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Abstract—Our laboratory flume experiments demonstrate that advective porewater flows produce biogeo-
chemical reaction zones in permeable sediments, leading to specific and reproducible complex patterns of Fe,
Mn, and nutrients. Oxygenated water, forced into the sediment when boundary flows were deflected by
protruding sediment structures, generated distinct zones of nitrification and ferric iron precipitation. This
inflow was balanced by ammonium-rich porewater ascending from deeper sediment layers, thereby creating
an anoxic channel where dissolved Fe21 and Mn21 could reach the surface. Between the zones of ferric iron
precipitation and Fe21 upwelling, a layer with increased manganese oxide and solid phase Fe(II) concentra-
tions formed, indicating redox reaction between these components. The establishment of topography on the
previously smooth sediment surface reversed the net interfacial flux of solutes. While the smooth control core
was found to be a sink for metals and nutrients, the sediment with mounds acted as a source for these
substances. Our experiments show that in sandy sediment with an oxidised surface layer, reduced metal
species can be released to the water column by flow-topography interactions. We conclude that advective
transport processes constitute an important process controlling biogeochemical zonations and fluxes in
permeable sea beds.Copyright © 1998 Elsevier Science Ltd

1. INTRODUCTION

Physical and biological transport processes link mineralization
in the sediments to production in the overlying water column.
By controlling the distribution of reactive substances and mi-
croorganisms within the sediment, these transport processes are
also important in determining the chemical and biological
environment in the sea bed (Berner, 1971). Interfacial and
in-bed transport processes depend largely on the composition
of the sediment and the activities of the benthic fauna (Aller,
1983, 1982, 1984; Forster and Graf, 1995; Huettel, 1990;
Ziebis et al., 1996a). In this study, we focus on the impact of
pressure-induced advective transport in permeable sediment.

While diffusion is the major transport mechanism for solutes
in muddy, cohesive sediments (Berner, 1980), advective trans-
port processes gain significance in sandy beds where perme-
ability exceeds 10212 m2 (Glud et al., 1996; Huettel and Gust,
1992; Huettel et al., 1996b; Riedl et al., 1972; Riedl and
Machan, 1972; Rutgers Van Der Loeff, 1981; Savant et al.,
1987; Thibodeaux and Boyle, 1987; Webb and Theodor, 1968,
1972). Permeable sediments permit porewater flows that direc-
tionally transport dissolved and suspended matter through the
interstitial space. The transport rate through the sediment then
is proportional to the permeability and the pressure gradient
driving the interstitial flow, i.e., Darcy’s Law, (Bear, 1972;
Darcy, 1856). Such gradients may be generated by bottom
currents, propagating waves, or bottom water density changes
(Huettel and Gust, 1992; Shum and Sundby, 1996; Thibodeaux
and Boyle, 1987; Webb and Theodor, 1968; Webster et al.,
1996). Pressure gradients as small as 1 Pa cm21, generated
when bottom flows are deflected by small sea bed topography,
can force water several centimetres into permeable sediments
and draw pore fluid from more than 10 cm depth to the surface
(Fig. 1). Velocities of these pore flows may reach 1–3 cm h21

in the upper centimetre of sandy sediment. Due to this process,
sediment ripples or a few scattered small mounds may effect
pore flows within the entire upper layer of the sediment (Huet-
tel and Gust, 1992).

Such advective processes can influence diagenesis in shelf
sediments, as indicated by recent studies of Jahnke et al.
(1996), Lohse et al. (1996), Marinelli et al. (1997), and Reimers
et al. (1996). However, geochemical processes and porewater
solute distributions in nonaccumulating sandy beds are not well
studied as a result of difficulties in acquiring undisturbed cores
and porewater samples. Laboratory studies can circumvent
some of these methodological problems. In flume experiments,
Ziebis et al. (1996b) have shown that advective flows can
enhance the depth of oxygen penetration into natural sandy
sediment by a factor of 10. Forster et al. (1996) have demon-
strated that interfacial water flows can significantly enhance
sedimentary oxygen consumption and organic matter mineral-
ization. Using a similar experimental set-up, we investigated
the impact of advective porewater flows on the transport and
distribution of trace metals (Fe, Mn) and nutrients (NH4

1,
NO2

2, NO3
2, PO4

32, Si(OH)4) in sandy sediments.
The suboxic remineralization processes associated with ni-

trate, Mn, and Fe reduction have been shown to be important in
shelf beds with high organic carbon input (Aller and Blair,
1996; Canfield et al., 1993a, 1993b; Jørgensen and Sørensen,
1985; Thamdrup et al., 1994b). Based on free energy consid-
erations, Mn reduction is less efficient for microbial carbon
oxidation than denitrification but more favourable than Fe
reduction. The metal species available for the microbial deg-
radation process exist as both, solid minerals (e.g., ferrihydrite)
and dissolved ions (Lovley and Phillips, 1988; Skinner and
Fitzpatrick, 1992) and, thus, are affected by diffusive and
advective transport in different ways. The minerals may dis-
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solve when they are subjected to reducing environments in
deeper anoxic sediment layers, while the dissolved species can
be adsorbed or precipitate out of the porewater as sulphide,
carbonate, and phosphate phases or solid (hydr)oxides upon
reaching the oxidised surface layer (Burdige, 1993). Sedimen-
tary transport processes play a crucial role for these transfor-
mations.

Despite the importance of nitrate, Fe and Mn for decompo-
sition in coastal sediments, the effect of advective processes on
nitrification and metal oxidation in permeable sediments, and
the influence of these transport processes on the fluxes of
metals and nutrients in such sea beds are not well understood.
Our flume experiments show the complex impact of advective
porewater flows on Mn, Fe, and nutrient dynamics in perme-
able sediments and the effect of sediment topography on the
interfacial exchange of these substances.

2. METHODS

2.1. Sediment

The sediment used for our experiments originated from a shallow
bay on the island of Giglio, Italy (42° 209 N; 10° 529 E). The sediment
in this bay is inhabited by a dense population of the thalassinidean
shrimpCallianassa truncatawith an average abundance of 1206 43
individuals per m2 (Ziebis et al., 1996b). These burrowing shrimp

create strong bioturbation and produce a distinct sea bed topography
with small funnels and mounds of up to 8 cm height (average 4 cm).
The sediment consists of well-sorted sand with a median grain size of
350mm, a permeability of 5.13 10211 m2, a porosity of 0.4, and a low
organic content of 0.2%. From May to August, bottom currents in this
bay range from 2 to 16 cm s21 with water temperatures of 19–24°C
which could be reproduced in our flume system.

2.2. Flume

The sediment core (60 cm long, 30 cm wide, 20 cm deep) was
incubated in an acrylic flume with an open-channel section of 200 cm
length, 30 cm width, and 12 cm height. Seawater (160 L, salinity 38)
was recirculated in the flume by an axial pump to produce a flow
velocity (u) of 10 cm s21, measured at 8 cm above the sediment core.
The water depth was held constant at 10 cm above the core, and water
temperature was kept at 20.06 0.1°C with a cooling unit. The thick-
ness of the boundary layer zb above the smooth sediment core was
$3.8 cm, and with a boundary layer Reynolds number Reb 5 3400, the
boundary layer flow was turbulent. Previous tracer experiments (Huet-
tel et al., 1996b) have shown that small lateral changes in the flume
boundary layer have no significant impact on the advective flow pattern
in the sediment. From velocity profiles over the smooth sediment core,
we calculated a bed roughness length zo 5 0.25 mm, a shear velocity
u* 5 0.38 cm s21, and a bed shear stress to 5 0.15 g cm21 s21

(Chaudry, 1993; Henderson, 1966; and Schlichting, 1979). An opaque
PVC foil that covered the flume prevented algal growth and evapora-
tion. A more detailed description of the flume system is given by
Huettel et al. (1996a).

2.3 Experiments

We conducted three flume experiments to investigate the impact of
advective flows on the distribution of Fe, Mn, and nutrients in perme-
able sediment and two experiments to assess the impact of advection on
sediment-water flux of these constituents (Table 1). For all experiments
the same natural Giglio sediment was used. Interaction of the flume
flow with natural or artificial small mounds on the sediment surface
caused pressure fields driving the advective transport processes (see
Fig. 1).

In Experiment 1 (Exp. 1) we investigated the formation of metal
precipitates at the sediment surface caused by advective processes at
natural biogenic topography. Six shrimp (approx. 2 cm long) of the
speciesCallianassa truncatawere allowed to build their burrows in the
flume core, and produce mounds and funnels at the sediment surface.
Once constructed, the burrows were semi-permanent; the mounds and
funnels were maintained at the same positions. After 4 months, surface
sediment samples (0 to22 mm depth) were collected at four different
locations: (1) in smooth reference areas not affected by pressure gra-
dients related to topography, (2) in areas 3 cm upstream of the mounds,
(3) at the downstream slopes of the mounds, and (4) in areas 3 cm
downstream of the mounds. The sediment samples (sample volumes

Fig. 1. The pressure distribution at a small mound on the sediment
surface exposed to unidirectional boundary layer flow and the resulting
pore water flow velocity field. The pressure is given relative to the
pressure at the sediment-water interface unaffected by the pressure field
around the mound. Graph plotted after data from Huettel et al. (1996).
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0.5–1 cm3) were collected with a plastic spatula and immediately
transferred to nitrogen flushed serum vials and frozen until analysed for
Fe and Mn. Total metal concentrations derived from wet sediment
samples are termed solid or particulate, and metal concentrations are
quoted inmmol cm23 of wet sediment volume. The volumes of the wet
sediment samples were calculated from the wet weight divided by the
average density of the wet sediment.

Experiment 2 (Exp. 2) was designed to assess whether advective
processes also cause zones of metal precipitation and dissolution within
the sediment, thereby changing the geochemical zonation of the bed.
For this investigation, the shrimp were removed from the sediment to
exclude effects of bioturbation and bioirrigation. After thorough ho-
mogenisation, the core was levelled and a small mound (2.5 cm high,
10 cm diameter) was built in the centre of the smooth surface using the
same sand. After 2 months, we took seven sediment subcores along a
transect cross-sectioning the mound in the flow direction and seven
subcores along a line parallel to this centerline transect (distance
between transects5 50 mm). Four reference subcores were taken
halfway between the centre line and the flume walls, 20 cm upstream
and downstream the mound, respectively. From previous tracer studies
using the same experimental set-up (Forster et al., 1996; Huettel et al.,
1996a,b), we know that in these areas the porewater is not affected by
the advective flows caused by one central mound.

Immediately after retrieval, the subcores (26 mm diameter, 100 mm
long) were sealed at the bottom (using a piston with two O-rings),
placed on a core extruder, and sectioned (2 mm slices down to210 mm
depth, then from215 to295 mm in 10 mm slices). A subsample from
each slice was transferred to nitrogen-flushed vials and frozen until
analysed for particulate Fe and Mn. This experiment was repeated in
the same manner once, only with finer sampling in the surface layer
(vertical steps 19.5, 9.5, 6.5, 5.5, 4.5, 3.5, 2.5, 1.5, 0.5, 0,20.5,21.5,
22.5, 23.5, 24.5, 27.5, 29, 215, 225, 235, 245, 255, 265, 75,
285, 295 mm). Additionally, nutrient concentrations (NH4

1, NO2
2,

NO3
2, PO4

32, Si(OH)4) in the different depth intervals were measured
in porewater extracted by centrifugation. To obtain sufficient porewa-
ter, we pooled the sediment from layers 2.5 to 0 mm, 0 to22.5 mm,
22.5 to27.5 mm, and27.5 to215 mm. Data were plotted as smooth
isoline contours resulting from linear interpolation.

Experiment 3 (Exp. 3) was similar to Exp. 2, but prior to the run, we
mixed pulverised algal and sea grass debris (ca. 50 g dry mass) uniformly
into the sediment in order to enhance microbially mediated processes
affecting metal dissolution and nutrient generation. Sediment topography
consisted again of one central artificial mound (2.5 cm high, 10 cm
diameter). After 2 months, 23 7 subcores and four reference subcores
were taken and sliced (as described in Exp. 2, 2nd run). Subsamples were
analysed for particulate Fe, Mn, and nutrients. In a second run that repeated
this experiment, Fe21 and Mn21 were analysed in the porewater extracted
from fourteen subcores and four reference cores taken after two months
along centre and parallel transects. The cores were sectioned in 10 mm
intervals down to2160 mm sediment depth, and pore fluid was extracted
by centrifugation under nitrogen atmosphere.

Experiment 4 (Exp. 4) was conducted to assess the impact of surface
topography on the sediment-water fluxes of Fe, Mn, and nutrients. We
levelled the surface of the sediment core, filled the flume with artificial
seawater (S5 38) and set the flow velocity to 10 cm s21. During each of
the following 4 days, we collected flume water samples (50 mL), and the
water volume removed was replaced by the same seawater of the initial
flume filling. On the fifth day, the flow was stopped, and ten mounds (2.5
cm high, 10 cm diameter, equivalent to 55.6 mounds m22) were built on
the sediment, distributed evenly in a manner that minimised blockage of
flow between mounds. This was done by pouring 40 cm3 dry, clean sand
of the same sediment type through a small funnel at the position where the
respective mound was to be built. After restarting the flow (10 cm s21),
water samples (50 mL) were taken on each of the following 18 days and
water removed again was replaced. All samples were analysed for their Fe,
Mn, and nutrient concentrations. This experiment also was repeated in
modified form once by building the mounds 7 days after the surface of the
core had been levelled. Positive fluxes given in text and tables are fluxes
directed from the sediment into the water column.

Experiment 5 (Exp. 5) was designed to trace the interfacial flux of iron
with a voltammetric microelectrode. The sediment core was prepared as
described for Exp. 3 (central mound 2.5 cm high, 10 cm diameter), but
after the set-up, the core was kept under stagnant water for a period of 3

weeks in order to allow the build up of reduced metal species in the
porewater. Then the flume flow was set to 1 cm s21, and electrode
measurements were started one week thereafter. A solid state voltammetric
microelectrode was used to detect dissolved O2, Fe, and Mn (Brendel,
1995; Brendel and Luther, 1995). Three vertical profiles were measured in
each of two locations (termed position 1 and position 2, 5 mm downstream
of position 1) on the downstream slope of the mound.

The voltammetric cell arrangement consisted of a gold amalgam
microelectrode with 100mm tip diameter, a 500mm diameter platinum
wire as counter electrode, and a saturated calomel electrode as refer-
ence electrode. The microelectrode, held by a 3-axis micromanipulator,
was placed 2 mm above the downstream slope of the mound and linked
to an Analytical Instrument Systems, Inc., model DLK-100 voltam-
metric analyser. The voltage range scanned was typically from20.1 V
to 22.1 V. For linear sweep voltammetry, we scanned at 200 mV s21,
and for square wave voltammetry, we used a pulse height of 15 mV,
step increments of 2 mV, a frequency of 100 Hz, and a scan rate 200
mV s21. The electrode was standardised according to Brendel and
Luther (1995). Precision for replicates of Fe21 at a given depth was
2–5% with a minimum detection limit of 5mM. The electrodes can also
detect a Fe(III) phase over the voltage range20.2 to20.9 V (Brendel,
1995; Brendel and Luther, 1995). This Fe(III) phase is similar to that
observed when dissolved Fe(II) is added to tris buffer (pH5 8) in the
presence of O2 (Von Gunten, 1989; Von Gunten and Schneider, 1991).
Tris stabilises Fe(III) in solution by forming complexes which age.
Within the voltage scan, two well defined peaks occur at about20.5 V
and 20.9 V, and on ageing the peak ratio (20.45 V/ 20.9 V) de-
creases. However, Fe(III) cannot be readily quantified in seawater
because there is currently no standard available. The Fe(III) data,
therefore, are presented as electrode signal in (nA).

2.4. Analyses

HCl extractable Fe(II) and the amorphous, poorly crystalline fraction
of the Fe(III) minerals were measured by following the procedures
described in Lovley and Phillips (1987), with the modifications of
Kostka and Luther (1994) (Fe(II): 0.5 N HCl; Fe(II)1 Fe(III): 0.25 M
hydroxylamine hydrochloride in 0.25 M HCl, extraction time 1 h,
temperature 23°C). The Fe(III) concentration was calculated as the
difference between the (Fe(II)1 Fe(III)) and Fe(II) concentrations. To
assess the content of the total amount of free iron oxides (except
magnetite) in our sediments, we used extraction with dithionite, as
described by Thamdrup et al. (1994a)(0.5 g ml21 Na dithionite in 0.2
M Na citrate, 0.35 M H Ac buffer, extraction time 1 h, temperature
23°C). Through this procedure, both Fe(II) and Fe(III) dissolve as Fe21

(Wallmann et al., 1993). From the total concentrations of free iron
oxides, we subtracted the corresponding concentrations of hydrox-
ylamine extractable iron. The remaining iron oxide concentration was
assumed to be the iron oxide fraction not available for microbial
processes and will be called in the following text highly crystalline iron
(Lovley and Phillips, 1986; Canfield, 1989; Thamdrup et al., 1994a).
Extracted iron was measured colourimetrically (Thamdrup et al.,
1994a). The Mn concentrations in the HCl extracts and in the porewater
samples were analysed by flame absorption spectroscopy (Thamdrup et
al., 1994b). Nitrate, nitrite, ammonium, phosphate, and silicate in flume
and porewater where analysed after centrifugation (5 min at 4000 rpm),
according to Grasshoff et al. (1983). Analytical precision was 5–8%
(S.D.) for Fe, 5% for Mn, and 5–10% for the nutrient analyses.

3. RESULTS

3.1. Surface Precipitates of Iron and Manganese Caused
by Advection (Experiment 1)

Experiment 1 showed that natural topography interacting
with boundary layer flow can cause local metal accumulations
at the sediment surface. Once burrow construction byC. trun-
catahad reached a stage of burrow maintenance after a period
of ca. 6 weeks, mounds and funnels were quasi-permanent
structures, and conspicuous reddish metal precipitates formed
on the downstream slopes of the mounds. First, two reddish
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spots appeared left and right from the centre line, then these
spots grew larger until they merged to a band (0.5–1.5 cm
wide) that crossed the slopes horizontally. Metal analyses
showed a 2.7-fold enhanced Fe(III) concentration in the pre-
cipitates relative to the smooth reference area, while particulate
Fe(II) concentrations did not show any significant change when
comparing all sampling areas (Fig. 2).

Below the thin layer (ca. 1 mm) of sediment enriched with
reddish iron oxide minerals and on the sediment surface down-
stream of the mounds, we found a layer (ca. 1 mm) of dark
brown precipitates. The analyses revealed that the metal pre-
cipitates contained manganese oxides which could have caused
this brown colour, although only in the downstream area where
the Mn concentrations significantly higher (factor 1.5) than in
the reference areas (Fig. 2). In the areas where the colour of the
reddish surface precipitates was most intense, we observed the
formation of small red fluffy spheres with diameters up to 2
mm. Microscopical inspection of these spheres revealed colo-
nies ofGallionella sp.,an iron oxidising bacterium.

It is possible, that the pumping activity of the shrimp also
affected the formation of the precipitates, but we did not investi-
gate this hypothesis. However, experiments 2, 3, and 4 demon-
strated that the surface precipitates also formed as intensely on
artificial topography when the shrimp were excluded (see below).

3.2. Metal Distributions in Sediment Not Affected by
Advection (Experiments 2 and 3)

In the sediment zones without advective pore water flows
(locations of reference subcores), the distributions of the par-
ticulate Fe and Mn were relatively uniform, with no significant

differences between the runs of Exps. 2 and 3 (Fig. 3). No
increased Fe(III) concentrations below the surface layer or
increased dissolved Fe21 above280 mm sediment depth were
recorded, confirming that neither oxygenated flume water in-
trusion nor porewater upwelling affected solid and solute dis-
tributions in these zones.

Below 25 mm depth, Fe(III) concentrations were uniform
with average values of 18.26 2.5 mmol cm23, 14.9 6 4.0
mmol cm23, and 16.26 3.2mmol cm23, for Exp. 2/1, Exp. 2/2,
and Exp. 3/1, respectively. Corresponding values for particulate
Fe(II) were: 37.26 5.3 mmol cm23, 36.56 5.8 mmol cm23,
and 34.96 5.6 mmol cm23 (whole column averages), and for
highly crystalline iron: 141.36 16.0mmol cm23, 117.36 32.8
mmol cm23, and 89.86 15.7mmol cm23 (average concentra-
tions below23 mm depth). Dissolved Mn21 and Fe21 (Exp. 3)
increased steadily below240 mm depth and reached maximum
concentrations at2105 mm (2.606 0.30 mM Mn21) and
2115 mm (2216 63 mM Fe21), respectively. Solid phase Mn
concentrations did not show significant changes with sediment
depth or between experiments (average concentrations, whole
column: 10.76 0.8 mmol cm23, 12.3 6 1.2 mmol cm23,
10.36 1.0 mmol cm23).

3.3. Advective Control of Particulate Metal-Oxide
Distribution (Experiment 2)

The results of Exp. 2 demonstrated that the porewater flows
caused by the mound strongly affected the geochemical zona-
tion within the core (Fig. 4). We found a reproducible pattern
of particulate Fe(III), Fe(II), and Mn down to a sediment depth
of 280 mm, shaped by advective processes. The ranges of Fe
and Mn concentrations, measured in the second run of this
experiment, are listed in Table 2. In most cases, the metal
distributions along the centerline transect were similar to those
along the parallel transect. We, therefore, will only present
those data from the parallel transect which deviated in an
interesting way from the centerline transect.

After 2 months, a thin layer (0–3 mm) of increased iron and
manganese oxides had formed at the sediment surface (Fig. 4).
Maximum Fe(III) concentrations were reached at 0 to21.5 mm
depth (1st run 1: 100mmol cm23; second run: 123mmol cm23).
In the high pressure area upstream of the mound where water
intrusion was strongest, the Fe(III) enriched layer extended deeper
into the sediment (run 1: approx.210 mm; run 2: approx.220
mm), whereas at the downstream slope, reddish precipitates had
formed at the surface as observed in Exp. 1. Unexpectedly, a
Fe(III) maximum was found in both runs at220 to 230 mm
depth just downstream from the mound; this enrichment was most
pronounced in the second run of Exp. 2 where 65mmol cm23

Fe(III) were measured in this zone (Fig. 4, upper panel, distance
x 5 340 mm) and was repeated in Exp. 3. The up- and down-
stream accumulations of Fe(III) were separated by a wedge-like
zone with lower Fe(III) concentrations, reaching from the deeper
sediment layers to the surface underneath the mound (20mmol
cm23 isoline, Fig. 4, upper plate).

The distribution of particulate Fe(II) showed strong similarities to
the distribution of the manganese oxides, both were affected by
advection (Fig. 4, middle and lower panel). The concentration max-
ima were again located up- and downstream of the mound, but deeper
in the sediment (run 1: approx. 40 mm, run 2:210 to230 mm and

Fig. 2. Exp. 1: Concentrations of Mn (upper graph) and Fe(III) and
Fe(II) (lower graph) in metal-oxide precipitates collected from the
surface of the sediment core.
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approx.255 mm depth), below those of Fe(III). A zone of increased
Fe(II) and Mn concentrations originated from the upstream deep
maxima, and bent upwards towards the downstream slope of the
mound (Fe(II): 35mmol cm23 isoline, Mn: 12mmol cm23 isolines).
Fe(II) and Mn reached high values in the reddish precipitates on the
downstream slope of the mound (run 1: 40 and 17mmol cm23, run
2: 80 and 19mmol cm23 for Fe(II) and Mn, respectively).

Highly crystalline iron reached much higher concentrations
(run 1: 199mmol cm23, run 2: 335mmol cm23) than HCl

extractable Fe(III) and Fe(II), but did not show any reproduc-
ible advection related pattern.

3.4. Nutrient Distributions in Sediment Not Affected by
Advection (Exps. 2, 3)

Nutrient profiles measured in the reference cores of Exp. 3
confirmed that advective processes did not affect the solute dis-
tribution in the sediment zones where these cores have been taken

Fig. 3. Exps. 2 and 3: Concentration profiles of Fe(III), Fe(II) and Mn recorded in the reference cores before and after
organic matter addition.
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(Fig. 5). The profiles measured during Exp. 2 showed relatively
high NO3

2 and Si(OH)4 concentrations in the layers between210
and230 mm depth suggesting advective processes. However, the

ammonium and metal profiles from the same reference cores did
not show this disturbance, indicating that sediment inhomogene-
ities were responsible for the observed variations.

Fig. 4. Exp. 2, run 2: Isoline diagrams depicting the concentrations of solid phase Fe(III), Fe(II) and Mn recorded in the
sediment core. Numbers above the sediment surface indicate concentrations in the water given inmM.
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In general, the reference nutrient profiles of Exps. 2 and 3
displayed the same characteristics with high concentrations in
the surface layer and, except NH4

1, relatively uniform concen-
trations below this layer (average concentrations below225
mm: 4.76 3.6mM NO3

2, 1.66 0.1mM NO2
2, 1.46 0.5mM

PO4
32, 13.1 6 0.8 mM Si(OH)4). In contrast, ammonium

concentrations increased steadily below210 mm depth (Exp.
2, maximum at295 mm: 73.86 15.2 mM NH4

1). After
addition of organic matter, NH4

1 increased in all layers by
roughly a factor of 10 (Exp. 3, maximum at295 mm: 686.36
348.6mM NH4

1). In all other nutrients, we observed a rela-
tively small concentration increase in the surface layer, and
below 225 mm depth concentrations did not change signifi-
cantly (3.46 2.8 mM NO3

2, 1.76 0.6 mM NO2
2, 1.86 0.2

mM PO4
3, 15.66 1.6 mM Si(OH)4).

3.5. Impact of Advection on Porewater Nutrient
Distributions (Experiments 2 and 3)

The porewater nutrient isolines in the sediment of Exps. 2
and 3 clearly reflected advective processes and local enhance-
ment of nitrification (Fig. 6). Zones with deepest penetrations
of NO3

2 were found at the up- and downstream side of the
surface topography, whereas NH4

1 concentrations were low in
these areas. The confined strong local maximum of NH4

1

below the upstream edge of the mound in Exp. 2 was probably
caused by an inhomogeneity in the natural sediment (e.g., piece
of organic debris). Underneath the mound, porewater upwelling
produced a wedge of increased NH4

1 concentrations extending
towards the surface. The NO2

2 pattern was less clear, but
highest concentrations (up to 13mM) were recorded in the
upper 40 mm of the sediment, at the transitions between the
NO3

2 and the NH4
1 rich zones. Phosphate profiles did not

show any significant changes compared to the reference sub-
cores, maximum concentrations measured in the surface layer
reached 6mM to 17 mM (Exp. 2 and Exp. 3, respectively). In

contrast, Si(OH)4 concentrations produced maxima where wa-
ter intruded the core with high concentrations in an approxi-
mately 10 mm thick sediment layer (103 and 177mM, for Exp.
2 and Exp. 3, respectively).

The addition of organic matter prior to Exp. 3 caused an
increase in all porewater nutrient concentrations (Table 2);
however, the distribution patterns of the solutes described
above remained more or less the same. With the maximum
concentrations rising by 1340mM (average of centre and
parallel transect), NH4

1 showed the strongest increase (factor
of 9.6) while NO3

2 and NO2
2 increased by factor of 3.2 and

1.5, respectively. Phosphate concentrations at the sediment
surface increased by a factor of 4.1. The Si(OH)4 distribution in
Exp. 3 was very similar to that of NO3

2, indicating that
Si(OH)4 was also affected by the advective porewater flows
(increase by a factor of 1.5).

3.6. Impact of Organic Matter Addition on Iron and
Manganese Concentrations (Exp. 3)

With added organic matter, concentration patterns of the
particulate Fe and Mn developed similarly to those in Exp. 2;
however, the manganese distributions were less pronounced.
Furthermore, maximum Fe(III) concentrations reached only 66
mmol cm23 (centerline) and 49mmol cm23 (parallel transect)
and, thus, were lower compared to those recorded in Exp. 2,
where organic matter had not been added (Table 2). Particulate
Fe(II), highly crystalline iron and Mn concentration maxima
were not significantly different in the cores with and without
additional organic matter. The isoline diagrams of the dissolved
Fe21 resembled those of NH4

1, giving a clear indication of
advective pore fluid upwelling underneath and downstream of
the mound (Fig. 7). A thick layer of high Fe21 concentrations
(maximum 259–276mM) had developed at2100 to2140 mm
depth, above this layer the Fe21 concentrations decreased rap-
idly (within 20 mm) to values,20 mM. Under the mound, the
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dissolved iron was drawn from the deeper layers to the surface
and Fe21 concentrations in the surface layer (0 to210 mm)
here reached 12mM.

Dissolved Mn concentrations were highest (maximum 2.9–
3.5 mM) between240 and2130 mm sediment depth which
was slightly above the Fe21-rich zone, but with considerable
overlap. Similar to Fe21, high concentrations also occurred in
the upper sediment layer within the upwelling zone. This again
was especially obvious in the parallel transect where 1.9mM
Mn21 were measured in the surface layer (0 to210 mm).

3.7. Interfacial Fluxes (Exp. 4)

Boundary flow-topography interaction affected the fluxes of
nutrients and metals between the sediment and the overlying
water (Table 3). After the sediment had been placed in the
flume and the surface levelled, the nutrient concentrations in
the flume water decreased steadily (flux range:20.16 to20.44
mmol m22 d212), and the metal concentrations remained low
(Mn , 0.15mM, Fe, 0.05mM) (Fig. 8). The establishment of
surface topography (55.6 mounds m22) caused an immediate
reversal of flux and sharp increase of NH4

1 and Si(OH)4

concentrations for a short period of 12 h. After this initial
interval, we recorded a steady increase in NO3

2 (0.69 mmol
m22 d21) and Si(OH)4 (1.44 mmol m22 d21) concentrations
and a decrease in NH4

1 (20.34 mmol m22 d21) in the flume
water, while PO4

32 concentration remained not detected.
After one week, reddish precipitates had formed at the down-

stream slopes of the mounds (see Fig. 10a). Although the
concentrations were very low, we also measured an increase of
Fe (7.1mmol m22 d21) and Mn (14.2mmol m22 d21) in the
flume water (Fig. 8, Table 3). In contrast to the nutrients, the
increase of the metal concentrations in the flume water started
only 5 days after the mounds had been built on the surface. The
metal concentrations increased for approximately 10 days, then
levelled out and started to decrease again. In the second run, we
also measured increases of NO3

2, NO2
2, NH4

1 and Si(OH)4
in the flume water after establishment of surface topography,
but NO3

2 fluxes were much higher than in the first run (5.3 vs.
0.7 mmol m22 d21, respectively, Table 3). However, the time
period of increased fluxes was shorter than in the previous run
and lasted only 5 days. In the second run, topography increased
the Fe concentration in the flume only at a rate of 2.76mmol

Fig. 5. Exps. 2 and 3: Pore water nutrient concentration profiles recorded in the reference cores before and after organic
matter addition. Note different scales for ammonium concentrations in Exp. 2 and Exp. 3.
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m22 d21, while the apparent Mn fluxes increased from22.2 to
31.6 mmol m22 d21.

3.8. Electrode Measurements (Exp. 5)

The microelectrode measurements documented upwelling
and release of Fe on the downstream slope of the mound. For
an initial flow setting of 1 cm s21, no dissolved Fe could be
detected here by the microelectrode in the diffusive sublayer
(thickness: 1–2 mm) or the upper 5 mm of the sediment, and
the flow rate was increased to 8 cm s21. Two hours later, Fe
could be measured within 3 mm of the sediment surface
layer at position 2. The flow velocity then was increased to
10 cm s21. Eight hours thereafter, two red iron oxide spots
of approximately 1 cm diameter had formed on the down-
stream slope of the mound. Figure 9 depicts the profiles
measured at one of these spots. In the upstream position
(position 1), oxygen was present in the diffusive boundary
layer and in the upper 2 mm of the sediment. Only one
measurement indicated the presence of Fe(III) above the
sediment and no Fe(II) was found in the water, but Fe(II)
concentrations increased below21 to 22 mm depth. In the
downstream position (position 2), no oxygen was present,
but all profiles showed Fe(III) and Fe(II) in the water over-
lying the sediment. The Fe(II) concentrations in the water
film above the sediment surface (0 to22 mm) reached 26.2
mM. One profile showed an increase of Fe(II) with depth.

4. DISCUSSION

4.1. Advection as a Structuring Process

In undisturbed cohesive sediments diffusion-dominated
diagenesis produces horizontally layered geochemical reac-
tion zones where the dominant electron acceptor changes
through the sequence of oxygen, nitrate, manganese oxides,
iron oxides, and sulphate with depth (Aller, 1982). Our
experiments demonstrate that this scenario may change dra-
matically when the sediment is permeable allowing ad-
vective transport. In the permeable flume core, advective
porewater flows generated a complex three-dimensional
geochemical zonation. The observed patterns, characterised
by two oxidised water intrusion zones and a reduced up-
welling zone associated with each mound, were reproducible
and agreed with previously measured inert tracer and oxygen
distribution patterns (Huettel et al., 1996b; Ziebis et al.,
1996b). This correspondence identified the advective pore-
water flows as the cause for the complex distribution of
metals and nutrients within the core and the oxide precipi-
tates observed at the sediment surface.

The three-dimensional biogeochemical zonation in our per-
meable core was controlled by (1) the forcing of water and
solutes into the sediment, (2) the simultaneous transport of
suspended particulate material into the core with the intruding
fluid, (3) horizontal transport of solutes and particles within the
sediment, and (4) the pumping of porewater from deeper layers
to the surface and out of the sediment. The depth range of
advective fluid up- and downwelling is directly related to the
permeability of the sediment, the size of the surface topogra-
phy, and the bottom flow velocity (Huettel et al., 1996a; Huettel
and Gust, 1992), and in our experiments included the upper 8

cm of the sediment core. Within this depth range, advective
porewater flows provided a transport mechanism much faster
than diffusion.

Previous tracer experiments with the same boundary flow
and a sediment core with similar permeability and topography
have shown that the advective flows penetrate to 5 cm sediment
depth within a day (Huettel et al., 1996a; Huettel and Gust,
1992). Assuming a diffusivity of 1.53 1025 cm2 s21 and
sediment with a porosity of 0.4, diffusive transport would take
approximately 25 days to reach 10% of the surface concentra-
tion at 5 cm depth. (The concentration at a specific depth and
time of a solute diffusing into homogenous sediment can be
calculated using C(z, t)5 C0 erfc (z/2(Dst)

1/2), where C(z, t)5
concentration at depth (z) at time (t), C0 5 initial concentration
of solute, erfc5 complement of error function, Do 5 diffusion
coefficient, Ds 5 apparent diffusion coefficient,f 5 porosity,
u 5 tortuosity, with Ds 5 Do 1/u2 andu2 5 1-ln (f2) (Boud-
reau, 1996; Crank, 1983; Rutgers Van Der Loeff, 1981)).

Although molecular diffusion may be relatively fast over
distances on the order of the millimetre range, advective trans-
port in permeable sediments, thus, can be more efficient over
larger scales. Fast conveyorbelt-like advective transport affects
diagenetic processes in various ways. The replacement of pore
fluid by intruding bottom water changes the concentrations of
interstitial solutes and particles, shifting redox boundaries and
creating new geochemical gradients. Chemical reactions are
boosted by the intensified contact of reactants whereas micro-
bial processes are promoted by increased supply of substrates
and the rapid removal of waste products. In the following, we
will use our results to document these effects of advection and
related mechanisms on the geochemical zonation and interfa-
cial fluxes.

4.2. Manganese

Advective porewater flows influenced the distribution of
solid phase metal-oxides in our flume sediment; however, the
particulate metal isolines do not show the impact of advection
as clearly as those of the dissolved metals. This is not surpris-
ing, since the natural sediment, especially after the addition of
organic matter, had many small inhomogeneities that caused a
relatively wide scatter of Fe and Mn concentrations in the small
volumes of sediment used for the solid phase metal analyses.

In the oxic surface layer of marine sediments, solid manga-
nese (oxyhydr)oxides occur in the form of amorphous materials
and coatings on particles, often in close association with iron
oxides. Because the Mn redox boundary is usually found where
oxygen concentrations in the sediment drop to near-zero levels,
oxygen is assumed to be the primary sedimentary oxidant of
manganese (Burdige, 1993). We found manganese oxides con-
centrated in the uppermost layer of the sediment, but also at
230 to 250 mm depth upstream and downstream the mound
(Fig. 4). From the deep maxima, zones of increased manganese
oxide concentration reached upwards towards the mound.

This pattern can be related to water flows which intruded up-
and downstream of the mound and then moved on a curved
flow path towards the downstream slope of the mound (Fig. 1),
(Huettel and Gust, 1992). As shown by Ziebis et al. (1996a)
with the same sediment, these porewater flows can transport
oxygen more than 30 mm into the sediment upstream of
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Fig. 6. Exps. 2, run 2 and Exp. 3, run 1: Pore water concentrations of NO3
2, NH4

1 and Si(OH)4 recorded in the sediment core after Exp. 2 (no organic matter added, left plates) and Exp. 3 (organic
matter added, right plates). Numbers above the sediment surface indicate concentrations in the water given inmM.
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mounds and down to approximately 20 mm on the downstream
side. Thus, the manganese oxide maxima found at230 to250
mm depth had formed at the lower boundary of the water
intrusion zones and the upward directed layers of manganese
oxide followed these boundaries to the surface.

Under conditions of low Eh and pH, manganese is reduced
from Mn(IV) to Mn(II) (some soluble Mn31 may also be
produced; Luther et al., 1994), and this reduced species then
may be found dissolved in the porewater as free or organically
complexed ion. In the flume core, mobile Mn21, transported
upwards from reduced deeper sediment layers, oxidised upon
contact with the advective water flows, and precipitated at the
interface of the reduced and the oxygenated sediment. It has
been suggested that bacteria can catalyse fast manganese oxi-
dation at such interfaces (Thamdrup et al., 1994b).

The distribution of the dissolved Mn21 supports our theory
on the formation of the upward directed layers of particulate
manganese oxides. The up- and downstream maxima of Mn21

were located just below the concentration maxima of the man-
ganese oxides. Advection and diffusion then transported Mn21

upwards. Under the mound, upwelling of reduced porewater
allowed the ascent of Mn21 to the upper sediment layers and,
in the parallel transect where upwelling was strongest, the
release of Mn21 to the water column. This Mn then probably
re-entered the sediment as suspended particulate oxides where
it was trapped in the surface layer.

4.3. Iron

The distributions of Fe(II) and Fe(III) in the solid phase (Fig.
4) and dissolved Fe21 (Fig. 7) complement our interpretations
of the Mn results. Advective oxygenation up- and downstream
of the mound led to Fe(III) precipitation in the upper sediment
layer while reducing conditions in the diffusion dominated
sediment layers below280 mm depth promoted the build up of
dissolved Fe21 in the porewater. Oxidation of Fe21 by man-
ganese oxides (Myers and Nealson, 1988) may have caused the
deeper extension of the downstream Fe(III) zone and the for-
mation of the Fe(III) maximum at220 to230 mm depth. Also,
as demonstrated recently by Straub et al. (1996) some nitrate-
reducing bacteria can grow anaerobically with ferrous iron as
the only electron donor. This process may have also contributed
to the formation of the Fe(III) maxima in the nitrate enriched
zone.

Beneath the mound, upwelling fluid carried Fe21 towards the
surface (Figs. 4, 7). As already seen in the Mn21 isolines,
upwelling of the dissolved metals was strongest in the parallel
transect where the 20mM Fe21 isoline nearly reached the
sediment surface. The formation of the reddish surface precip-
itates started exactly in the area where this pore flow hit the
surface.

Fe21 is far less soluble than Mn21 and also more susceptible
to forming various solid phases with carbonate, sulphur, and
phosphate (Berner, 1980; Burdige, 1993). Scavenging by sul-
phides may have caused the decrease of the Fe21 concentration
below 2120 mm depth, a reaction which also may have been
responsible for some of the Mn21 decrease observed in this
zone (Burdige and Nealson, 1986).

Maxima of solid phase Fe(II) were located up- and down-
stream the upwelling zone, below the Fe(III) enriched zone.

This distribution indicates that these concentrations of Fe(II)
particles were an intermediate product between the dissolved
Fe21 concentrated in the deeper sediment layers (and the up-
welling zone) and the precipitated iron oxides near the surface.
The strong similarity between the solid phase Fe(II) and solid
phase Mn distribution (Fig. 4) suggests that Fe21 was adsorbed
to manganese oxides, a process which may precede the redox
reaction between the two metals. Manganese oxides are usually
found in close association with sedimentary iron oxides (Bur-
dige, 1993; Sørensen and Jørgensen, 1987; Thamdrup et al.,
1994a,b; Van Cappellen and Wang, 1996), and Canfield et al.
(1993a,b) have shown that the adsorption capacity for Mn21 in
marine sediment can increase by over an order of magnitude
between the deeper anoxic sediment and the oxidised upper
sediment layer. Most of the geochemical patterns, however,
were probably microbially mediated as indicated by the distri-
bution of highly crystalline iron. This Fe, which is not available
for microbial reduction (Lovley, 1995), did not correlate with
the advective transport distribution.

Results of Exp. 3 support this latter hypothesis. Enhanced
microbial activity after organic matter amendment resulted in
mobilisation and redistribution of the microbially available Fe
and Mn. The ensuing increase of solid phase Fe(III), Fe(II), and
Mn concentrations near the sediment surface indicates that Fe
and Mn were dissolved in the deeper sediment layers and then
reprecipitated in the upper layers. Furthermore, the reddish
surface precipitates at the mounds appeared after only one day,
while three weeks were needed for the precipitates to form in
the sediment without organic matter addition. These observa-
tions suggest that the time scale for establishing advection
related solid-phase patterns in permeable beds range from days
to weeks depending on the characteristics of the sediment.

4.4. Nutrients

The impact of advection on the sedimentary microbial com-
munity was most obvious in the nutrient profiles. Advective
porewater flow caused additional nitrification in the upper
sediment layers up and downstream from the mound, resulting
in the build up of NO3

2 (Fig. 6). Elevated concentrations of
NO2

2, intermediate product in the microbial oxidation of
NH4

1 or reduction of NO3
2, also indicated additional micro-

bial activity in these zones. The nitrification zones were iden-
tical to the zones of advective oxygenation with sediment
topography reported by Ziebis et al. (1996a) and Forster et al.
(1996). Similar local nitrification zones, caused by advective
porewater flows, can be observed where benthic macrofauna
force oxygenated water through interstitial spaces of marine
sediments (Grundmanis, 1977; Huettel, 1990). While NO3

2

concentrations in the flume water never exceeded 50mM, 74 to
260 mM were recorded in the sediment zones reached by
intruding water, demonstrating that nitrification within the sed-
iment was responsible for this build up. Maxima located at215
mm (upstream) and225 mm (downstream) depth (Exp. 2, Fig.
6) proved that the vertical extent of the nitrate enriched zones
was not solely caused by downward transport of NO3

2 from
the surface sediment, but also by nitrification in deeper layers.

According to Berner (1980), NO3
2 is used for organic matter

decomposition when oxygen levels fall to approximately 5% of
the concentration in oxygenated water. At the downwelling
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Fig. 7. Exp. 3, run 2: Pore water Fe21 and Mn21 concentrations in centerline (upper panels) and parallel transects (lower panels). Numbers above the sediment surface indicate concentrations inthe
water given inmM.
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zones in our flume core, this boundary was located at approx-
imately 230 mm depth (Ziebis et al., 1996a,b) which agrees
with the observed decrease of NO3

2 and increase of NH4
1

concentrations below this layer.
Although nitrification and advective flushing removed most

of the NH4
1 from the upper sediment layers, NH4

1 did reach
the sediment surface at relatively high concentrations through
the upwelling channel (Exp. 2: 35mM, Exp. 3, 1POC: 348
mM, Fig. 6). Along the slopes of this anoxic wedge, concen-
tration isolines were compressed between intruding flume wa-
ter and upwelling porewater. Ammonium as well as the nitrate
gradients were steepest here, suggesting increased nitrification/
denitrification activities in this zone. This is again similar to the
zones of enhanced nitrification/denitrification and steep hori-
zontal gradients next to vertical animal burrows (Aller, 1983,
1982, 1984; Ziebis et al., 1996a).

After addition of organic matter to the sediment, the pore-
water concentrations of NH4

1 and NO3
2 increased 10- and

3.5-fold, respectively, but the general geochemical zonation
persisted. This was distinctly different from the reference cores,
where no significant increase in NO3

2 concentrations were
recorded despite 10-fold increased NH4

1 concentrations, im-
plying that oxygen transport into the sediment limited nitrifi-
cation in these zones. In contrast to the distinct concentration
increases, the depth of the nitrification zones around the mound
decreased relatively little (270 to approx.240 mm for 10mm
isoline, and the 20mM isoline remained almost at same depth),
indicating that advection could efficiently maintain the oxic/
suboxic conditions in the flushed areas even with addition of
organic matter. This finding may have important implications
for the decomposition processes in permeable sea beds subject
to pulses of organic matter (e.g., settling plankton blooms) and
needs further investigation.

In contrast to NO3
2 and NH4

1, the advective flows affected
dissolved PO4

32 distributions relatively little. The elevated
PO4

32 concentrations recorded in the surface layer of all cores
including the references (Fig. 5) may have been caused by the
trapping of particulate organic matter (Huettel et al., 1996b).
Concentrations in the deeper sediment layers remained low and
did not show any significant differences from the concentration

profiles measured in the reference cores, even after addition of
organic matter. The build up of PO4

32 in the porewater and
development of advection related patterns may have been im-
peded by iron oxides which strongly adsorb dissolved PO4

32

and remove it from sediment porewaters (Callender and Ham-
mond, 1982; Griffioen, 1994; Krom and Berner, 1981; Slomp et
al., 1996; Van Raaphorst and Kloosterhuis, 1994).

To test this possibility, we determined the adsorbed phos-
phorus in rinsed sediment samples (210 to 230 mm depth)
taken before and after the organic matter addition by acid
persulphate oxidation (Grasshoff et al., 1983). We found an
increase of the phosphorus concentration by ca. 12mmol cm23

(7.55 6 2.10 mmol cm23 (n 5 3) vs. 19.516 10.10 mmol
cm23 (n 5 3)) which indicates that the PO4

32 released through
the organic matter degradation was partly adsorbed to iron
oxides covering the sand grains.

The effect of advective flows on dissolved Si(OH)4 could
clearly be seen in Exp. 3, where the Si(OH)4 isolines showed a
distribution pattern similar to that found for NO3

2 with highest
concentrations near the surface. Shading of the flume excluded
diatom growth as a cause for Si(OH)4 accumulation. In Exps. 2
and 3 the Si(OH)4 concentrations in the flume water were
higher than those in all sediment layers below the surface layer
(Fig. 5). Water intruding up and downstream the mound, thus,
could increase the Si(OH)4 concentrations in the sediment
layers reached by the porewater flows. The Si(OH)4 peak in the
uppermost sediment layer of the reference cores (Fig. 5) can be
explained by particle trapping (Schink et al., 1975). Addition of
pulverised sea grass and algal detritus to the sediment enhanced
this effect by briefly increasing the suspension load of the flume
flow (visual observation).

Enhanced microbial activity in the surface layer may have
increased dissolution of biogenic opal through degradation of
protective surfaces (Mcmanus et al., 1995). Also, Konhauser et
al. (1994) have shown that bacterial films on sediments can
form and accumulate iron silicates. Because silicates are scav-
enged into iron and manganese oxides, they can be caught in
the redox cycling of Fe and Mn near the sediment surface
(Balistrieri and Chao, 1990; Goldberg and Glaubig, 1985).
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4.5. Flux

The isoline diagrams of the dissolved components, especially
those of NH4

1 and Fe21, imply that advection enhanced the
flux of solutes from the sediment to the water column. The
reddish surface precipitates observed in all our experiments
were obvious indicators that dissolved metal species reached
the sediment surface. Their orange-red colour was typical for
relatively fast forming ferrihydrites (Schwertmann and Fitz-
patrick, 1992), poorly crystalline Fe(III) minerals. The analyses
of the flume water revealed that Fe and Mn can be released
from sandy sediment when advective porewater flows create
anoxic channels through the oxidised surface layer.

The establishment of mounds on the flat sediment surface
caused a reversal of the fluxes of nutrients and metals (Table 3).
While the smooth sediment was a sink for metals and nutrients,
possibly due to adsorption processes (Van Raaphorst and
Kloosterhuis, 1994; Van Raaphorst and Malschaert, 1996; Van
Cappellen and Wang, 1996), the sediment with mounds acted
as a source for these substances. The advective release of
porewater produced a steady increase of nitrate, silicate, Fe,
and Mn in the recirculating flume water for 2–10 days. The
delay between establishment of the mounds and the increase of
the metal concentration in the flume water was likely due to
precipitation of the reduced metal species in the oxidised sur-

Fig. 8. Exp. 4, run 1: Concentrations of manganese and iron (left plates) and nutrients (right plates) recorded in the flume
water prior and after establishment of surface topography (56 mounds m22). Regression calculations were based on the data
represented by solid symbols.
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face layer of the sediment. Fully oxidised manganese oxides
have a very high affinity to Mn21 (Canfield et al., 1993b;
Morgan and Stumm, 1964) and also oxidise Fe21 (Myers and
Nealson, 1988). Mn21 and Fe21 could not pass the surface
layer before saturation of all adsorption sites or reduction of
these oxides.

The microelectrode results confirmed the upwelling and re-
lease of Fe from the sediment to the overlying water. In the
upstream position (position 1) at the upwelling zone where
oxygen was still present, steep gradients of Fe(II) just below the
sediment-water interface indicated rapid oxidation of dissolved
Fe(II) carried upward with the porewater (Fig. 9). At that point,
none or very little Fe could escape the sediment. In contrast,
Fe(II) and Fe(III) were detected up to 2 mm above the sediment
surface at the downstream position (position 2) where no ox-
ygen was present in the sediment and upwelling porewater
could create an anoxic water film above the sediment-water
interface. However, only small quantities of dissolved Fe could
get higher than 1 mm into the overlying water due to the fast
oxidation kinetics of Fe(II) (Stumm and Morgan, 1996). The
formation of Fe(III) occurred rapidly as Fe21 reached the
sediment-water interface, with consequent precipitation of the
Fe(III) on the surface.

The voltage scans indicated that there were two different
forms of Fe(III) present, with the peak potential for Fe(III)
being more negative in the overlying water than in the sedi-

ments. In contrast to the sharp peaks found by Von Gunten and
Schneider (1991), we observed broader peaks of Fe(III) in the
ranges20.3 to20.5 V and20.6 to20.8 V. We attribute these
broad peaks to a range of dissolved organic material that can
stabilise the Fe(III) as a metastable species. The broad peaks of
Fe(III) at 20.3 to20.5 V are typically observed in sediments.
The more negative Fe(III) peaks are found in the overlying
water column, indicating an ageing process of the resulting
Fe(III) species when Fe21 becomes rapidly oxidised (Von
Gunten and Schneider, 1991).

An additional biological indication that reduced iron was
released from the sediment was the growth ofGallionella sp.
on the sediment surface. One week into the flux experiment, we
observed the formation of small fluffy spheres (diameter up to
2 mm) where the reddish precipitates had formed at the surface
(Fig. 10a). Microscopic inspection revealed that these spheres
were composed of interwoven twisted reddish stalks that are
typical for iron oxidising bacteria of the genusGallionella
(Hallbeck and Pedersen, 1995; Schmidt and Overbeck, 1994)
(Fig. 10b). The twisted stalks are organic excretions of the cells
and contain ferric hydroxide (Houot and Berthelin, 1992).
These bacteria live where Fe21 is moving from anoxic to oxic
conditions and can grow autotrophically on CO2 as sole carbon
source (Madigan et al., 1997).Gallionella is mostly found in
freshwater environments but has also been reported from saline
soils (Houot and Berthelin, 1992).

Fig. 9. Exp. 5: O2, Fe(III), Fe(II) and Mn profiles measured with the voltammetric microelectrode in the upwelling zone.
Upper panels: Profiles at the upstream position where O2 was still present. Lower panels: Profiles in the anoxic area showing
Fe(II) and Fe(III) in the water film above the sediment surface.
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Based on flux data from our smooth sediment core and
measured porewater solute concentrations, we can calculate the
advective component of the fluxes we recorded after establish-
ment of the surface topography. From our previous experiments
with inert solute tracers (Huettel et al., 1996b), we know that
the volume of upwelling pore fluid released at a small mound
comparable to those we built on the flume core amounts to ca.
25 cm3 h21, if the sediment consists of clean sand (k5 2.9
10211 m2, u 5 10 cm s21). The permeability of our natural
sediment, however, was reduced in the upwelling zone due to
metal precipitates and bacterial growth. The concentration in-
creases of Si(OH)4 in the flume water after establishment of the
mounds suggested a porewater release rate of 14 cm3 h21 per
mound. Flux calculations based on this rate result in solute
increases similar to those observed in the flume (Table 4), with
the main difference that the release rates for NO3

2 and NH4
1

are interchanged. This suggests that NH4
1 released from the

sediment was rapidly nitrified in the water column and explains
the seemingly contradictory decrease of NH4

1 in the first run of
Exp. 4.

We also calculated fluxes of Fe and found that they were

much higher than those recorded in the flume, indicating that
Fe21 was efficiently trapped at the sediment surface upon
contacting oxygenated flume water (chemically and/or biolog-
ically). The Fe precipitates covering the sediment surface above
the upwelling zone are consistent with this hypothesis.

In contrast to Fe, the calculated Mn flux is similar to that
measured in the flume. It is well known that Mn21 is oxidised
much more slowly than Fe21 in oxygenated seawater (Stumm
and Morgan, 1996), explaining why Mn was not trapped at the
interface to the same extent as Fe21. However, for all compo-
nents measured, the fluxes caused by the bottom flow-surface
roughness interaction were relatively small which could be
expected for a sediment core composed of relatively clean sand.
By comparison, sediment-water nutrient fluxes in sandy North
Sea/Baltic coastal environments are found in the range of
8.5–47.0 mmol m22 d21 NH4

1, 216.3 to 3.5 mmol m22 d21

NO2
2 1 NO3

2, 0.4 to 3.3 mmol m22 d21 PO4
32, 6.4 to 23.8

mmol m22 d21 Si (Gehlen et al., 1995; Hall et al., 1996;
Rutgers Van Der Loeff, 1980), and Mn fluxes may reach 0.4
mmol m22 d21 (Thamdrup et al., 1994b). To our knowledge
iron fluxes from oxidised sandy sediment have not been re-

Fig. 10. (a) Artificial mound (10 cm diameter) on flume sediment core with metal-oxide precipitates at the downstream
side. Note the sphere-shaped structures within the light-red area produced by the iron oxidising bacteriumGallionella. (b)
Micrograph of theGallionella sp.stalks extracted from the sphere-shaped structures. Magnification factor 800. (c) Ferric
iron accumulations at the downstream sides of sediment ripples in an intertidal sand flat on the German North Sea coast
(Westerhever). (d) Diatom accumulations at the downstream sides of sediment ripples observed in the Westerhever intertidal
sand flat.
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ported so far. Diffusional flux calculations based on Fe21

porewater profiles in Thamdrup et al. (1994a) produce values
on the order of 0.03–0.7 mmol m22 d21 for a fine grained
coastal North Sea sediment; however, even a thin oxic layer
may be an efficient barrier for Fe21 if advective porewater
upwelling or bioirrigation are absent.

4.6. Impact in Natural Environment

The results of our flume experiments show that advective
porewater flows have a distinct impact on the distribution of
Mn, Fe, and nutrients in permeable sediments and the interfa-
cial fluxes of these substances. This poses the questions
whether these processes occur also in the natural environment
and whether they are important. The main limiting factor for
advective processes is the hydraulic conductivity of the sedi-
ment, i.e., advective porewater flows are restricted to sediments
with a relatively high permeability, k. 10212 m2 (Glud et al.,
1996; Huettel and Gust, 1992).

Such sediments are mainly found in coastal environments
where flow velocities are high and surface wave orbitals reach
the sea floor. Strong bottom currents prevent the deposition of
fine material and cause resuspension, resulting in winnowing
and sorting of the bed. Approximately 40% of the shelves are
covered by permeable sands (Reineck, 1967; Riedl et al., 1972;
Seibold and Berger, 1982; Riggs et al., 1996), but also in the
deep sea, in areas with strong bottom currents, coarse sorted
sediments may be found (Driscoll and Tucholke, 1983; Heezen
and Hollister, 1971; Howe and Humphery, 1995).

The factors which may cause advective flows in these per-
meable sediments are highly variable. Sediment topography
usually is present, but may change on a time scale ranging from
a few minutes for smaller structures to months for large ripples
or depressions. The velocities and directions of bottom flows
may change or they may oscillate due to surface waves or tidal
cycles. However, advective porewater flows immediately trans-
mit these changes in topography and flow to the upper sediment
layers (Huettel and Gust, 1992; Ziebis et al., 1996b). The

geochemical zonation within permeable beds, thus, may be
subjected to frequent changes in space and in time, as indicated
by recent studies of sandy shelf sediments from the South
Atlantic Bight. Jahnke et al. (1996) found patchy zones of oxic
remineralization and sulphate reduction in these sediments.
Depth profiles of porewater nutrients showed a large variability
and indicated episodic flushing of nutrients from the upper
8–15 cm of the sediment column (Marinelli et al., 1997).

Oxygen profiles measured in situ on the shelf of the Middle
Atlantic Bight showed large temporal concentration variations
at sediment depths between 1 and 3.5 cm, indicative of advec-
tive porewater flows (Reimers et al., 1996). Oxygen consump-
tion rates as high as 15 mmol m22d21 were calculated for these
organic-poor sandy sediments, documenting high diagenetic
activity. Lohse et al. (1996) found similar anomalies in oxygen
porewater profiles measured in sandy North Sea sediments
which were characterised by almost uniform oxygen concen-
tration over as much as the top 16 mm. Based on these profiles,
the authors calculated transport coefficients exceeding that of
molecular diffusion by factor 1.5 to.100. Because the water
intrusion area around a sediment protrusion is approximately
seven times larger than the porewater emergence area (Huettel
and Gust, 1992; Huettel et al., 1996), most profiles measured in
permeable beds may show flushing of the uppermost layer.

In the Wadden Sea along the German North Sea coast the
effects of advective flows may be seen at the sediment surface
when sand flats are exposed during low tide. We found large
areas where reddish iron precipitates had formed on the down-
stream slope of sediment ripples (Fig. 10c). Analyses of this
highly permeable sediment (k5 4.2 3 10212 m2) revealed a
2-fold increase of iron concentration in the reddish zones
relative to the upstream slope of the ripples. Likewise, we
observed accumulations of benthic diatoms on the downstream
side of ripples (abundance increased 3.7-fold relative to up-
stream side) suggesting that these organisms aggregated where
nutrients emerged the sediment (Fig. 10d).

On a larger time scale, the advective porewater flows may be
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regarded as an efficient mixing process linking bottom water
and the upper sediment layers. This enhanced vertical and
horizontal exchange of matter within the sediment may en-
hance microbial remineralization and benthic-pelagic coupling,
while keeping concentrations low through advective flushing.
Nonaccumulating coastal sand-beds, thus, may function as fast
bioreactors where low organic carbon and nutrient concentra-
tions reflect a high turnover rate rather than low activity. Since
approximately 30% of the oceanic primary production takes
place in the nutrient-rich coastal zone and 25–50% of this
organic matter is remineralized in shelf sediments (Jørgensen
1996; Wollast 1991), these advective processes could be of
general importance for the marine cycles of matter.
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