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Laboratory and in situ experiments were performed to assess the use of bromide as a tracer for in situ studies of benthic
solute exchange. Bromide was used in the benthic chamber lander ‘ Elinor ’ for flux measurements in coastal sediments
of the German Bight, Kiel Bight and Skagerrak (28–700 m water depth). Tracer and total oxygen uptake were monitored
simultaneously in the same chamber incubation. Concurrently, in situ oxygen micro-profiles were recorded at the same
locations by the profiling lander ‘ Profilur ’. Deployment in an anoxic silt (Kiel Bight) confirmed that in the absence of
bioturbation and advection, tracer transport into the sediment was driven solely by molecular diffusion. This flux could
be well described by a simple box model accounting for molecular diffusion only. In oxic sediments (German Bight and
Skagerrak) enhanced exchange of bromide tracer due to bioirrigation parallelled enhanced oxygen uptake equivalent to
a 4-fold molecular diffusive flux. Our experiments showed that incubations can be short. Depending on irrigation activity
of the fauna, however, incubation length should exceed 3 h in order to provide a useful data base for flux calculations. The
method demonstrating caveats is discussed and indicate possible improvements. The results show how the bromide tracer
addition can be used as a tool for determining solute fluxes exceeding diffusive flux in benthic chamber incubations.
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Introduction

Early diagenesis in marine sediments is affected by
and results in solute exchange across the sediment–
water interface. Magnitude and distribution of the
sedimentary chemical and microbiological processes
depend, amongst other factors, on the rate at which
dissolved electron acceptors enter the sediment
from above and reduced metabolic end-products are
released to the overlying water. One major non-
diffusive exchange mechanism is bioirrigation, the
transport of water and solutes by pumping activity of
benthic fauna.

A common method to compare sediment–water
exchange rates in different environments are benthic
enclosures. For in situ measurements at water depths
>20 m autonomous vehicles have been developed (see
Tengberg et al., 1995 for a review). In the deep sea
these instruments are typically deployed for a day or
more, since rates are low and consequently a long
incubation time is required to produce measurable
concentration changes in the enclosed water volume
0272–7714/99/120813+15 $30.00/0
(Sayles & Martin, 1995). In shallow waters where
benthic chambers may be operated by SCUBA divers
(Balzer et al., 1983; Rutgers van der Loeff et al.,
1984), deployments can be much shorter owing to
higher mineralization rates and higher exchange rates
associated with faunal activity. In areas with strong
tidal currents long incubations may be impossible.

Inert tracers have been used in laboratory incu-
bations to quantify diffusive transport and non-
diffusive transport processes (small scale mixing, eddy
diffusion in meiofauna), to identify non-local trans-
port by porewater irrigation, and to assess transport by
reactions of the benthic fauna to hypoxic stress (Dicke,
1986; Aller & Aller, 1992; Martin & Banta, 1992;
Forster et al., 1995). More recently, Sayles and Martin
(1995) demonstrated that diffusion was the dominant
transport mode for benthic exchange in abyssal depths
off Bermuda. Glud et al. (1996) employed bromide
testing chamber performance on permeable sediments.
Tracers employed include radioactive solutes like
22Na+, tritiated water, and the 222Rn-activity, as well
as non-radioactive substances like Br�, Cl�, and dyes.
� 1999 Academic Press
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In this study, the use of Br�-ions is tested as an
indicator for in situ bioirrigation. Bromide uptake is
compared to model derived diffusive uptake. The
ratio of total/diffusive Br�-flux is compared to in situ
TOU/DOU (total/diffusive oxygen uptake) ratios as
derived by two benthic landers. Experiments were
performed at shallow water locations and with
relatively short incubation times (3·5–11 h).
Material and methods
General

Experiments were conducted during two cruises in
1993 with RV Victor Hensen to Skagerrak (58�15.6�N/
09�31.9�E) and German Bight (54�00.0�N/07�46.3�E)
and to Kiel Bight in the Baltic Sea in 1994
(54�32.1�N/10�03.03�E). The former stations are oxic
environments with benthic fauna, whereas the latter is
a defaunated anoxic situation. Additional laboratory
experiments were conducted with sediments originat-
ing from Kiel Bight and the island of Sylt located at
the North Sea coast of Germany (Figure 1).

Station description

The station in Kiel Bight (KB) is a brackish water
environment at 28 m water depth (Table 1). The
sea-floor experiences anoxia regularly during late
summer and autumn. During this time fauna is sparse
and bioturbation and irrigation activity negligible
(Dicke, 1986). The station has been investigated
intensively in numerous studies (e.g. Lapp & Balzer,
1994; Balzer, 1984; Balzer et al., 1987).

In Skagerrak (SK) the station is located in the deep
of the Norwegian Trough (698 m) and is character-
ized by very fine silty sediment. Previous reports of
manganese cycling (van Weering et al., 1993; Bakker
& Helder, 1993; Canfield et al., 1993a) indicate
intense mixing of the upper sediment strata.

In the German Bight (GB), the sediment consists of
a silty sand (32 m deep) with high standing stock of
benthic invertebrates (Salzwedel et al., 1985; Hickel
et al., 1989). The area is subject to tidal currents in
excess of 1 m s�1 in the upper 8 m of the water
column.

The sediment from a sheltered shallow bay in the
north of the island Sylt used in additional laboratory
experiments consisted of silt with a median diameter
<63 �m. Information on sediment type and sampling
conditions is provided in Table 1.
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F 1. Study area with the visited stations marked by dots.
Flux measurements

At two locations (KB, SK) the benthic flux chamber
lander Elinor was deployed as a free falling vehicle
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(Glud et al., 1995). After settling on the sea-floor, the
instrument enclosed a square sediment surface area of
894 cm2, penetrating about 20 cm into the sediment
and including 8 to 14 cm of supernatant bottom
water. The water inside the chamber was stirred at
10 rpm by an impeller that consisted of a cross of
round rods. Oxygen concentration in the sealed
chamber was monitored continuously by oxygen
minielectrodes in the lid, and data were stored by
the computer controlling the actions of the lander.
Bromide was injected into the chamber 4 min after
lid closure to an initial concentration of 5–16 mM.
During one incubation period a maximum of nine
water samples were collected from the chamber at
pre-set time intervals using an automated syringe
sampler. After the incubation a scoop closed and the
sediment in the chamber was carried to the water
surface with the lander. Though an initial non-linear
decrease of tracer may be expected, the limited
number of samples available from the chamber did
not reflect this (Figure 4). We therefore determined
the linear regression of concentration versus time, as
indicated in Figure 4, and calculated the bromide
fluxes accordingly. Results are reported as absolute
mass per chamber area and incubation time (mmol).
Oxygen flux data are reported as mmol
O2 m�2 day�1. Due to the prevailing high tidal cur-
rent velocities and the risk of tipping over Elinor and
the profiling lander, Profilur (see below), had to be
deployed without floatation units in the southern
North Sea. Instead they were connected to a buoy
with a tensile stress release mechanism. Furthermore,
deployment had to be arranged around slack tide in
order to reduce current stress on the instrument.
Consequently deployments were relatively short (3 h).
From previous investigations in a model chamber it
can be deduced that under the conditions of deploy-
ment reported here a diffusive boundary layer (DBL)
of 300–400 �m thickness existed above 91% of the
enclosed sediment surface. Only in the very centre of
the chamber, an area of 80 cm2, the DBL was thicker,
whereas radial pressure gradients (1–3 Pa) developed
inevitably during stirring between the centre and wall
of the square-shaped chamber (Huettel & Gust, 1992;
Glud et al., 1995).
T 1. Study site characteristics of sediments and benthic community used in field and laboratory incubations

Station

Water
depth
(m)

Sediment
type

MD
(�m)

Corg

(%)
T

(�C) Salinity
Bottom water

O2 (�M)
AFDWa

(gC m�2)

Dominant
tube

builders

Tube surface
area

(m2 m�2)

Kiel Bight 28 silt 40 3·1 10 27 0 0 none none
Skagerrak 695 silt 20 3·9 6·5 37 250 0·8 Spiochaetopterus 1·0
German Bight 32 silty sand 140 3·4 16 35 226–240 6·4 L. conchilega,

O. fusiformis
>1·7

Lab (Sylt) 0·2 silt <63 n.d. 7 33 �306 n.d. none none
Lab (KB) 25 silty sand n.d. n.d. 5 22 �345 n.d. Nereis sp. none

aAsh free dry weight.
n.d.: not determined.
Sampling

Upon retrieval of the instrument the lid of the incu-
bation chamber was opened and the water volume
in the chamber was determined by water height
measurements with a ruler at eight positions in the
chamber (precision�2 mm). Cut-off 60 mm plastic
syringes (diameter: 32 mm) were carefully inserted
into the sediment keeping the position of the piston
constant relative to the sediment surface. This
procedure minimizes compaction during coring.
Positions of cores were noted, subcores removed,
stoppered from below and either frozen at �18 �C or
processed immediately.

Fresh or frozen subcores were sectioned at 2 mm
and 5 mm intervals. Porewater was separated by cen-
trifugation at 1000 g for 2 min. Porosity (�) was
calculated from water content data after subsampling
of 2 cm3 of wet sediment into cut-off syringes and
drying at 60 �C. Organic carbon were determined at
the same depth intervals after combustion at 550 �C.

The remaining sediment was sieved through
250 �m mesh and samples of the infauna thus
retrieved were stored in 70% ethanol. Samples were
sorted by taxonomic groups and subsequently dried at
60 �C for 24 h and combusted at 550 �C for 4 h for the
determination of ash-free dry weight (AFDW). Where
large numbers of burrows occurred, the total burrow
length was calculated on the basis of an AFDW/cm
relation determined on 10 subsamples of about
100 cm burrow length each. Burrow surface area
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was estimated by assuming average burrow diameters
for all tubes of the dominant tube dwellers
Spiochaetopterus spec and Owenia fusiformis.

The results from the laboratory experiments (Sylt)
were also used to investigate stirring related pressure
gradients in the chamber Elinor (Glud et al., 1996).
These experiments were conducted using Elinor’s
chamber in troughs of homogenized intertidal sedi-
ment. In these experiments water samples could be
withdrawn by hand.
Microprofiling

A second benthic lander for the measurements
of oxygen microprofiles, Profilur (Gundersen &
Jørgensen, 1990; Glud et al., 1994), was used con-
comitantly in Skagerrak and German Bight. This
lander recorded the oxygen concentration in the
sediment at a vertical resolution of 100 �m.

The diffusive oxygen flux (F) was calculated
according to Fick’s first law

F=D0�dC/dz (1)

from the linear regression of concentration versus
depth (dC/dz) in the diffusive boundary layer (DBL)
and using a temperature-corrected diffusion coef-
ficient, D0 (Li & Gregory, 1974). Where no gradient
was detectable within the DBL, the steepest concen-
tration change in the profile was used.

Where possible, boundary layer thickness was
measured as the vertical distance (Figure 5) from (1)
the break in slope of concentration profile identifying
the sediment surface to (2) the point of intercept
between the linear decrease in oxygen concentration
within the DBL and the constant oxygen con-
centration in the overlying water (Jøorgensen &
Revsbech, 1985).
Analytical procedure

Concentrations of bromide were determined using ion
chromatography (Waters Cation column A, flow rate
1·0 ml min�1, injection volume 100 �l) on diluted
(1:100 in buffer), and centrifuged water and pore-
water samples. We used both isophthalaldehyde buffer
(pH 4·7) and to a lesser extent lithium hydroxide
(pH 11·4) as a liquid phase. Linear calibration curves
were found for standards prepared in natural seawater
in the range from 2–300 �M (160 ppb–24 ppm).

The chlorinity detected in the same IC runs was
used to correct for errors associated with the small
volumes of sample (10–50 �l) mixed with large
volumes of buffer (959–950 �l) by assuming constant
chlorinity in the water and porewater. This correction
was not applied to samples from Kiel Bight since
chlorinity changes are known to occur in the pore-
water of this sediment (Balzer et al., 1987). Analytical
precision including sample processing and dilution
was better than 1% for natural background concen-
trations around 0·6 mM and 0·5% for concentrations
of 5 mM (n=10). The detection limit was 0·3 mM.
Natural background concentrations of Br� deter-
mined by this procedure were 0·4 mM in the Baltic,
0·6 mM in Skagerrak and 0·5 mM in German Bight,
corresponding well to reported sea water composition
(Kennish, 1994). Concentrations of bromide reported
here are those in excess of these natural background
values.

Inventories of excess bromide in the sediment
(nmol cm�2) were calculated from excess bromide
concentrations and porosities, summed over the core
length. The total mass of bromide retrieved from the
lander chamber was calculated from concentrations
averaged over four subcores in the central area of
Elinor’s chamber, an area previously identified as
homogeneous with respect to the thickness of the
diffusive boundary layer for oxygen (Glud et al.,
1995).
Laboratory incubations

Two time course experiments were performed. In a
laboratory incubation Nereis diversicolor were added
to Kiel Bight sediment at natural abundances
(500 ind m�2) and left to establish their burrows for
two weeks, after which a tracer experiment using
bromide was performed. The data was used to calcu-
late total tracer flux at different time intervals for the
initial experimental period and to compare those
fluxes to the corresponding modelled diffusive fluxes.

The second experiment was performed in order to
test the effect of freezing on sediment bromide results.
The tracer inventory was determined in cores sampled
at different time intervals (55, 178, 468, 842 min). A
set of sediment cores (36 mm diameter) retrieved
from a Kiel Bight station at 25 m water depth were
incubated in an aquarium containing 10 dm3 sea-
water. Tracer was added at time zero and pairs of
cores were removed at time intervals for immediate
porewater centrifugation (fresh) and to be frozen for
later sectioning (frozen). Fauna present was noted.
Diffusion model

Laboratory experiments were conducted using pre-
viously defaunated sediment cores (100 cm diameter;
frozen at �25 �C) in which tracer transport occurred
by molecular diffusion only. In these experiments we
could not reproduce the initial Br�-distributions
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found in the lander deployments. We therefore
modelled the expected/theoretical decline of tracer
concentration in the overlying water and the distri-
bution of tracer in the porewater as a result of a
transient, i.e. time-dependent, diffusion process. The
model used and described below was programmed
using the software Stella� on a MacIntosh Quadra
650. In our box model a homogeneously mixed over-
lying water volume is assumed. A diffusive sublayer
(340 �m thick) separates the overlying water from the
sediment, which consists of 30 sediment layers of
1 mm thickness each (vertical resolution: 1 mm). The
change in concentration in each consecutive layer due
to molecular diffusive transport to and from that layer
is modelled by iteration at time intervals of 0·25 min
(2nd order Runga-Kutta) according to Fick’s first law
for sediments,

F=Ds � dC/dz. (2)

The sediment diffusion coefficient, Ds, is determined
according to

Ds=D0 �(m�1),

with m=2, resulting in the relation

Ds=D0 � (3),

where D0 is the temperature-corrected diffusion
coefficient (Li & Gregory, 1974; D0� values given in
Table 2) and � is the porosity, which accounts for
tortuosity correction according to Ulman and Aller
(1982). Ds was thus calculated for each consecutive
layer. Temperature and initial Br�-concentrations
were set according to the corresponding experimental
conditions (Table 2). Initial tracer concentrations in
the experiments were determined from a linear regres-
sion intercept. Initially Br�-concentrations were 0 in
the porewater and DBL Porosity was interpolated for
each 2 mm depth interval in order to fit the higher
resolution needed in the box model.

Summed diffusive fluxes from the water column
according to Equation 1 over the entire experimental
duration yielded the diffusive bromide flux values.
These were used for a comparison with the concen-
tration changes observed in field and laboratory
experiments.

Tests were conducted of the diffusion model by
changing single input parameters of the model while
all other variables were kept constant. DBL thickness
was changed by �200 �m, porosity by �0·05, D0 by
�8%, the chamber height was varied by �1 cm, Ci

by �0·5 mM, and incubation time by �15 min.
Results
Sensitivity tests

The impact on the modelled diffusive bromide
flux [KB sediment, Table 2(a)] of changes in DBL
T 2(a). Data used for model input: initial Br�-concentration (Ci), chamber water height (h),
run time of the experiment and of the simulation (t), in situ temperature (T), sediment diffusion
coefficient (D0)

Station Ci (mM) h (cm) t (min) T (�C) D0 10�5 (cm2 s�1)

K. Bight 16·0 4·0�0·2 642 10·0 1·4409
Skagerrak 6·4 12·8�1·0 600 6·5 1·3058
G. Bight (1) 5·9 15·3�3·5 210 16·0 1·4023
G. Bight (2) 4·5 n.d.a 210 16·0 1·4023

T 2(b). Sensitivity test of diffusion model. Parameters were changed within typical ranges and
deviation of modelled flux noted (see ‘ Results ’)

Parameter +change Flux deviation (%) �Change Flux deviation (%)

Time (t) +15 min +0·6 �15 min �1·3
Diffusive sublayer +200 �m �1·3 �200 �m +1·3
Initial concentration (Ci) +0·5 mM +3·1 �0·5 mM �3·4
Diffusion coefficient (D0) +8% +3·4 �8% �3·5
Chamber height (h) +1 cm �8·0 �1 cm +9·5
Porosity (�) +0·05 +8·5 �0·05 �8·4

aSame h was assumed as in GB(1) for subsequent calculations.
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220 min to 2·8 at 660 min, the incubation times relevant in
this study, and as indicated by the grey area.
Tracer in the sediment

Tracer inventories determined from the sediment
should equal the tracer loss from the overlying water.
Comparing inventories to fluxes is thus a check on the
consistency of the experiment. Heterogeneity within
the sediment and different degrees of accuracy of
inventory calculation associated with the differ-
ent tracer penetration depths, however, affect the
inventory calculations.

Inventories of tracer determined after different time
intervals in the second laboratory experiment were
compared to the modelled, expected inventories.
Natural sediment cores containing no fauna were
sliced without freezing to avoid any artifacts. There
were no systematic variations with time, but measured
inventories tended to be slightly higher than expected
modelled inventories, which were set 100%:+24%
(after 55 min), +9% (178 min), +37% (468 min),
and �18% (842 min; data not shown). On average,
these inventories matched the expected modelled
inventory within 20% or better.

Many frozen core profiles showed a subsurface
maximum in bromide concentration (Figures 3 and 6)
and different concentrations than freshly sectioned
cores. This can be interpreted as an artifact of re-
distribution of solutes during brine formation and,
thus, a distortion of the solute profile during crystal
formation. This process is dependent on the sediment
structure and generalizations are not possible. As a
consequence curvature of tracer profiles cannot be
thickness, �, D0, chamber height, Ci, and experimen-
tal duration was tested. It was found that the diffusive
bromide fluxes modelled are most sensitive to changes
made in porosity and chamber height, resulting in
8–10% flux deviation when compared to the original
data set [Table 2(b)]. An uncertainty in diffusion
coefficient as reported by Li and Gregory (1974) and
in initial Br�-concentration had less impact (3–4%).
Diffusive sublayer thickness and time, on the other
hand, affected the result by a maximum of �1·3%.

Thus, largest uncertainties are introduced with
porosity and related tortuosity-correction, as well as
chamber height measurements used in calculation
of the chamber volume. At KB the uncertainty in
chamber height determination was 0·2 cm and less
than used in the test. Variance in chamber height
can be substantial, however, as seen in Table 2(a).
Alternatively, chamber volume may be calculated
from the dilution of the volume of concentrated tracer
injected into the chamber (Sayles & Martin, 1995).
This procedure was not used since the volume of the
brine injected had not been sufficiently accurately
determined and precision of chamber volumes calcu-
lation suffered accordingly. Overall it was assumed
that our modelled diffusive fluxes from the water
column are accurate to within �10%.

In this contribution we use the ratio of total over
diffusive flux, the flux enhancement, as a measure of
solute transport in excess of molecular diffusion. In
order to assess the time dependency of this ratio we
conducted a laboratory incubation experiment in
which N. diversicolor, a polychaete with strong irri-
gation activity, increased the total tracer flux. The
changes with time in modelled diffusive flux and
measured total flux of bromide tracer are presented in
Figure2. Initially and prior to the first sample taken at
t=16 min, the diffusive flux is high owing to the steep
initial gradient at the sediment–water interface. The
initial value of total flux calculated is a little low,
probably owing to an erroneous determination of
bromide concentration. This does not, however,
change the conclusions drawn. As time proceeds this
gradient diminishes and correspondingly diffusive flux
decreases. While overlying water is pumped through
the burrows progressively more wall area gets into
contact with the tracer. Here interfaces with initially
steep gradients are ‘ added ’ to the interface already
contributing in Br� exchange. As a result attenuation
in the total flux is much slower. The overall effect on
the ratio is a gradual increase. Between 220 min and
660 min, the incubation times relevant in this study,
the ratio increases from 2·0 to 2·8. This result docu-
ments the underestimation of flux ratios derived from
short incubations relative to longer ones.
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used for further extraction of information. The
inventories of previously frozen cores are used for
budget calculations only. Freezing artifacts were
assessed in the fine grained Kiel Bight sediment
by analysing previously frozen cores and comparing
the bromide distribution to freshly sectioned cores
(Figure 3). Freezing resulted in smaller Br�-
inventories, amounting to 83% of that in freshly sliced
parallel cores from the in situ deployment (Table 4).
In Skagerrak and average profile calculated from seven
frozen cores yielded an inventory accounting for
102% of tracer loss from water column (Table 4).
This inventory contained 2·7 times the tracer mass
that molecular diffusive transport would support for
the incubation time.

In the German Bight sediment tracer accounted for
218% or twice the loss from the water column if
frozen cores were analysed. This unacceptably high
value may likely be an artifact, but no fresh cores were
available at the time to compare to. (See the discus-
sion of the method for a cautious interpretation of
these results.)
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regression line (solid) with 90% confidence limits for the
regression line (stippled line). Modelled concentration de-
cline assuming molecular diffusive flux only (dashed line)
and oxygen concentration measured in the same incubation
are plotted (solid line in the lower part of each graph). Note
that analytical uncertainty of the Br�-concentration deter-
mination is smaller than the symbols, +, used. (a) Kiel
Bight; (b) German Bight; (c) Skagerrak.
Molecular diffusion—Kiel Bight

At the anoxic station of Kiel Bight the oxygen sensor
on Elinor showed a low but drifting signal. This is
typical for conditions with free hydrogen sulphide in
the water above the sediment [Figure 4(a)] and this is
considered a zero oxygen reading. Winkler titration of
water samples taken 1 m above the seafloor confirmed
anoxic conditions. No macrofauna was found in the
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sediment recovered by the lander (Table 1). Tracer
concentrations declined significantly over the course
of the incubation (R2=0·972, n=4, P<0·005) to those
values predicted by the diffusion model. The 90%
confidence intervals included in Figure 4(a) show that
the measured concentration decline is accurately
described to �0·4 mM, somewhat more than the
analytical precision in bromide analysis (0·1 mM at
16 mM). Associated with these confidence intervals is
an uncertainty of �25% on the linear regression and,
therefore, in the diffusive bromide flux. A curvature in
concentration decline, as may be expected and as
shown in the modelled scenario, cannot be demon-
strated with the few data points measured. The tracer
distribution found in the sediment (fresh cores only)
at this station (Figure 3) was similar to the modelled
diffusive tracer profile. In Table 3 the measured and
the predicted diffusive tracer loss are listed. A ratio of
the two of 1·0 identifies molecular diffusion as the
transport mechanism.
Irrigation—Skagerrak and German Bight

In both Skagerrak and German Bight concentrations
declined faster than predicted by the diffusion model
and as indicated by solid linear regression lines in
Figure 4. The values scattered considerably and
beyond the analytical precision of 0·1 mM. In
Skagerrak total flux was 2·7 times the diffusion flux
(Table 3) and the linear regression with 90%
confidence intervals separating from the dotted line
(R2=0·667, n=8, P<0·01) indicates that there is
solute flux in excess of molecular diffusion [Figure
4(c)]. During the incubation total oxygen uptake led
to decreasing oxygen tension in the chamber. TOU
amounted to 10·6 mmol m�2 day�1 in Skagerrak,
which is 2·5 times more than the diffusive oxygen
flux of 4·3�1·0 mmol m�2 day�1 (n=4) calculated
from the O2� gradient. Oxygen penetrated to
16·2�1·0 mm sediment depth. Thus the flux ratios of
tracer and oxygen were close to identical in Skagerrak
(Table 3).

The sediment samples from Skagerrak contained
many polychaete tubes. The infauna had a biomass of
0·8 gC m�2 and was dominated by Spirochaetopterus
sp. and a few individuals of Siboglynum sp. Tubes
constructed by Spirochaetopterus sp. occurred at an
abundance of 1 per cm�2, with an average of 8 cm
length vertically into the sediment and a diameter of
0·5 mm. It was assumed that some of these tubes were
empty, but since the scoop cut many tubes upon
closing, there is no information on the number of
inhabited versus empty tubes. A lower limit can be set
to the burrow surface area. At the abundance and
length retrieved these burrows provided a surface area
of 1 m2 for each m2 of sediment surface. However,
burrow surface included in the chamber prior to scoop
closure was probably greater.

In the first German Bight deployment, GB (1), we
observed an absolute change in bromide concen-
tration of only 0·2�M (Figure 4). This was significant
(R2=0·343, n=8, P<0·1), though barely detectable
given the analytical precision and as witnessed by the
confidence limits in Figure 4(b). The upper confi-
dence limit is just overlapping with the modelled
diffusion curve. Total tracer flux calculated
(2·67 mmol) was 3·3 times higher total than diffusive
flux (0·82 mmol). TOU amounted to 41 mmol
m�2 day�1 in this deployment, a number 3·9 times
higher than the corresponding measured diffusive
oxygen fluxes (Table 3).

The second German Bight deployment, GB (2),
resulted in a 5-times higher flux of tracer (R2=0·813,
n=9, P<0·001) compared to the first GB deployment.
The lander was retrieved with an empty chamber,
therefore neither sediment samples nor a final over-
lying water concentration are available from this
deployment. The tracer flux ratio was 16·4 (13·44/
0·82). Oxygen concentrations in GB (2) depict a
break in slope at 160 min. TOU has been calculated
both for the initial concentration decline (42 mmol
m�2 day�1) and for the maximum decrease during
the final 40 min of the incubation (170 mmol
m�2 day�1). The resulting flux ratios for oxygen
range from 4 to 16 (Table 3).

Microprofiles demonstrated an oxygen penetration
of 3·7�0·9 mm (n=8) in the German Bight sedi-
ment, with a diffusive oxygen flux through the DBL
amounting to 10·4�4·8 mmol m�2 day�1 (n=7).
Analyses of the profiles yielded a DBL thickness of
580�250 �m (n=3) for this station during flooding
tide and 600�160 �m (n=4) during ebb tide (low
flow velocity; data not shown).

Using the break in slope in the microprofiles we
calculated an apparent diffusivity, Ds�, of 6·56�
1·14�10�6 cm2 s�1 for the uppermost sediment
layer at the German Bight station (Figure 5). This
corresponds to �=0·68�0·11 (Ds�/D0=�2), if a lit-
erature value of D0 of 1·43�10�5 cm�2 s�1 is used
for the calculation. A porosity of 0·55 (vol/vol) was
measured from the 0–0·2 cm interval by drying a
known sediment volume. Ash-free dry weight of
macrofauna in German Bight was high (6·4 gC m�2)
with different polychaete species, bivalves and the
surface-dwelling echinoderm Ophiura amphiliformis
generally dominating. Lanice conchilega and
Callianassa subterranea occurred in low numbers, too.
The species composition, thus, was similar to that
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T 4. Inventory of excess bromide tracer in the sediment subcores. Average inventories are given
along with concentration change observed in enclosed water (�C) and the budget balance as
percentage of tracer retrieved from sediment relative to change observed in water column

Station Core no.
Individual

(�mol cm�2)
Averaged profile

(�mol cm�2)
�C

(�mol cm�2)
Budget balance

(%)

Skagerrak 1 frozen 15·7
2 frozen 18·9
3 frozen 15·7
4 frozen 16·1
5 frozen 13·2
6a frozen 4·0
7 frozen 13·4
8 frozen 20·5 11·0 10·8 102

Kiel Bight 2 fresh 11·23
3 fresh 14·45
6 fresh 7·80
9 fresh 8·03 9·46 10·0 104

12 frozen 6·97
13 frozen 9·97 7·45 10·0 83

German Bight 2 frozen 5·4
3 frozen 6·2
4 frozen 5·6 6·0 2·75 218

aExcluded because of its central position in the chamber, which has a substantially thicker DBL reducing the flux
to the sediment.
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F 5. Example of oxygen microprofile from the German Bight. Left side includes profile across the sediment–water
interface and interception of an oxygenated burrow wall at roughly 7 cm sediment depth. Right side: expanded view of the
interface profile with two grey lines indicating the concentration gradient in the DBL and in the sediment surface layer used
for flux determination and calculation of porosity. 1 and 2 indicate lower and upper borders of DBL (see ‘ Methods ’).
found previously by Hickel et al. (1989). Again tubes
were abundant, this time constructed by Owenia
fusiformis (1 mm diameter; tube surface area
>1·7 cm2 cm�2). The position of these tubes in the
sediment remained unclear, but after sieving they
were found as intertwined bundles. Length of individ-
ual tubes were not measured.
Both in the Skagerrak and the German Bight
samples tubes of invertebrate fauna were found.
These tubes provided at least 1 m2 of surface area for
each m2 of sediment surface (Table 1). High numbers
of burrows at the German Bight station were also
indicated by the interception of two out of eight
oxygen microelectrode profiles with oxygenated
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burrows (Figure 5). The resulting oxygen peaks were
located at 5 cm and 7·5 cm sediment depth.
Discussion
Method

Shallow water sites are often characterized by high
rates of sediment–water solute exchange owing to the
activity of benthic fauna. The physical and chemical
sediment characteristics display lateral heterogeneity
and, thus, the geochemical zonation is complex and
three-dimensional (e.g. Ziebis et al., 1996). Sensitivity
tests of the diffusion model showed that porosity,
DBL thickness, and time constraints had compara-
tively small effect on the diffusion flux. Diffusion
coefficients taken from the literature and their conver-
sion to sediment diffusion coefficients (Boudreau,
1997) bear a more substantial uncertainty.

Sediment porosity, �, varies with depth as well as
horizontally in association with burrows and tubes.
Uncertainty for the diffusion coefficient of bromide is
given with �8% by Li and Gregory (1974). Since � is
used both directly in Equation 2 and for the approxi-
mation of tortuosity effects according to Equation 3
inaccurate determinations of the pore volume will
have an effect on the calculated diffusive losses from
the overlying water. The porosity values calculated
from the oxygen microprofiles at the very sediment–
water interface are 0·68�0·11. They are higher than
our porosity measurements by drying, 0·55, and
indicate that a steep porosity gradient exists close to
the sediment–water interface. The range of �0·11
described by the standard deviation is the same as
assumed in the sensitivity test. Here porosity was
altered by �0·05 over the whole sediment column,
however. An increased porosity at the sediment–
water interface only, does not have as much of
an overall effect as the tests given in Table 2(b).
Summarizing, we judge that spatial heterogeneity and
a bias towards smaller values in porosity laboratory
determinations may affect the accuracy of the
modelled fluxes to �10%.

A model run with a decreased DBL thickness
demonstrated a 1·3% higher flux during a 600 min
period compared to the diffusive flux across a 340 �m
DBL. This minor effect contrasts with the potentially
stronger effect of DBL thickness on oxygen consump-
tion. Oxygen flux through the DBL becomes rate-
limiting when respiration rates in the sediment are
high (e.g. biofilms; Jørgensen & deMarais, 1990). In
our case studies, however, penetration depth and
diffusive flux of oxygen were not particularly high, and
we therefore consider DBL effects on oxygen fluxes
measured here less important.
Since the chamber was only applied on relatively
impermeable sediments, we do not consider advective
porewater transport initiated by pressure gradients as
important in this study (Glud et al., 1996). However,
stimulated flow through relict burrows (Ray & Aller,
1985) cannot be excluded (see below).

Uneven sediment topography causes uncertainty on
the determination of the volume of water enclosed.
Water volume is an important number for tracer
budget calculations and the total flux of solute. As a
mass reservoir in the model diffusive flux it exerts
a major impact on the flux. For example, the water
height in a chamber determined as 12·8�1·0 cm
produces a �9% error in the modelled diffusive flux.
An erroneously high chamber volume would lead to a
low bromide recovery from the sediment and higher
than real modelled diffusive and measured fluxes.

Another constraint to incubation time relates to the
integration effect of bioirrigation obtained from flux
measurements in an incubation. Boudreau and
Marinelli (1994) concluded from model calculations
that only if incubation time is long relative to the
phenomenon studied, the measurement integrates
over the transient concentration gradient and flux
changes associated with burrow environments. If we
take previous measurements of pumping frequency
into consideration (Forster & Graf, 1995), a typical
period of 10 to 30 min can be assigned to the fauna
found at the station GB. Based on these numbers 3 h
would have been sufficient to integrate the effect of
irrigation in our incubations.

Flux measurements represent an average measure-
ment integrating sediment heterogeneity at the scale
of the chamber. Scatter in the measured Br�-
concentrations may be related to non-continuous
pumping by animals, and has been observed in other
incubation experiments (Sayles & Martin, 1995;
Martin & Banta, 1992). Support of calculated fluxes is
obtained by mass balancing loss from the overlying
water and tracer retrieved from the sediment. Despite
heterogeneity in the sediment we found a very close
budget agreement in Skagerrak, where 102% of the
loss from the water was retrieved in the average tracer
profile comprising eight cores. The agreement is
nearly as good (104%) for the Kiel Bight data with
only four sediment tracer profiles averaged (from fresh
cores).

Artifacts introduced by freezing whole cores prior to
sectioning did affect this KB tracer budget. While the
budget balanced to 104% at KB when fresh cores
were analysed, the mass balance accounted for 83%
recovery of the tracer when frozen cores taken under
otherwise identical conditions were used in the calcu-
lation. This discrepancy may be worse than 20% in
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other cases. While freezing only slightly reduced the
amount of tracer in this fine grained sediment (Figure
3), quite another behaviour of ions during freezing has
to be assumed when physical sediment characteristics
are different. Thus, it is preferable to avoid freezing
sediment cores, especially if the distribution of tracer
with depth is to be used for calculations or modelling
(e.g. non-local irrigation).

From the time series experiment it was concluded
that inventories in the sediment may differ by �20%
at any time, if a single core only is analysed. Analysis
of more subcores improves the budget balance, as can
be deduced from stations SK and KB. Budgets may
be optimized at the cost of numerous analyses, but
four representative subcores from a chamber should
suffice to yield a close mass balance, within �20%,
between overlying water and sediment for the support
of enhanced tracer fluxes.

Incubation times may be of different lengths
depending on the time required to produce measur-
able concentration change of the solutes investigated.
In deep-sea environments low oxygen utilization led
Sayles and Martin (1995) to deploy their lander up to
38 h. Higher rates of uptake due to bioturbation or
higher mineralization rates in the sediment typically
require shorter incubations in shallow water environ-
ments. At our German Bight station incubation time
had to be as short as 3 h owing to high tidal current
velocities and the hydrographic conditions. As a
result, concentration changes in bromide were minute
in GB (1) and the retrieval of tracer from the sediment
was unacceptably high compared to the loss from the
overlying water (budget: 218%). A 2-fold steeper
linear regression line, necessary to fit the tracer
budget, falls within the 90% confidence intervals
shown in Figure 4. The upper confidence line practi-
cally depicts zero total flux, indicating that total tracer
flux at GB (1) barely separates from the diffusive
reference flux. This example clearly underlines the
need for more water samples especially during short
incubations. Beyond 3 h total flux is significant and
the 90% confidence interval is beginning to separate
from the diffusive flux. Results from GB (2) are
difficult to assess, since no sediment was retrieved
with the lander upon ascent. While TOU initially is
identical to that in GB (1), oxygen flux increases
sharply at 160 min. High tracer flux is in agreement
with the maximum oxygen uptake during the last
40 min of the incubation, both yielding flux ratios
around 16 (Table 3). Though this agreement seems
coincidental, the observation could be reconciled if it
is assumed that at 160 min massive resuspension
occurred or anoxic porewater was drawn into the
chamber, diluting the Br�- and O2-concentrations.
Furthermore, a sudden, massive bioirrigation event
cannot be ruled out, though we consider this unlikely.
It can be calculated from Figure 4(b) that in order to
explain the oxygen concentration decrease, about 2 l
of anoxic porewater should have been pumped into
the chamber within 40 min. This corresponds to a
volume flux of 33 l m�2 h�1, which is well within the
scope of benthic organisms irrigating their burrows
(Riisgård, 1991). In this case it is not possible to
separate such experimental artifacts from real benthic
solute fluxes, since we lack the final bromide concen-
tration and sediment data. It should be noted, though,
from this example, that the inert tracer may provide
valuable information on experimental performance
and artifacts, especially under hydrographically dif-
ficult conditions like those encountered at GB. In
conclusion, similar solute exchange experiments
should preferably have longer durations. If con-
ditions require, approximately 3 h duration as a lower
limit can be used. The experiment should then be
designed to optimize sampling intervals and provide a
well-constrained tracer budget.

A final aspect of the use of a tracer in in situ
incubations is the effect which changing duration time
has on the ratio of total/diffusive tracer flux. As
demonstrated in the example with Nereis diversicolor,
the ratio increased by as much as 30% (100�
(2·8–2·0)/2·8) over time. The rate at which this in-
crease takes place depends on the proportional de-
crease of diffusive and total tracer flux. The intensity
of bioirrigation differs for each location and controls
total tracer flux decline. Nereis diversicolor is an active
ventilator of its burrows (Kristensen, 1983; Riisgård,
1991) and bioirrigation may easily be less at other
locations, hence the total flux decrease smaller than
depicted in Figure 2. Thus, the ratio given
for a short (3 h) incubation tends to be smaller than
that from a long incubation (11 h), and flux ratios
obtained at GB would have been higher if the incu-
bation had been for 660 min. This has to be kept in
mind when comparisons among stations are drawn.
Comparison of tracer flux ratios with other con-
stituents’ ratios are possible only, if obtained during
the same length of incubation at the same station
(‘ setting ’). Only in such cases is the comparison of
fluxes of materials affected by additional sources and
sinks, such as reactive pore-water species, to fluxes of
water alone (as measured by a tracer such as Br�)
reliable.
Case studies: Kiel Bight, German Bight, Skagerrak

The tracer experiments are transient, non-steady
states processes in contrast to oxygen uptake rates,
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which usually are interpreted as being in a steady
state, as indicated by the linear decline of O2-
concentration during incubation. Direct comparison
of transient tracer fluxes with steady-state oxygen
fluxes thus provides little information unless a com-
mon basis is used relating the processes. In this study
we chose the ratio of total over diffusive flux as a
measure for the enhancement of the respective fluxes.
Thus flux enhancement also becomes comparable for
different locations and settings because he diffusive
flux is considered the minimum flux under the respec-
tive conditions. Below we cautiously interpret of our
findings in order to show the type of information
gained by using an inert tracer along with a reactive
solute.

At Kiel Bight no oxygen was present in the bottom
water. With a budget balance for Br� of 104%
obtained from fresh sediment cores, the diffusive flux
from the water into the sediment accounts for the total
flux. Flux enhancement by a few percent, potentially
induced by meiofauna organisms (Aller & Aller,
1992), are not likely important in these anoxic sedi-
ments (Hendelberg & Jensen, 1993). The close agree-
ment between modelled and measured concentration
decline and the narrow confidence limits demonstrate,
that (a) the diffusive flux of tracer from the chamber
can be simulated using our model, and (b) the diffu-
sive flux, used as a reference value for total bromide
flux, can be determined within less than �25%. If
more measurements during the incubation were avail-
able, the value would clearly be better constrained and
a curvature in the concentration decline may be
observable.

In locations where oxic bottom waters allow
macrofauna to permanently colonize the sediment
(Table 1), both tracer and oxygen flux ratios are
enhanced (Table 3). Tracer flux is about 3-fold higher
relative to diffusion and nearly the same at German
Bight and Skagerrak. As discussed above, there may
be a more distinct difference with higher values for
GB, if longer incubation times were attainable. On the
other hand tracer flux ratios are well supported by the
ratios in total and diffusive oxygen uptake (Table 3).
Total oxygen flux and bromide tracer flux are equally
enhanced over molecular diffusive fluxes.

The GB total oxygen flux of 42 mmol m�2day�1 is
amongst the highest values reported for coastal waters
(de Wilde et al., 1986; Hickel et al., 1989; Forster &
Graf, 1995) in the North Sea. Total oxygen uptake
was influenced by bioirrigation effects. This was also
indicated by oxygen profiles intercepting burrows in
two of eight profiles. If this proportion of profiles is
representative, it may reflect a high density of oxygen-
ated burrows, since the probability of vertical inter-
ception of microelectrodes with burrow halos is not
very likely (Forster, 1996).

Some of the oxygen flux measured with the
chamber lander must be used by fauna for respiration,
though it remains unclear which portion of the total in
situ flux this may be. If a substantial amount of oxygen
were respired by the animals without an equivalent of
water being pumped through burrows, i.e. at the
sediment surface or by bivalves pumping through their
shell enclosed gill system, then TOU would increase
without concomitant increase in total tracer flux: the
oxygen flux ratio should clearly exceed the tracer flux
ratio. Oxygen entering the burrows may be respired by
microbes in the burrow walls or the inhabitant
macrofauna. We cannot separate the two, but in any
case a substantial portion of O2 is left to diffuse into
the sediment, otherwise flux ratios of oxygen and
bromide could not be the same. We see this as an
indication for the relatively small portion of O2 being
used in respiration of macrofauna. Also, steep O2-
gradients along burrow walls suggest intense microbial
aerobic respiration and/or reoxidation (Fenchel, 1996;
Forster et al., 1995; Glud et al., 1994). This, too,
would suggest that the oxygen flux ratio should
increase more than the Br�-flux ratio does. However,
counteracting the effect of higher volume-specific
respiration around burrows is the time-variable, inter-
mittent nature of irrigation. Oxygen flux at the burrow
walls decreases with declining oxygen tension (Forster
& Graf, 1995; Boudreau & Marinelli, 1994) and the
steep concentration gradient is not continuously
re-established. Meanwhile the tracer flux would
remain constant since tracer is not consumed. Alter-
natively one might speculate that irrigation stimulates
microbial respiration less than expected. The overall
effect seems to be that enhancements and inhibitions
affecting the oxygen flux are such that no significantly
greater oxygen flux ratio than tracer flux ratio is
observed. This implies that, for the example from the
German Bight, water transport by irrigation is the
main factor regulating total fluxes despite differences
in reactivity of solutes.

Physical irrigation of burrows (Ray & Aller, 1985)
may have occurred where tubes were vacant and two
openings reaching the sediment–water interface.
There are no means of estimating this effect since
not all the tubes were opened during our sampling
protocol. Generally we believe that burrows present
for passive physical irrigation are few in a tidal area
like the southern North Sea, where currents and
suspended sediments limit the life-time of such
structures.

Depending primarily on incubation time, specific
conditions of the incubation, and a thorough check on
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the tracer balance, it is best to document accuracy of
solute exchange measurements separately for each
situation. As a general result, however, enhanced flux
exceeding molecular diffusive flux by c. 30% can be
detected in these field measurements. This number
assumes the addition of �10% uncertainty in
modelled diffusive flux and �20% in budgets confin-
ing total tracer flux. This is a range similar to the one
given by Sayles and Martin (1995).

The station visited in the central trough of
Skagerrak is characterized by a high content of
manganese (4 wt%) and intense manganese cycling.
Canfield et al. (1993a, b) identified Mn reduction as
the major important carbon oxidation process at this
station with 90% of the total benthic mineralisation
occurring via this pathway. Continuous cycling of
manganese requires bioturbation (Canfield et al.,
1993b; van Weering et al., 1993) which continuously
mix manganese oxides into anoxic parts of the sedi-
ment. Mn2+ ions diffusing upwards, subsequently
become oxidized within the oxic zone or in the bottom
water (Thamdrup et al., 1994). However, Canfield
et al. (1993b) found no indication of intense oxygen
utilization close to the oxic-anoxic interface as
deduced from oxygen microprofiles.

Our results indicate that throughout the oxic zone
bioirrigation supports radial flux from burrows into
the surrounding sediment (Aller, 1980). Furthermore
there is tracer flux and certainly oxygen transport as
well to the anoxic zone below 1.6 cm sediment depth
(Figure 6). In addition to the diffusive oxygen flux at
the sediment–water interface, 6·3 mmol m�2 day�1

of oxygen (10·6 mmol m�2 day�1–4·3 m�2 day�1,
Table 3) were supplied to the sediment matrix by
irrigation to be utilized, at least partially, for oxidation
of reduced components below the 1·6 cm oxic
horizon.

In addition to oxygen transport, burrow water
exchange also distributes Mn2+ from the sediment
throughout the oxic layer and into the overlying water.
Bioirrigation thus homogenizes the vertical distri-
bution of oxygen consumption rates and manganese
oxidation rates throughout the sediment surface layer.

At our Skagerrak location the irrigation flux seems
to be driven by the abundant polychaete species
Spiochaetopterus sp., constructing very thin vertical
tubes extending from the interface into the sediment.
The abundance of 1 tube per cm2, allowing for 1 m2

burrow surface per m2 sediment surface or more,
supports the finding of a 2·7-fold solute flux increase.
Our results fit the observation of an intense manga-
nese cycling in the deep Skagerrak and indicate that
bioirrigation probably facilitates in situ cycling of Mn
oxides at this site.
Acknowledgements

We thank Susanne Menger and Martina Alisch for
their laboratory assistance. We also wish to acknowl-
edge support of the crew on board of RV Victor Hensen
during a stormy cruise to the North Sea. We thank
Gary T. Banta for his specific and helpful comments.
Constructive criticism by anonymous reviewers
helped improve an earlier version of the manuscript.
This study was supported by the Max-Planck Society.
8
–1

7

0
Bromide (µM)

D
ep

th
 (

cm
)

0

1

2

3

2 4

4

5

6

3000 100 200
Oxygen (µM)

6

F 6. Concentration profiles from the Skagerrak de-
ployment. Solid line depicts oxygen distribution; dashed line
shows modelled Br�-profile assuming diffusive flux; crosses
are averaged Br�-concentrations �1 SD found in seven
replicate cores from the incubation chamber.
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