
over a permeable sediment induce water
flows within the pore space of these sands.
These motions lead not only to transport of
porewater, but also to its dispersive mixing
within sediments, which can occur at many
times the rate due to molecular diffusion

[Webster and Taylor,1992]. Furthermore, steady

bottom flows over ubiquitous bedforms lead
to penetration of overlying water and escape
of porewater through Bernoulli’s principle.

Fig. 1. Cross-section of a sand ripple with dye layers perturbed by porewater flow (dark pink). Farticles being filtered out of the flow are the dark-
blue to black areas in the sediment. Qverlying water flow is from left to right, and the dye layers were originally horizontal. The ruler to the left is in
centimeters; the sediment-water interface lies where the rule partially disappears. Fine horizontal lines indicate the original positions of the dyed
porewater layers. (From Huettel et al. [1996]; with permission from the American Society for Limnology and Oceanography).

Flume studies [Huettel et al., 1996] show that
the typical topography found on shallow
shelves can enhance expected solute fluxes
from sediments tenfold.

Water flows through sands convert these
beds into expansive filter systems. Suspended
particles, algae,and bacteria are transported
with the penetrating water into the sediment,
where they become trapped in the pores (Fig-
ure 1).In permeable Atlantic Bight shelf sedi-
ments, the efficiency of this filter mechanism
is demonstrated by their content in the 219Pb
isotope, which enters the sediment mainly
bound to organic particles that originate from
the overlying waters [Bacon et al.,1994].These
sediments are > 90% sands and have no net
accumulation of either sediment or organic
matter; yet,210Pb inventories therein are nearly
in balance with atmospheric and overlying-
water production; thus, permeable sediments
must trap and efficiently decompose these
particles and retain the lead isotope.

Specifically the water flows through perme-
able sediments enhance the decay of trapped
organic particles by providing oxygen and
other reactants that are necessary for decom-
position reactions.Sands on continental
shelves function like familiar trickling filters
in sewage plants.The contribution of the sedi-
ment to degradation of plankton increases
with the sediment permeability [Huettel and
Rusch,2000], which implies an important
role for sands. Furthermore, the interactions
between these reactions, the inflow of overly-
ing water,and the outflow of porewater can
lead to complex three-dimensional geochem-
ical zonations within permeable beds [e.g.,
Huettel et al., 1998]. Advection thus creates
and enhances concentration gradients, in
contrast to diffusion, which acts to dissipate
and hormogenize.

In addition, when currents and/or waves
produce shear at the sediment surface in
excess of the erosion threshold, sand ripples
develop and migrate. This migration leads to
covering and uncovering of reactive particles
(like organic matter),and to horizontal and
vertical particle sorting. In addition, bedform
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migration will release solutes from porewaters
within the bedform to the overlying water col-
umn.Thus, rapid bedform movement may be
closely linked to short solute residence times.

Tropical Carbonate Sands.In tropical
climes, carbonate sediments dominate
shallow marine environments. Recent stud-
ies in Hawaii have demonstrated the role
of surface-wave energy in controlling pore-
water movement and chemical zonation in
carbonate sediments [Falter and Sansone,
2000]. Spectral analysis of wave-induced
pressure data, collected from shallow wells,
allows calculation of the permeability of
the framework and the porewaterseawater
exchange rate and demonstrates the impor-
tance of episodic wave events in regulating
porewater chemistry.

The residence time of porewater in the
upper meter of permeable reef sediments is
on the order of hours to days under normal
wave conditions. Despite this fast exchange
rate, elevated levels of dissolved nutrients
can be found near the surface of these sedi-
ments; for example, up to 3 uM phosphate,
70 uM ammonium, and 100 pM silica. This,
combined with the rapid rate of wave-
induced turbulent mixing— that is, two to
eight times over those predicted from molec-
ular diffusion alone [Sutherland et al.,
1999])— results in fluxes of nutrients to the
overlying water column that are orders of

magnitude greater than would be expected
from molecular diffusion. Other evidence
indicates that this release of nutrients from
sediments is fueled by particulate organic
matter that is driven into the sediment by the
mechanism discussed above.

Beach Sand. Driven by waves and tides,
large volumes of seawater are known to be
filtered by sandy beaches. During this
process, the microfauna of the porous sand
body mineralize organic materials in the
porewaters and recycle nutrients, as occurs
in the other types of permeable sediments.
This intense chemical recycling is often
belied by the lack of visibie biological struc-
tures on exposed beaches [e.g., Brown and
MecLachlan, 1990].The latter is due to the
dynamic, physically unstable environment
of the sandy littoral, which consequently is
species-poor in macro-fauna, with generally
one to 40 species per beach, and a total of
100 to 1000 worldwide. However, poorly-
known smaller organisms known as meiofauna
may exceed 100 species per beach; these are
mainly nematodes, harpacticoids,and turbel-
larians, and species number 1000 to 10000
worldwide. Likewise, micro-algae and
microbes—bacteria, fungi, ciliates, etc.—are
also abundant.The high diversity of the meio-
and micro-organisms in the lower beach is
supported by the large network of open pores
regularly flushed by oxygen-rich water and an
ensuing dynamic chemistry.
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The Role of Permeable Sediments
in Geochemical Cycling

Mineralization Rates in Coarse Sediments.
A common reason why the biogeochemistry
of sands has been neglected is a well-known
negative correlation between organic carbon
content and median grain size. Maximum
organic carbon contents (1-5%) are at about
10-20 ym median grain size from which they
rapidly decrease to < 0.05% at grain sizes > 200
um.In contrast, measured rates of organic mat-
ter decay (oxidation) do not show an obvious
relationship to grain size.This dichotomy is
explained by the differences in degradability of
the organic carbon.In Figure 2,the degradability
as a function of grain size for several shelf and
coastal sediments is expressed in units y-!.Values
increase from 0.01-0.5 y*! at grain sizes < 100 um
to 0.05-3.5 y'! at grain sizes > 200 um, depending
on temperature. In addition, two internally con-
sistent data sets for the North Sea confirm the
positive relationship between degradability
and grain size.Thus, the organic matter in most
sandy shelf sediments has a higher average
degradability and is, therefore, more rapidly
oxidized than in most finergrained sediments
because the organic carbon in sands is not
diluted by accumulating aged material.

Benthic Primary Production.The extent of
reactions in sandy marginal sediments may
also have been underestimated because the
input of organic carbon is not limited to
production and trapping from the overlying

waters. Why is this? Light attenuation meas-
urements from more than 17,000 individual
oceanographic stations at water depths less
than 200 m indicate that > 1% of the surface
“light” reaches the bottom at 2,653 of these
stations and > 0.1% reaches the bottom at
an additional 2,772 stations [Cahoon et al.,
1993]. If evenly distributed, these results
imply that light sufficient to support growth
of algae and light-using bacteria and signifi-
cant rates of benthic production of organic
matter (BPP) reaches roughly 30% of the
continental shelf sea-floor,an area of
approximately 3.4 x 108 kmz2.

Only a handful of studies have determined
BPP rates on continental sandy shelves (Table
1).These BPP rates range from near zero to
greater than 800 mg C m?2 d!, with a mean of
230 mg C m?2 d-1.While acknowledging the
large error margins involved, this stated mean
can be used with the area of shelf sediment
exposed to sufficient light to obtain a global
BPP rate of 2.9 x 1014 g C y! (0.3 Gt y'1).In addi-
tion, Cahoon [1999], using different data and
an independent approach, estimates BBP from
microalgae to total 0.5 Gt y! globally, while C.
Duarte (pers.comm., 2000) arrives at a figure
of 0.6 Gt y'! for seagrasses (mostly on sands).
While the uncertainties in these estimates
are significant, their magnitudes demonstrate
the potential importance of BPP to global
geochemical cycles.

Instrumentation

Our present methods for estimating benthic
rates of reaction and/or seafloor exchange
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Fig. 2. A plot of the calculated degradability of organic matter; that is, apparent first-order decay
constant, as a function of the median grain size of the host sediment. Data are from Australian,
European, and North American shelf and coastal sediments. Querall, the reactivity of the organic
matter increases with grain size, contrary to conventional wisdom, this suggests that sands con-
stitute far more important sites of geochemical recycling than was previously thought. Oxygen
profile measurements were provided by L. Lohse, E. Epping, W. Helder and W, van Raaphorst
(Netherlands Institute for Sea Research, 1996) and B. Dauwe (University of Groningen, 2000).



rates are suspect in sandy environments. For
example, fluxes cannot be accurately estimated
from porewater chemical gradients because
an accurate mathematical representation
(parameterization) of solute transport in flow-
dominated sediments with appreciable disper-
sion is not yet available. Furthermore, typical
whole-core incubation methods to obtain
rates and fluxes inhibit porewater advective
exchange,and thus do not yield accurate
results. Similarly, in situ benthic flux-chambers
also alter flows above and below the sediment
surface and thereby change the “observed”
exchange rates.Thus, many of the tools com-
monly employed to assess exchange at the
sediment-water interface do not yield accurate
estimates for permeable sediments.

SCOR Working Group 114

In response to these developments, the
Scientific Committee for Ocean Research
(SCOR) has established a new Working
Group (WG 114) to promote the scientific
investigation of transport and reaction
processes that occur in permeable marine
sediments. Their aim is to establish the impor-
tance of these processes to local and global
biogeochemical cycling and their influence
on surrounding environments.To achieve
this aim, WG 114 will work to:

¢ Identify reactions and transport phenome-
na likely to be important in permeable sedi-
ments; that is, beach, intertidal, subtidal, reef,
and shelf environments.

* Suggest sampling schemes and devices
for measuring both biogeochemical variables
(for example, solute and suspended matter
concentrations and fluxes) and flow veloci-
ties and their patterns in permeable
sediments from different environments.

* Promote the development of models for
describing reaction and transport in perme-
able sediments and their implementation in
standardized,“userfriendly” computer codes.

* Encourage the participation of the marine
science community in research on permeable
sediments by organizing a special meeting/
symposium or a special session at one of the
front-line international scientific conferences.

¢ Publish the best of the submitted papers,
along with review articles by the WG
members, in a broadly-read journal.

¢ Determine if the study of reaction and
transport in permeable sediments would be
significantly enhanced by the development
of a coordinated international research

program, or if this goal would be better
served by an enhanced presence in an exist-
ing program.

SCOR WG 114 welcomes input from all of
the marine community. See our site on the
World Wide Web at http://www.mpi-bremen.
de/SCOR-WG114/.
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