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Abstract

In order to investigate benthic photosynthesis and oxygen demand in permeable carbonate sands and the impact of benthic

boundary layer flow on sedimentary oxygen consumption, in situ and laboratory chamber experiments were carried out at Heron
Island, Great Barrier Reef, Australia. Total photosynthesis, net primary production and respiration were estimated to be
162:9G43:4, 98:0G40:7, and 64:9G15:0 mmol C m�2 d�1, respectively. DIN and DIP fluxes for these sands reached 0.34 and 0.06

mmol m�2 d�1, respectively. Advective pore water exchange had a strong impact on oxygen consumption in the permeable sands.
Consumption rates in the chamber with larger pressure gradient (20 rpm, 1.2 Pa between centre and rim) simulating a friction
velocity of 0.6 cm s�1 were approximately two-fold higher than in the chambers with slow stirring (10 rpm, 0.2 Pa between centre

and rim, friction velocity of 0.3 cm s�1). In the laboratory chamber experiments with stagnant water column, oxygen consumption
was eight times lower than in the chamber with fast stirring. Laboratory chamber experiments with Br� tracer revealed solute
exchange rates of 2.6, 2.2, 0.7 ml cm�2 d�1 at stirring rates of 20, 10, and 0 rpm, respectively. In a laboratory experiment
investigating the effect of sediment permeability on oxygen and DIC fluxes, a three-fold higher permeability resulted in two- to three-

fold higher oxygen consumption and DIC release rates. These experiments demonstrate the importance of boundary flow induced
flushing of the upper layer of permeable carbonate sediment on oxygen uptake in the coral sands. The high filtration and oxidation
rates in the sub-tropical permeable carbonate sediments and the subsequent release of nutrients and DIC reveal the importance of

these sands for the recycling of matter in this oligotrophic environment.
� 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

In shallow shelf environments, a large fraction of the
pelagic organic matter production is deposited at the sea
floor, and light reaching the bed permits high benthic
primary production (Gibbs, 1981; Jahnke et al., 2000).
The sediments in these environments are expected to
have high biogeochemical activity, and the production
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process in the water column is tightly linked to
mineralization in these beds (Walsh, 1988; Jørgensen,
1996). Most of the sediments in the shallow nearshore
zone are relatively coarse and permeable because strong
bottom currents and waves prevent the deposition of
fine particles (Emery, 1968). In such permeable beds,
pore water flow is an important transport process
(Huettel and Gust, 1992). These advective pore water
flows are driven by pressure gradients at the sedimente
water interface caused by the interaction of boundary
currents and seafloor topography or by wave pumping
(Huettel and Gust, 1992; Riedl et al., 1972). Such
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advective transport can enhance the rate of organic
matter mineralization (e.g. Forster et al., 1996; Shum
and Sundby, 1996), and may make sandy sediments
more reactive than cohesive sediments (Reay et al.,
1995). Hence, this transport mechanism may be an
important process for the cycling of matter in the
nearshore environment (Rutgers Van Der Loeff, 1981;
Huettel and Gust, 1992; Rhoads and Hecker, 1994).

In subtropical and tropical climates, the sediments in
the coastal zone frequently are dominated by biogenic
sands that consist of carbonates produced mainly by
corals, foraminifera, algae, molluscs and echinoderms.
Due to the high permeabilities and porosities of the
carbonate sands, advective transport in carbonate sedi-
ments can be very effective (Rasheed et al., 2002).
Through their porous grains, these sands have a relatively
high specific surface area available for microorganism
colonization (Schroeder and Purser, 1986). Dissolution
and precipitation reactions of calcium carbonate may
enhance the buffer capacity of the sediment, which may
enhance organic matter mineralization and nutrient
recycling (Sansone, 1985; Tribble et al., 1990; Sansone
et al., 1993; Charpy-Roubaud et al., 1996).

In contrast to the terrigenic silicate shelf sediment of
colder climes, relatively little is known about the
reactivity and organic matter mineralization in carbon-
ate sands. Although coral sands occur wherever corals
grow and are common sediments in subtropical and
tropical shallow waters, their role for the cycling of
matter in these environments is not well understood.
Hardly any information is available on the metabolism
in permeable carbonate sands that are flushed by
bottom currents and waves. The coarse carbonates can
filter organic particles from the water column (Rasheed
et al., 2003a) and may be important for the recycling of
nutrients in the oligotrophic reef environment.

In this contribution, oxygen consumption and
nutrient release were investigated in permeable carbon-
ate sands from an oligotrophic reef environment at
Heron Island in the Great Barrier Reef. Solute fluxes
from sediments have been studied extensively in order to
estimate rates of organic matter mineralization and
benthic respiration. Oxygen is energetically the most
favourable electron acceptor for microbial aerobic
respiration (Fenchel et al., 1998), and oxygen consump-
tion is commonly used as an indicator for organic
matter mineralization in marine sediments (e.g. Aller,
1980; Smith and Hinga, 1983). A common method for
the assessment of benthic fluxes is the laboratory or in
situ chamber incubation of sediment and subsequent
monitoring of the solute concentrations changes over
time in the enclosed water volume (e.g. Kristensen, 1993;
DeMaster et al., 1996; Nicholson et al., 1999). In situ
incubations have been widely used (see Tengberg et al.,
1996 for a review) and may produce more realistic
results than the laboratory incubations. The latter suffer
from artefacts caused by the removal of the sediment
core from its natural environment and the transport to
the laboratory, which may seriously disturb the sedi-
ment core. In this study, O2, dissolved inorganic carbon
(DIC), inorganic nutrients and NaBr tracer fluxes were
measured in carbonate sands of different permeabili-
ties using laboratory and in situ chamber incubations.
The goals of this study were to assess benthic oxygen
uptake and nutrient and DIC production in permeable
carbonate sediments and to investigate the effect of
advective transport on fluxes of material from these
sediments.

2.Material and methods

2.1. Study site

This study was conducted at Heron Island (23( 27# S,
151( 55# E). The island (ca. 800!200 m) is a true coral
cay, situated on the Western end of a platform reef. The
reef lies on the Tropic of Capricorn, at the southern end
of the Great Barrier Reef, 70 km off the coast of
Gladstone (Fig. 1). Heron Island hosts a research
station of the University of Queensland with laboratory
facilities. In situ sediment incubations were carried out
at Shark Bay, a shallow water site (at ca. 0.2e2.5 m
water depth depending on the tide) at the eastern end of
the island. Most of the sediments used for laboratory
experiments were also collected from Shark Bay. The
finer sands were sampled at a site (ca. 3 m deep) in the
central area of the reef lagoon.

2.2. Sediment characteristics

Shark Bay (SB) sediments for laboratory incubations
were sieved into two size fractions: coarse (larger than 500
mm) and medium sands (smaller than 500 mm). The finer
lagoon sediments had a median grain size of ca. 220 mm.
Some physical and chemical properties of the sediments
that were measured in this study are listed in Table 1. The
permeabilities of the sediments were measured using
a constant head permeameter as described by Klute and
Dirksen (1986). All sediments were highly permeable
(>1!10�11 m2). Sediment porosities were calculated
from weight loss of wet sediment after drying at 60 (C
for 24 h. Specific surface areas of the sediments were
determined bymeasuring nitrogen adsorption to the grain
surfaces using a Quantachrome Quantasorb instrument.
Particulate organic carbon (POC) and nitrogen (PON)
content were measured using a Heraeus CHNO-rapid
elemental analyser (Muller et al., 1994) with sulphanila-
mide as a calibration standard. The samples were pre-
treated with 6 N HCl till gas development ceased, and
then washed twice with distilled water and dried at 60 (C.
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Fig. 1. Map showing the location of Heron Island and the town of Gladstone.
2.3. Incubation experiments

Oxygen, DIC, NaBr and nutrient fluxes were assessed
with in situ and laboratory chamber incubations of
natural and sieved sediments (Table 2). The influences of
advective pore water exchange and benthic primary
production were investigated by applying different stir-
ring and light conditions.

2.4. In situ incubations

Two in situ incubations were carried out in Shark
Bay to estimate O2, DIC and nutrient fluxes from the
natural permeable sediments under different light and
stirring conditions.

The incubation chambers were transparent cylindri-
cal acrylic containers (19 cm inner diameter, 32 cm
high). Flat plastic lids covered the chambers and were
fixed by four stainless steel clips. The lid contained
a sampling port with a syringe holder for water samples
and a second port to replace the sampled water. An
oxygen optode (Presens) in the lid monitored oxygen
concentrations in the chamber water. The water inside
the chambers was stirred by a flat rotating disk (15 cm
diameter) connected to a DC motor with gear box. The
rpm of the stirring disk were adjusted and controlled
electronically. The rotating water column generates
a radial pressure gradient in the chamber that forces
water into permeable sediment close to the chamber wall
and out of the sediment in the central area and, thus, can
simulate sediment percolation as generated by boundary
flowetopography interaction (Huettel and Rusch,
2000). Chambers for all in situ incubations were
deployed during low tide when the height of the water
was approximately 0.5 m. The chambers were inserted
gently into the sediments to a depth of about 10 cm and
thus included a water column of approximately 22 cm
height. The lids then were closed and fixed by the clips.
Chambers used for dark incubations were covered with
tough opaque black plastic foils secured with rubber
bands at the top and the bottom. The waters inside the
chambers were stirred either at 20 rpm producing
a pressure gradient of 1.2 Pa between centre and rim
and a friction velocity u* of 0.6 cm s�1 (henceforth
termed ‘‘fast stirring’’) or 10 rpm, producing a gradient
of 0.2 Pa between centre and rim and a u* of 0.3 cm s�1

(‘‘slow stirring’’). At defined time intervals, dissolved
oxygen was measured in the chamber water using the
Table 1

Physical and chemical properties of the sediments used for the different experiments. SB is Shark Bay

Sediment Surface area (m2 g�1) Permeability (m2) Porosity %(v/v) Median grain size (mm) POC (%) PON (%)

SB 0.29 1.22 ! 10�10 41.3 838 0.24 0.042

Coarse 0.18 3.75 ! 10�10 42.0 829 0.18 0.038

Medium 0.31 1.17 ! 10�10 42.7 536 0.21 0.040

Fine 0.74 1.37 ! 10�11 42.2 221 0.37 0.048
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Table 2

Summary of the incubation experiments and measurements carried out in these incubations. u* is the friction velocity. DP and u* were calculated

according to Huettel and Gust (1992). SB is Shark Bay

Experiment

Sediment used

for incubation Light

Stirring, pressure

gradient and u*

No. of incubated

cores Measured parameters

In situ incubation

#1

SB sediments Dark and light Fast (20 rpm, DP ¼ 1:2 Pa,

u� ¼ 0:6 cm s�1)

4 (2 dark and 2

light)

O2, DIC

Slow (10 rpm, DP ¼ 0:2 Pa,

u� ¼ 0:3 cm s�1)

In situ incubation

#2

SB Dark and light Fast 6 (4 dark and 2

light)

O2, DIC , DIN, DIP

Laboratory incubation

#1

SB Dark No stirring 6 O2, DIC

Laboratory incubation

#2

SB (coarse and

medium sediments)

Dark Fast 6 (3 coarse and 3

medium)

O2, DIC

Laboratory incubation

#3

SB Light Fast, slow and no stirring 6 NaBr
optodes and 100 ml water was removed for DIC,
nutrient and bromide analyses and replaced by ambient
sea water. The total duration of the incubations was
about 8 h for the first in situ incubation and 5 h for the
second incubation. The volume of water in the chambers
was determined after removing the lid of the chambers
by measurement of water height with a ruler at four
different positions in the chamber. Fluxes of solutes
were calculated from linear regressions of solute con-
centrations over time.

2.5. Laboratory chamber incubations

Three laboratory chamber incubations were carried
out to assess O2, DIC and bromide fluxes from permeable
carbonate sediments (Table 2). The first laboratory
incubation was done with cores from Shark Bay
immediately after collection. The chambers were placed
in a big container flushed by natural seawater, which kept
the temperature of the incubations at the in situ temp-
erature. For these incubations, small chambers were used
(10 cm diameter and 40 cm height). The lengths of the
sediment cores were approximately 10 cm and the heights
of the water column above the sediments approximately
30 cm. The chambers were sealed by plastic lids with two
sampling ports for O2 measurement and DIC samples.
The water column was not stirred during the incubation,
except 1 min before each O2 measurement and the water
sampling to ensure a homogenous water column.
Dissolved oxygen was measured in each chamber at
different time intervals using a Clark type microelectrode
(Revsbech, 1989). For DIC analysis, 10 ml of the water
was withdrawn at different time intervals using a syringe
and replaced by 10 ml of sea water. The duration of the
incubation was approximately 17 h.

The second incubation was done using two sediments
of different grain size (coarse and medium, 829 and 536
mm median, respectively) in order to assess the effect of
sediment permeability on solute fluxes. The incubation
was done using the same chambers that were used for
the in situ incubations. For temperature control, the
chambers were placed in the large container as described
for the first laboratory incubation. The height of the
sediment columns in the chambers was 16 cm and the
chamber water was stirred at 20 rpm. Dissolved O2 was
measured at different time intervals, and water samples
were withdrawn for DIC and nutrients (DIP and DIN)
analysis during the incubation. The duration of the
experiment was 6 h.

The third incubation was carried out to investigate
fluid exchange rates between overlaying water and per-
meable carbonate sediments under different flow con-
ditions. In this experiment, permeable sediment (ca. 800
mmmedian) was incubated using the same chambers that
were used for the in situ incubations with three different
stirring speeds (20 and 10 rpm and without stirring).
Bromide was added to the water overlaying sediments as
a solute tracer (w2.05mMfinal concentration) in order to
facilitate quantification of the water exchange between
water column and sediment. Water samples (5 ml) were
withdrawn at different time intervals for bromide
analysis. The duration of the experiment was 6 h.

2.6.Oxygen consumption test

This experiment was done to estimate the oxygen
consumption rates in four different sediments with
different grain sizes and organic matter contents (Table
2): Shark Bay sediments, sieved coarse and medium
sediments originating from Shark Bay, and the fine
sediments from the lagoon site. Fifteen cubic centimeters
of each sediment was incubated separately in a gas tight
bottle (60 ml) with filtered (0.2 mm) sea water (ca. 45 ml).
Three bottles were used for each sediment type. Oxygen
concentrations were measured initially by microelectrode
in each bottle. The bottles were then closed tightly, and
oxygen concentrations were measured for each sediment
type after 2, 12, and 20 h of incubation.
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2.7. Advective transport in permeable carbonate
sediments

The magnitude of sedimentewater advective ex-
change depends mainly on the pressure gradients caused
by the interaction of boundary layer flow and sediment
topography (Forster et al., 1996) and on sediment
permeability (Huettel and Gust, 1992). In this study, the
effect of different pressure gradients (generated by the
central stirring in the chambers) was investigated in in
situ incubation #1, laboratory incubation #1, laboratory
incubation #3 and the oxygen consumption test (bottle
experiment ¼ stagnant conditions). The effect of sedi-
ment permeability was investigated in laboratory in-
cubation #2.

2.8. Benthic photosynthesis measurements

The light and dark chamber incubation technique
was used to assess gross and net benthic photosynthesis
in situ. Oxygen output or uptake in light and dark
incubations with fast stirring were used for these
assessments. Gross primary production (GPP) was
calculated from the increase in O2 concentration in the
light chambers. Net primary production (NPP) was
calculated by subtracting the sedimentary O2 consump-
tion (SOC) measured in the dark incubations from GPP.

2.9. Oxygen penetration measurement

A new optode technique was used to measure oxygen
penetration depth in Shark Bay sediment, which pro-
duced two-dimensional pictures of oxygen distribution
at the sedimentewater interface (Klimant et al., 1995;
Holst and Grunwald, 2001). The sediment was trans-
ported into an open cylindrical chamber (30 cm height;
18.5 cm inner diameter; 19 cm outer diameter) contain-
ing an opening of the size 5!2 cm to place a planar O2

optode at the inner side of the chamber. The sediment
was left for at least 4 h to settle while the overlaying
water was bubbled with air. The chamber was then
closed with a lid (air-bubble free), and the overlaying
water was stirred during the whole measurement period
with the rotating disc at 40 rpm. Images were taken
automatically every 2 min until the oxygen in the
overlaying water was totally consumed.

2.10. Chemical analysis

Inorganic nutrients (DIP and DIN) were analysed
spectrophotometrically following the methods of
Grasshoff et al. (1999). Bromide concentrations were
determined by ion chromatography using a Waters�
cation column (flow rate 1 ml min�1, injection volume
100 ml) and NaBr as standard for calibration. Dissolved
inorganic carbon (DIC) concentrations in the water
samples were measured using a flow injection system
(Hall and Aller, 1992). Calibration standards were
prepared freshly from NaHCO3. The detection limit of
the method was 0.1 mM.

3. Results

3.1. In situ incubations

3.1.1. In situ incubation #1
Light-influenced oxygen and DIC concentrations in

the in situ chambers that were not covered by black foil.
O2 increased gradually, especially in the first 400 min of
incubation, while DIC concentrations decreased (Fig.
2). In dark chambers, the situation was reversed.
Oxygen concentrations decreased to almost zero in one
of the dark chambers (Fig. 2), while the DIC concen-
trations increased. The fluxes of O2 and DIC calculated
from these incubations are shown in Table 3. DIC fluxes
were always higher than the oxygen fluxes, irrespective
of the direction of the fluxes. The production or
consumption rates of O2 with fast stirring (20 rpm)
were higher than with slow stirring (10 rpm) (2.25- and
2.20-fold, respectively, Table 3). The differences in DIC
fluxes between slow and fast stirring, however, were not
pronounced (Fig. 2 and Table 3).

3.1.2. In situ incubation #2
The second incubation experiment carried out with

six chambers (four dark and two light) confirmed the
results of the first in situ incubation, and fluxes of O2

and DIC calculated from these incubations were similar
(Table 3). As in the first in situ incubation, oxygen was
consumed in the dark and produced in the light
contrariwise to CO2 (Table 3). In this incubation, DIN
and DIP concentrations were measured, and fluxes of
these solutes were calculated (Table 3). NH4

+ was
released both in the dark and in the light with higher flux
in the dark (384 vs 7 mmol m�2 d�1, respectively).
NO�

2 þNO�
3 was higher in the light (13 mmol m�2 d�1).

PO4
3� fluxes, on the other hand, indicated release in the

dark and uptake in the light chambers (62 vs �11.5,
respectively).

Total photosynthesis, net primary production and
respiration were calculated using the oxygen fluxes in
the dark and light in situ #1 and #2 incubations with fast
stirring. The estimated values were 163G43, 98G41,
and 65G15 mmol C m�2 d�1, respectively.

3.2. Laboratory incubations

3.2.1. Laboratory incubation #1
The time course of O2 and DIC concentrations in the

water of the dark laboratory chambers showed the same
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Fig. 2. Time course of oxygen (mM) and DIC (mM) during the in situ chamber incubation #1 with different light and stirring conditions for light-fast

(diamond), dark-fast (squares), light-slow (triangles), and dark-slow (circles). Error bars of the DIC concentrations represent the standard deviations

of three samples.
trend as in the dark in situ incubations. In the laboratory
chambers, however, which were not stirred, the rates of
production and consumption of DIC and O2 were lower
than the rates recorded in the stirred in situ dark
incubation although the same sediments were incubated
(Table 3). This shows the impact of stirring on the fluxes
of solutes in permeable sediments.
3.2.2. Laboratory incubation #2
This incubation was done using coarse and medium

sands of different permeability (coarse sands had three-
fold higher permeability, Table 1). O2 consumption and
CO2 production during the incubation (Fig. 3) differed
between medium and coarse sediments (Table 3).
Oxygen consumption was 5.4 and 15.2 mmol m�2 d�1
Table 3

Benthic fluxes of O2, DIC, Br� (mmol m�2 d�1), and NH4
+, NO�

2 þNO�
3 , PO4

3� (mmol m�2 d�1) in the different chamber incubation experiments.

Positive values are efflux out of the sediment and negative values are influx into the sediment

O2 DIC
NH4

+ NO2
� and NO3

� PO4
3�

Br�

Experiment Description (mmol m�2 d�1) (mmol m�2 d�1) (mmol m�2 d�1) (mmol m�2 d�1)

In situ incubation #1 Light fast 136.9 �649.0

Light slow 60.8 �593.2

Dark fast �55.8 958.3

Dark slow �25.4 912.7

In situ incubation #2 Light fast 78.6 G 32.3 �410.7 G 7.2 7 �13 �115

Dark fast �67.2 G 16.2 444.2 G 77.0 384 �41 62

Laboratory incubation #1 Dark no stirring �6.8 G 3.1 28.8 G 8.0

Laboratory incubation #2 Medium sand �5.4 G 4.1 94.6 G 15.5

Coarse sand �14.9 G 9.4 206.2 G 23.9

Laboratory incubation #3 Fast �54.0 G 6.8

Slow �43.9 G 4.6

No stirring �14.3 G 4.5
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for medium and coarse sediments, respectively. DIC
increased gradually with rates of 94.6 and 206.2 mmol
m�2 d�1. Oxygen consumption and CO2 production
rates were higher in the coarse than in the medium
sediment (factor of 3 and 2, respectively, Table 3).

3.2.3. Laboratory incubation #3
The sediment used in this experiment was highly

permeable (w1!10�10 m2) and allowed advective pore
water exchange. The concentrations of the Br� solute
tracer decreased faster in the chambers with stirring than
in those without stirring (Fig. 4). Calculated exchange
rates were 2.6, 2.2, and 0.7 ml cm�2 d�1 for 20, 10, and
0 rpm stirring speeds, respectively.

3.3. Oxygen penetration measurement

The average oxygen penetration depth with 1e2 mm
was fairly small and resulted in steep oxygen gradients,
although the overlaying water was stirred with relatively
high speed (40 rpm). Areas of increased oxygen
penetration depth (4e5 mm) were caused locally by
bioturbation, indicated in Fig. 5 with white arrows.
Within the experiments the oxygen penetration depth
did not increase (data not shown).

3.4. Oxygen consumption test

Oxygen consumption in the fine lagoon sediment was
approximately two-fold higher than in medium and
coarse Shark Bay sediments (Fig. 6, Table 4). Final
oxygen concentrations in the bottles were 36.8, 95.7, and
105.5 mM for fine, medium and coarse sediments,

Fig. 3. Time course of oxygen (mM) and DIC (mM) during the

laboratory incubation for coarse (squares) and medium sediments

(circles). Error bars of the DIC concentrations represent the mean

standard deviations of three samples from each chamber.
respectively, revealing that consumption rates in coarse
and medium sands were comparable (3.37 vs 2.88 mmol
m�2 d�1). In this bottle incubation, the O2 consumption
rate for the permeable Shark Bay sediments was almost
similar to that recorded in the laboratory chamber
incubation #1 without stirring (5.12 vs 6.18 mmol m�2

d�1, respectively).

4.Discussion

This study addresses benthic photosynthesis, oxygen
consumption and nutrient fluxes in coarse carbonate
sands. As demonstrated by the flux of Br� tracer into the
sands, advective pore water exchange is an important
mechanism for the transport of metabolites into and out
of these permeable sediments. This enhanced transport
accelerates the decomposition of sedimentary organic
matter (Huettel and Rusch, 2000), and may partly
explain the high productivity reported for tropical and
subtropical coastal carbonate sediments (e.g. Sorkin,
1995; Charpy-Roubaud et al., 1996; Alongi, 1998).

4.1. Benthic flux

The sedimentary consumption of oxygen measured
in the in situ dark incubations with stirring was higher
than the consumption measured in other tropical and
subtropical coastal sites (Table 5). Ammonium and
phosphate fluxes however fell in the range of fluxes
measured elsewhere in similar environments (Table 5).
Hines (1985) and Erftemeijer and Middelburg (1993)
(Table 5) calculated diffusive fluxes from pore water
concentration gradients suggesting that advective pore
water exchange (Huettel et al., 1996; Huettel and Rusch,
2000) was not important, which may explain the smaller
fluxes they observed. All the present measured fluxes
were higher. This may be attributed to the high per-
meability (1:22!10�10 m2) of the investigated sediments

Fig. 4. Time course of Br� concentrations (mM) during laboratory

incubation with a stirring velocity of 20 rpm (diamonds), 10 rpm

(circles) and without stirring (triangles). Error bars represent the

standard deviations of three incubated chambers for each stirring

speed.
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Fig. 5. Smoothed (boxcar filter, smoothing value = 4) two-dimensional oxygen distributions of two different sediment samples from Shark Bay from

the start of the experiments. The black line indicates the sediment surface. White arrows indicate local bioturbation with increased oxygen

penetration depth.
and the associated strong advective pore water ex-
change. Huettel and Gust (1992) and Jahnke et al.
(2000) have shown the impact of advective pore water
flows that enhance solute and particle transport into and
out of the sediment. Solute fluxes between marine
sediments and the overlaying water can be highly
variable. This may be explained by the variability of
factors that regulate the sedimentewater exchange rates,
such as temperature (e.g. Alongi, 1998; Clavero et al.,
2000), quantity and quality of organic matter supply
(e.g. Sloth et al., 1995; Pedersen et al., 1999), physical
and chemical properties of the sediment (e.g. Shum and
Sundby, 1996; Lopez et al., 1995) and methods of flux
estimation (e.g. Bertuzzi et al., 1996).

Organic matter in sediments is mineralized aerobi-
cally and anaerobically. The ratio of O2 :DIC fluxes
under these conditions should be 1 (Kristensen, 2000).
DIC is also however produced by anaerobic processes
using electron acceptors such as NO3

�. HS� can be
produced by sulfate reduction which increases DIC.
This can cause the ratio between O2 consumption and
CO2 production to be smaller than 1. In these
incubation experiments, the O2 :DIC fluxes were always
less than 1 (0.03e0.22) suggesting that oxygen con-
sumption accounted only for 3e22% of the recorded
CO2 production. O2 profiles in Shark Bay sediments
(Fig. 5) indicated a low O2 penetration depth (1e2 mm)
and a highly active anaerobic metabolism with sulfate as
the electron acceptor, which could explain the observed
small ratios between O2 consumption and CO2 pro-
duction. This is not an unusual phenomenon. In some
temperate coastal sediments, oxygen consumption has
been estimated to account for only 4e17% of total
organic carbon oxidation (Canfield et al., 1993a,b).
Fig. 6. Time course of oxygen concentrations (mM) during the bottle incubation experiment with Shark Bay (diamond), coarse (squares), medium

(triangles) and fine (circles) sediments. Error bars represent the standard deviations of three oxygen measurements.
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Some of the consumed oxygen may be used for the
geochemical reoxidation of reduced compounds, which
consumes oxygen without producing CO2. Likewise, in
carbonate sediments, like the ones investigated in this
study (Table 1), precipitation and dissolution of
carbonate minerals may effect the DIC production
(Green et al., 1993; Heip et al., 1995). In sediments
from the Albufera of Majorca, Lopez et al. (1995) found
a total CO2 flux of 732 mmol m�2 d�1 where 336 mmol
m�2 d�1 were due to carbonate re-dissolution.

Flux stoichiometries can give important insights into
the processes that govern the sedimentary mineraliza-
tion of organic matter and the related solute fluxes. The
theoretical ratios of O :N and O : P for aerobic mineral-
ization can be calculated from the Redfield ratio
(C :N : P = 106 : 16 : 1, Froelich et al., 1979) assuming a
ratio of 1 for CO2 :O2 (Berelson et al., 1998). The ratios
of O :N and O : P calculated from the flux measurements
were 196 and 1084, i.e. much higher than the expected
ratios (6.6 and 106, respectively), which indicates that
oxygen was consumed by geochemical oxidation pro-
cesses in the sediment and that the measured nutrient
fluxes were low. Denitrification may have reduced the
DIN flux (Cowan and Boynton, 1996; Berelson et al.,
1998) at the end of incubations when oxygen concen-
trations were low. Another interpretation of the low N
fluxes is the partial conversion of PON into DON that
was not measured in the present study (Berelson et al.,
1998). With respect to DIP, the low flux may be attri-
buted to the high removal of phosphate at the oxic

Table 4

O2 consumption rate (mmol m�2 d�1) for different sediments measured

in the small bottle incubation

Sediment O2 consumption (mmol m�2 d�1)

SB 5.12

Coarse 3.37

Medium 2.88

Fine 6.90
sedimentewater interface, where it can be bound to the
surface of the carbonate grains (Atkinson, 1987; Ingall
and Jahnke, 1993; Bertuzzi et al., 1996; Spagnoli and
Bergamini, 1997).

4.2. Effect of advective exchange

Oxygen consumption and production rates in the
chambers with larger pressure gradient (1.2 Pa between
centre and rim) were ca. two-fold higher than in those
chambers with lower pressure gradient (0.2 Pa between
centre and rim). The pressure gradients generated by
these different stirring velocities compared well with
those that are generated by the natural boundary flows
interacting with small seabed topography (Huettel and
Gust, 1992). Oxygen consumption rates in the laboratory
experiments, where the flux was mainly diffusive, was
nine times lower than in the in situ chambers with fast
stirring (Table 3), where advective transport took place.
Trace experiment with Br� (Fig. 4) revealed the presence
of advective pore water exchange in the Shark Bay
sediments. The exchange rates of 2.6, 2.2, and 0.7ml cm�2

d�1 calculated for 20, 10, and 0 rpm stirring speed suggest
that the solute fluxes could be enhanced by factor 3 (10
rpm chamber) and 4 (20 rpm chamber) by advection.

The additional circulation of the water through the
sediment caused by advection carries more oxygen and
other electron acceptors (NO3

�, SO4
2�) deeper into the

sediment enhancing the mineralization rate of dissolved
and particulate organic matter and the oxidation
reduced substances as sulphide, ferrous iron (Huettel
et al., 1998). The increased decomposition activity
causes an enhancement of the release of DIC and DIN.

Berninger and Huettel (1997) investigated oxygen
concentrations and photosynthetic oxygen production in
intertidal permeable sediments under different flow
velocities, and concluded that advective transport in
addition to diffusion became effective at boundary
layer flow velocities O2 cm s�1. In flume experiments,
applying different boundary flow velocities above
Table 5

Benthic fluxes of Heron Island compared with fluxes measured in other coastal sediments. Positive values are efflux from the sediment and negative

values are influx to the sediment

Location NH4
+ (mmol m�2 d�1) PO4

3� (mmol m�2 d�1) Oxygen (mmol m�2 d�1) Reference

Araruama Lagoon, Brazil 170e1080 (�30)�30 �50:7G12:1 Knoppers et al. (1996)

Kanoeohe Bay, reef flat,

Hawaii

490 35 Stimson and Larned (2000)

Ishigaki Island lagoon 67G60 Miyajima et al. (2001)

South Sulawesi, Indonesia 104e306 38e112 Erftemeijer and Middelburg

(1993)

Tikehau lagoon, Polynesia 50e704 Capone et al. (1992)

Hiroshima Bay �12.5 to �38.1 Seike et al. (1989)

South Atlantic Bight 6G7 �34:8G32:9 Marinelli et al. (1998)

Bermuda 115e312 1e7 Hines (1985)

Gulf of Aqaba, Red Sea 338G30 30G2 �5:9G0:5 Rasheed et al. (2003b)

Our study, Heron Island 340 60 �67:2G16:2 This study
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incubated sediments, Forster et al. (1996) showed that
the sedimentary oxygen consumption rate is a function of
flow velocity. The authors found that oxygen consump-
tion rate increased by 91G23% in coarse sand when flow
velocity increased from 3 to 14 cm s�1. Even in sediments
with lower permeabilities increase in interfacial solute
flux up to 43% has been found for stirred chambers
relative to unstirred ones (Callender and Hammond,
1982). Likewise Glud et al. (1995) obtained a 31%
increase of total oxygen uptake when the stirring velocity
increased from 12 to 25 rpm. In fine grained, imperme-
able sediments, flow velocity affects the penetration
depth and consumption of oxygen in the sediment by
controlling the thickness of the diffusive boundary layer
(Kristensen, 2000). With increasing flow velocity, the
boundary layer is reduced in thickness, which also can
enhance solute flux across the sedimentewater interface
(Jørgensen and Revsbech, 1985; Glud et al., 1994).

4.3. Effect of permeability

The permeability of the coarse sand was three-fold
higher than that of the medium sands (Table 1), and
three-fold and two-fold higher oxygen consumption and
DIC production were found in the coarse sand,
respectively (Table 3). This confirms the importance of
permeability permitting pore water flushing. Rasheed
et al. (2003b) found 1.5-fold higher organic matter
mineralization rates in sediment when permeability
increased by a factor of 2. In flume and field experiments
comparing degradation of algal material in sediments
with different permeabilities, Huettel and Rusch (2000)
found a 2.7-fold higher degradation rate in sediments
with a permeability of 4:6!10�10 m2 than in sediments
with a permeability of 2:8!10�11 m2. Increasing
sediment permeability increases the circulation of water
through the pores of the sediment and thus, enhances
the mineralization rates of organic materials (Shum and
Sundby, 1996; Huettel and Rusch, 2000). Without water
flow above the sediment, different sediment permeabil-
ities would not however affect the mineralization rate as
shown in the bottle incubations (Table 4). The fine
sediments that had a lower permeability (Table 1),
however, had a higher oxygen consumption rate than
the coarse and medium sands. This can be attributed to
the higher organic content in this sediment (0.42%)
compared to the coarse and medium sediments (0.22
and 0.25%) and the higher specific surface area of the
fine sediment. In this experiment, which was carried out
without stirring, only diffusion controlled the transport
of electron acceptors for the mineralization of organic
matter. In this case, permeability can be neglected, and
the main factor, which controls the mineralization rates
is organic matter content and reactive surface area (e.g.
Kelly and Nixon, 1984).
5.Conclusion

Carbonate sands of the Heron Island lagoon have
relatively high oxygen consumption rates. This can be
attributed to the relatively high permeabilities of these
sediments, which permits high advective solute exchange
and deep penetration of metabolites in the sediment as
a result of the current, wind and wave action above the
permeable sea bed (Riedl et al., 1972; Vanderborght
et al., 1977; Webster and Taylor, 1992). The enhanced
solute exchange increases organic matter mineralization
rates and the oxidation of reduced compounds in the
sediment. In the shallow lagoon, benthic photosynthesis
is very active and contributes significantly to the oxygen
dynamics at the sea floor. Carbonate sands found
mainly in tropical and subtropical reef regions cover
approximately 10% of the continental shelves. These
regions have been reported to exhibit high productivity
(Sorkin, 1995), although reef waters usually have very
low nutrient concentrations (D’Elia and Wiebe, 1990).
Cloern (1996) suggested that productivity in shallow
coastal ecosystems is closely associated with sea floor
biogeochemical processes. High permeability, porous
grains, and the mineralogy of carbonate sands may be
important factors that make these sands suitable for
organic matter degradation. Carbonate sands may act as
a buffer in regulating the pH of interstitial waters
(Tribble, 1993), which may affect mineralization of
organic material in these sands. It is proposed that
permeable carbonate sands play an important role for
nitrogen, phosphate and carbon cycling in tropical and
subtropical regions.

Acknowledgements

This work has been funded by the Max Planck
Society (MPG). Thanks are due to Martina Alisch for
her help in the field and the laboratory. We wish to
thank the staff and members of the research station in
Heron Island for providing the laboratory facilities for
this work. We would like also to thank Hella Buschhoff
and Dr. Peter Müller from the Geology Department,
Bremen University for their assistance in the determi-
nation of POC and PON. Thanks are due to Dr. Martin
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