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Abstract 
 
 
We have compared fourteen different sediment incubation chambers, most of them used on 

bottom landers. Measurements of mixing time, pressure gradients at the bottom and 

Diffusive Boundary Layer thickness (DBL) were used to describe the hydrodynamic 

properties of the chambers and sediment-water solute fluxes of silicate (34 replicates) and 

oxygen (23 replicates) during three subsequently repeated incubation experiments on a 

homogenized, macrofauna free sediment. The silicate fluxes ranged from 0.24 to 1.01 mmol 

m-2 day-1 and the oxygen fluxes from 9.3 to 22.6 mmol m-2 day-1. There was no statistically 

significant correlation between measured fluxes and the chamber design or between 

measured fluxes and hydrodynamic settings suggesting that type of chamber was not 

important in these flux measurements. For verification of sediment homogeneity 61 samples 

of meiofauna were taken and identified to major taxa. In addition 13 sediment cores were 

collected, sectioned into 5-10 mm slices and separated into pore water and solid phase. The 

pore water profiles of dissolved silicate were used to calculate diffusive fluxes of silicate. 

These fluxes ranged from 0.63 to 0.87 mmol m-2 day-1. All of the collected sediment 

parameters indicated that the sediment homogenization process had been satisfactorily 

accomplished. Hydrodynamic variations inside and between chambers are a reflection of the 

chamber design and the stirring device. In general, pump stirrers with diffusers give a more 

even distribution of bottom currents and DBL thicknesses than paddle wheel type stirrers. 

Most chambers display no or low static differential pressures when the water is mixed at 
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rates of normal use. Consequently there is a low risk of creating stirrer induced pressure 

effects on the measured fluxes. Centrally placed stirrers are preferable to off-center placed 

stirrers which are more difficult to map and do not seem to give any hydrodynamic 

advantages. A vertically rotating stirrer gives about 5 times lower static differential 

pressures at the same stirring speed as the same stirrer mounted horizontally. If the aim is to 

simulate or mimic resuspension at high flow velocities it cannot be satisfactory done in a 

chamber using a horizontal (standing) rotating impeller (as is the case for most chambers in 

use) due to the creation of unnatural conditions, i.e. large static differential pressures and 

pre-mature resuspension at certain locations in the chamber. 

 
 

1. Introduction 
 
 
 Even though almost 60 % of the surface of the earth consists of deep-sea abyssal 

plains, our biogeochemical knowledge about these huge areas of our planet is limited. 

Coring and recovery of the deep-sea bottom is often accompanied by physical changes (in 

pressure, temperature, light, etc.), which make it difficult to obtain representative samples 

and data. Artifacts in chemical and biological activity associated with sample recovery can 

occur already at shallow depths (e.g. Koop et al., 1990), but they escalate in the deep sea 

(e.g. Murray et al., 1980; Berelson et al., 1990; Glud et al., 1994; Aller et al., 1998). For this 

reason, and in spite of technical difficulties, many investigations have been performed 

directly on the sea floor using benthic in situ landers (for reviews, see Berelson et al., 1987; 

Tengberg et al., 1995). 

 One type of benthic lander, the so called chamber landers, carry flux chambers 

which are designed to isolate a limited area of the sea-floor together with the overlying 

water. Benthic exchange rates are then calculated from concentration change of the relevant 
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solutes in the enclosed water - either by direct measurements with sensors or discrete water 

sampling and later analysis. 

 To assure mixing, so that the measured concentration changes in the incubated water 

are representative for the enclosed sediment and volume of overlying water, and sometimes 

to maintain hydrodynamic conditions as close as possible to those existing outside the 

chamber, all chambers are equipped with water mixing mechanisms (e.g. paddle wheels, 

pumps, magnetic stirring bars, etc.). Chambers vary considerably both in shape, size and the 

mixing device leading to varying hydrodynamic conditions. The water movement inside the 

chamber is also dependent on the location of the stirring mechanism (Buchholtz-Ten Brink 

et al., 1989; Shaw, 1994) and/or if hydrodynamic obstacles (e.g. sensors or sampling 

systems) are present. It is critical to know if the specific hydrodynamic conditions 

associated with a specific chamber design result in biased flux measurements (e.g. Berelson 

et al., 1986). 

 Some commonly used parameters to characterize hydrodynamic conditions are 

boundary layers (both logarithmic and diffusive), pressure gradients and shear stress. In the 

oceans, boundary layers are normally turbulent with logarithmically decreasing velocity 

profiles when approaching the bottom (e.g. Hinze, 1975; Gust and Weatherly, 1985). In the 

lowest part of the boundary layer, the so called diffusive boundary layer (DBL), the water 

movements are too low to cause any advective vertical transport of solutes. Here solute 

transport is controlled by molecular diffusion. The DBL thickness is solute dependent and 

regulated by water flow velocity, bottom roughness and viscosity. The DBL may impede 

solute exchange between sediment and the water (e.g. Boudreau and Guinasso, 1982; 

Jørgensen, 1983a), an effect commonly observed when oxygen consumption is high or 

bottom water concentrations are low (e.g. Jørgensen and Revsbech, 1985; Hall et al., 1989; 

Jørgensen and Des Marais, 1990). 
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 Estimates of chamber hydrodynamics and direct in situ measurements of diffusive 

boundary layer thicknesses have previously been made either with pressure gauges and 

(oxygen) microelectrodes (Glud et al., 1995), skin friction probes (Gust, 1988), by alabaster 

or hydrohinone dissolution (Santschi et al., 1983; Opdyke et al., 1987; Buchholtz-Ten Brink 

et al., 1989; Berelson et al., 1990; Santschi et al., 1991; Vershinin et al., 1994) or by 

radiotracer uptake by the seabed (Santschi et al., 1984; Hall et al., 1989; Sayles and 

Dickinson, 1991; Dickinson and Sayles, 1992). 

 Three different designs of benthic chambers were recently described 

hydrodynamically and replicate flux measurements were made on homogenized, 

macrofauna-free sediment (Tengberg et al., 2004). It was found that hydrodynamics, within 

the ranges of applied shear stress, DBL thickness and total pressure, did not have any 

significant influence on the measured fluxes in the coastal, cohesive sediment used. A 

comparison of fluxes measured in the chambers with those calculated from pore water 

gradients illustrated that the three chamber types all measure benthic fluxes accurately. In 

this companion paper we extend our comparisons of mixing time, pressure gradients, DBL 

thickness, and benthic silicate and oxygen fluxes to 14 designs of chambers, most of which 

are used in-situ on landers. A comparative study of so many existing chamber designs has 

not, to our knowledge, been made previously.  

 The aims of this paper are: 

* To characterize hydrodynamically each of the participating chambers with regard to flow 

pattern, mixing time, pressure gradients and DBL. 

* To make a direct comparison of fluxes measured by the participating chambers in a 

homogenized sediment. 

* To evaluate statistically to which extent any differences in fluxes obtained by the various 

chambers is related to differences in hydrodynamics and/or chamber design. 
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2. Materials and Methods 

2.1. Participating chamber designs 
 
 The intercalibration involved 14 different designs of chambers that isolate sediment 

surface areas between 78 cm2 and 12,100 cm2. Fig. 1 summarizes information about the 

different chamber designs, their normal application and the measurements conducted with 

them in the present work. The LINKE chamber was much larger than the rest. The design 

was chosen to enclose a large sediment area above seeps, to focus the outflow towards a 

flow meter mounted on top of the chamber and to reduce the enclosed water volume for a 

more rapid mixing of the dissolved vent constituents. This chamber differs both in use and 

design, compared to the rest, and has thus been treated separately in the following. 

 The water mixing devices varied from paddle wheels to pumps with diffusers. In the 

following we refer to rotating objects (paddle wheels, bars or plates) by the word “stirrer”. 

For several of the measurements (e.g. visualization) and for practical reasons, transparent - 

but otherwise identical - copies (mainly in Plexiglas) of each chamber was used. These were 

equipped with their normal water mixing devices and "hydrodynamic obstacles" (water 

sampling systems, electrodes etc.). For all experiments, except the flux incubations (see 

below), a transparent dummy bottom was fixed to the chamber in order to mimic the sea 

floor and to ensure that the water height corresponded to that normally applied in the 

chamber. The dummy bottom has a smoother roughness than natural sediments and 

therefore some differences should be expected between the results obtained here and natural 

conditions, which are more variable. These experiments should still give indications on the 

differences and similarities in hydrodynamic properties that exist between the chambers. 

The intercalibration took three weeks and was organized into four different sections (called 

workstations below). 
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2.2. Workstation I: Visualization and mixing time experiments 
 
 A visualization experiment was carried out and video-filmed to get a first rough 

estimate of the movement (vortices, stagnant zones, etc.) in each chamber. A two 

dimensional picture of the three-dimensional flow field was created by mixing light 

reflecting aluminum particles in the water and illuminating them with a strong lamp (500 

W) through a 10 mm wide slit. The aluminum particles were small (average size 40 µm) and 

stayed in suspension for several hours after the mixing was stopped. 

 Estimates of the mixing time in the chambers were made by keeping the pH of the 

chamber water at the transition point for the indicator phenolphthalein, alternately injecting 

base and acid in equivalent molar amounts and following the corresponding color changes. 

The additions were made at the chamber lid by directing a base/acid filled automatic pipette 

towards the bottom and injecting promptly, thereby the heavy indicator fluid sank to the 

bottom from where it was mixed upwards in the chamber. It is important during chamber 

incubations that the concentrations of solutes in the upper part of the chamber are identical 

to those close to the bottom, since sampling of water and electrode measurements during 

incubations typically are made close to the lid. The time for complete mixing, of the 

base/acid being mixed from the bottom, was estimated visually with a stop watch. 

2.3. Workstation II: Measurements of differential pressures 
 
 Previous measurements of pressure differences in chambers have been carried out 

with commercially available gauges (Huettel and Gust, 1992a; Huettel and Gust, 1992b; 

Glud et al., 1995). In this study, a special setting of ten pressure gauges was developed 

because commercial gauges are sensitive to over-pressures, expensive and only measure at 

one "channel" at a time. 

 For calibration the chamber, undergoing evaluation, was filled to the top with water 

and was left open. By gently adding or retrieving water at the top with an automatic pipette 
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(±0.01 ml precision) different pressure gradients were imposed simultaneously on the ten 

measuring cells. Each pressure sensor had a resolution of ±0.03 Pa and was linear in a range 

between 0-200 Pa (1 Pa = 0.1 mm water column), however the response was individual and 

consequently the calibration was performed individually for each pressure sensor. 

Calibrations were made before and after evaluating each chamber to keep control over drift 

or hysteresis phenomena. For more detailed information about this equipment see Tengberg 

et al. (2004). 

 The aim of the measurements was to locate areas with extreme pressure gradients, 

when the chambers were mixed at the most frequently applied speed/flow. A measurement 

strategy for each chamber was individually selected after studying the video recording from 

the mixing experiments (see section 2.2. above). Transect(s) of holes (7 to 69 depending on 

chamber symmetry and size, Fig. 1) were carefully drilled, smoothed and equipped with 

adapters on the lower side of the Plexiglas dummy bottom. Ten five-minute measuring 

cycles, with the stirrer/pump on during 2.5 minutes and off during 2.5 minutes, were the 

normal procedure for each chamber. 

 Experiments were performed in some of the chambers by placing stainless steel nets 

of different mesh sizes (100, 150, 200 µm) on the chamber bottom to test potential effects of 

bottom roughness on the differential pressures. No significant effects were observed and 

consequently no nets were used when evaluating the chambers. 

2.4. Workstation III: Alabaster plate dissolution to estimate the diffusive boundary layer 
thickness 
 

 The thickness of the DBL is often estimated from the dissolution rate of solid 

materials e.g. alabaster or hydrohinone (Santschi et al., 1983; Opdyke et al., 1987; 

Buchholtz-Ten Brink et al., 1989; Berelson et al., 1990; Santschi et al., 1991; Vershinin et 

al., 1994). The dissolution rate is typically quantified from the weight loss during an 
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experiment. From the molecular diffusion coefficient of the dissolved material and the 

potential saturation concentration, an estimate of the boundary layer thickness (Z in µm) can 

be calculated from eq. 1: 

 

    
Z = -----------------------------------------

D
Ca2+ * [Ca2+]sat

F      (1) 

 

in which F is the flux: 

 

F = -------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
(alabaster plate weight loss [g]) * 0.2328

(surface area of alabaster plate [cm2]) * (time exposed to dissolution [sec]) (2) 

DCa2+ = molecular diffusion coefficient for Ca2+ at the given temperature [10-5 cm2 s-1]. 

[Ca2+]sat = Ca2+ concentration at alabaster saturation for the given temperature [g cm-3]. 

The constant 0.2328 used in eq. 2 is the relative Ca2+ content in each alabaster plate. 

 Applying eq. 1 assumes a linear dissolved Ca2+ increase in the overlying water 

which was tested in each of our chamber experiments. 

 For this study, approximately 4 x 4 cm2, 5 mm thick alabaster plates were used (cut 

from sculpture alabaster, Sculpture House, New York City, NY, USA). The number of 

plates (between 3 and 5) varied with the size of each chamber (Fig. 1). The bottom and all 

sides of each plate were painted with polyurethane to prevent dissolution from non-directly 

exposed surfaces. The plates were measured and weighed before placing them into specially 

cut depressions in PVC bottoms constructed for each experimental chamber. After 

placement of the plates, the chambers were filled with a known volume of distilled water 

(with a measured Ca2+ concentration of 1.6 µM), the lid was attached, all air was removed 

(through two valves) and the stirring device started. 
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 Participating chambers were incubated for 14 hours at constant temperature (19.0 ± 

1° C). Six samples (30 ml each) were taken from the overlying water of each chamber and 

analyzed for dissolved Ca2+ using an atomic absorption spectrophotometer (Perkin Elmer 

model #3110, analytical precision about 0.5% RSD). Replacement water with an average 

Ca2+-concentration of 1.6 µM was added. 

 After the experiment, the plates were carefully removed from the embedding 

material and allowed to dry at room temperature until no additional weight loss between 

repeated weighing was observed. Equation (1) was used to calculate diffusive boundary 

layer thicknesses for individual plates and for all plates combined in each chamber. Values 

of [Ca2+]sat  and DCa2+ were temperature corrected after Christoffersen and Christoffersen 

(1976) and Buchholtz-Ten Brink et al. (1989). Corrected values for DCa2+ were obtained by 

entering viscosity values (v) at the appropriate temperature and using the relation D1/D2 = 

v2/v1 (Poisson and Papaud, 1983). 

 

2.5. Workstation IV: Comparative flux-incubations 
 

 A direct comparison of measured fluxes was carried out by incubating the chambers 

simultaneously under controlled laboratory conditions in the same homogenized sediment. 

Concentration change of solutes in the overlying water as a function of time was used as a 

direct measure of solute fluxes across the sediment-water interface. 

 With an anchor dredge, two cubic meters of a silty sediment were collected at 34 m 

water depth (SE of Lilleskär in the Koster Fjord, western Sweden) and sieved through 5 mm 

mesh. The sediment was then mixed with 200 l of "industrial" sand and 400 l of bottom 

water (from the sampling site) in a 6 cubic meter truck mixer. Consequently this sediment 

contained a volume ratio of 10:1:2 (sediment:sand:water). After three hours of mixing, the 

homogenized sediment was carefully poured into two rectangular tanks placed in a dark 
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thermo-constant room (8.3 ± 0.3° C). The size of the tanks was 2 m x 3 m, and the sediment 

was filled to an average sediment depth of 17 cm. On top of the sediment, 30 cm of 

seawater (bottom water from the sampling site) was gently added. The tanks were left for 20 

days with constant air bubbling, which also created a gentle mixing of the overlying water. 

After this time the tank-water concentration of dissolved silicate had increased from 8.9 µM 

to 40.6 µM. In order to maintain a significant concentration difference (and consequently a 

high efflux) between the overlying water and the sediment pore water, the overlying water 

in tank 1 was exchanged with fresh bottom water from the sampling site 8.5 days before the 

chamber incubations were initiated there. The water in tank 2 was exchanged 3.5 days 

before the incubations started in this tank. 

 To compare flux results from the different chambers, the sediment must be 

homogenous. Eleven replicate incubations (three in tank 1 and eight in tank 2) with the 

GÖTEBORG 1 chamber were performed in order to quantify any potential heterogeneous 

distribution of the benthic exchange rates in the two tanks. Additionally pore water profiles 

of silicate were measured on retrieved cores. 13 cores of 6.2 cm2 (7 in tank 1 and 6 in tank 

2) were taken by gently inserting 50 ml syringes from which the edge had been cut off. 

These cores were taken after the incubations were finished but before the chambers were 

retrieved from the tanks. The sediment was sectioned into 4 mm slices in the top and coarser 

intervals (5-10 mm) below, and put into centrifuge tubes. The pore water and the solid 

phase were separated by centrifugation for 30 minutes at 2100 RPM. While the pore water 

was filtered (0.45 µm pore size cellulose acetate filters) and analyzed for dissolved silicate 

concentrations (spectrophotometrically according to Strickland and Parsons, 1968), the 

solid phase from all surface samples and two full depth profiles were analyzed for the 

content of total carbon, organic carbon and total nitrogen (using a Carlo Erba CHN analyzer 

mod. NA1500NC). From the pore water profiles of silicate, effluxes were calculated using 

the methods described in Berg et al. (1998). Since the sediment type and temperature for the 



  12 

flux incubations were almost identical in the previous and the present intercalibration study, 

the procedures, diffusion coefficients and porosities used to calculate silicate fluxes from 

the pore water profiles were adopted from Tengberg et al. (2004). 

 Furthermore, sampling for metazoan meiofauna (31 samples in tank 1 and 30 in tank 

2) was carried out with 3.8 cm2 tubes to a depth of 5 cm both in the sediment incubated by 

the chambers and outside the chambers (for the exact location of the different samples, see 

Fig. 2 and Fig. 3). These samples were gently washed with tap water through a 40 µm sieve. 

The animals retained on the sieve were extracted from the sediment by centrifugation in 

Ludox HS-40 (McIntyre and Warwick, 1984). Organisms were identified to the major taxa 

(nematodes, copepods, kinorynchs, ostracods, bivalves, annelids, ophiures and arcariens) 

and counted under a stereoscopic microscope. 

 Flux incubations were started by gently inserting all the participating chambers into 

the sediment of the same tank and closing their lids (see Fig. 2 and Fig. 3 for emplacement 

of the chambers in the tanks). Each lid was equipped with two valves; one for collection of 

water samples and the other for entry of replacement water from the tank. To ensure that the 

chambers maintained the same sediment penetration depth throughout the incubation  

they were either equipped with fringes or pushed so that their edges, or (for some chambers) 

mounted "stilts", stood on the tank bottom. In all cases, the aim was to use the same height 

of overlying water which was typical for normal applications. For an accurate estimate of 

the incubated water volume a known amount of Br- was injected into each chamber. This 

amount varied as a function of the nominal chamber volume with the intention of reaching 

an approximate Br- concentration of 7 mM after the chamber water had been fully mixed. 

From the mixing time experiment (see 2.2. above) an estimate of the time needed for 

complete mixing was obtained (tmix). The first sample of the chamber water was taken 2 * 

tmix after the injection. The use of Br- dilution for chamber volume determination has been 

practised by lander operators previously (e.g. Jahnke and Christiansen, 1989; Sayles and 
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Dickinson, 1991; Martin and Banta, 1992; Dickinson and Sayles, 1992; Glud et al., 1995; 

Sayles and Martin, 1995), and it also gives the possibility to check if a chamber is leaking. 

 A total of three subsequent 60 hour chamber incubations (one in tank 1 and two in 

tank 2) including all chamber designs were carried out. Throughout each of the incubations, 

7-8 samples were taken at regular time intervals from the overlying water in each chamber. 

At each sampling occasion, one 50 ml glass syringe was used to sample for oxygen, and one 

50 ml polypropylene syringe for silicate and bromide. Prior to analysis (silicate) or storage 

(bromide), the samples in the plastic syringes were filtered through cellulose acetate filters 

(0.45 µm pore size). All filters were rinsed with 100 ml of Milli-Q water prior to use. 

Determinations of silicate (Strickland and Parsons, 1968) and oxygen (by Winkler titration 

with a precision of around 0.6 %) were made immediately after each sampling occasion. 

Samples were stored in a refrigerator and analyzed for bromide two weeks after the 

intercalibration workshop by ion chromatography (Dionex mod. 4500i; precision better than 

1 %). 

 The known volume of replacement water, which entered the chambers from the tank 

at each sampling occasion, was regularly analyzed for Br-, O2 and Si. When calculating the 

fluxes in each chamber, compensations were made for the replacement water. Moreover, the 

Biological Oxygen Demand (BOD) of the tank water was measured throughout all 

incubations by regularly incubating tank water samples in Winkler bottles. The oxygen 

consumption measured in the water of each chamber was corrected for the corresponding 

BOD. Hence, all oxygen fluxes reported in this paper solely represent sediment oxygen 

uptake rates. 

 

2.6. Statistical data evaluation 
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 For statistical evaluation the results from this study were divided into two groups 

that were evaluated separately. The first evaluation was made to quantify the degree of 

smaller and larger scale sediment heterogeneity, both within and between tanks. Calculated 

dissolved silicate fluxes, from the collected pore water profiles, and meiofauna samples 

were compared using both one-and two way analysis of variance (ANOVA) with Student 

Newman Keuls multiple comparisons a posteriori (Underwood, 1997). First the individual 

sampling spots were compared with each other. Then a two way ANOVA, a nested design, 

was used and homogeneity of variance was tested with a Cochran C test (Snedecor and 

Cochran, 1967). For meiofauna, four replicates were chosen randomly in each "meiofauna 

chamber” (see Fig. 2 and 3) and four replicates from the tank sediment outside the 

chambers. Each four-replicate spot was regarded as a locality, giving a total of six such 

spots in each tank. In the same way three localities with two silicate profiles (and the 

corresponding calculated effluxes) were chosen in each tank and compared. 

 The second statistical data treatment was done to asses if statistically significant 

differences occurred between the chamber measured fluxes (of silica and oxygen) and if so 

which factors (tank number, chamber type, chamber shape (cylindrical or squared), chamber 

incubated water volume, mixing time, exposed sediment area, chamber water height, 

average DBL, worst case differential pressure and meiofauna in the chamber) were causing 

such differences to occur. To analyze relationships between variables, simple linear 

regression was used to test if there was a statistically significant relationship and how large 

the explained variance (R2) was. 

 In all cases the software Statistica 6.0 (from Statsoft Inc) was used and a significance 

level of P=0.05 was maintained. 

 

3. Results and Discussion 
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3.1. Workstation I: Visualization and mixing 
 

 For chambers with rotating stirrers the main motion patterns could be divided into 

three general parts: rotation around the main vortex axis; two separated water circulation 

areas, above and below the impeller; the water left the impeller tip directed outwards and 

against the chamber wall and was sucked into the impeller through the main vortex (Fig. 

4a). These basic patterns were present in all stirred chambers. Geometric obstacles only 

modified the basic water movement pattern. The flow in eccentrically stirred chambers also 

contained a main vortex, but positioned diagonally through the chamber (Fig. 4b). 

 In chambers with pumps the water left the outlet like a water jet. The jet was 

directed straight forward and only deflected at physical obstacles. In the DE WILDE 

chamber, there was one large outflow (Fig. 1), that created a stream following the chamber 

wall towards the inflow, creating a more or less stagnant zone in the middle (Fig. 4c). This 

can be compared with the ROWE chamber with many outflows to the bulk volume, which 

resulted in a more homogeneous flow giving a more uniform distribution of velocities, DBL 

thicknesses and (by analogy) shear stresses. 

 It is important to remember that for the mixing times there were no exact results 

(Table 1). Unavoidable small variability in the acid/base addition procedure resulted in 

some differences in the obtained mixing time. It is furthermore difficult to decide exactly 

when the entire volume of chamber water had changed color. However, in chambers with 

long mixing times (10 minutes or more), there may be development of thick diffusive 

boundary layers over large areas above the sediment surface, and if the sampling is frequent 

the samples may not represent the average conditions in the chamber. 

 It is worth noting that no difference in mixing time could be noticed for the CISE 

chamber when increasing the number of stirring bars from 1 to 4 on the impeller (Fig. 1). 

However, addition of bars led to the creation of higher differential pressures (Table 1). The 



  16 

most probable explanation is that the addition of bars led to a more stable circulation pattern 

which created a higher static pressure. 

 Mixing time experiments can give valuable information on the main type of water 

flow (turbulent, transient or laminar) in a chamber (Edwards, 1985). By doing several 

mixing time experiments at different mixing rates and by plotting the mixing times against 

the stirring speeds/pump flows, a distinct prolongation in the mixing times could be noticed, 

with only minor decreases in the stirring speed/pump flow, when passing from a mainly 

turbulent to a laminar flow regime in the chamber. Taking the GÖTEBORG 1 chamber as 

an example we observe that when stirring rates are decreased below 10 RPM the mixing 

time increases considerably faster than above 10 RPM. This indicates that at about 10 RPM 

the chamber mixing is in the transition between turbulent and laminar flow. (Fig. 5). 

 The visualization and pressure experiments were made in the laboratory at a 

temperature of approximately 19°C using fresh water. When measuring in situ, salinity, 

temperature and hydrostatic pressure are often different, normally resulting in a higher 

water viscosity which leads to slightly longer mixing times and lower maximal pressure 

gradients than were measured here. 

3.2. Workstation II: Pressure 
 

 The maximal differential pressures for the participating chambers are presented in 

Table 1. For chambers with a stirrer placed in the center the maximal pressure differences, if 

any was detected, occurred between the center, where the pressure is negative due to the 

rising water flow in the vortex, and the periphery, where the pressure is slightly positive 

(see Fig. 6 for and example from the CISE chamber). For most chambers the maximal 

current speeds were low (0-2.5 cm s-1, data not shown) and no (< 0.3 Pa) differential 

pressures could be detected. Detectable differential pressures were measured in six 

chambers; GÖTEBORG 1, GÖTEBORG 2, ROWE, AARHUS, WITTE and CISE. In the 
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CISE chamber the maximal differential pressure increased from 1.3 Pa to 3.4 Pa when the 

number of stirring bars was increased from 2 to 4 (Table 1). Maximal current speed in the 

chamber was approximately 3.5 cm s-1 at this occasion. 

 When increasing the stirring rate (from 21 to 40 RPM) in the off-center stirred 

GÖTEBORG 1 chamber the vortex center, and thereby the spot with minimal pressure, 

moved. The same phenomenon took place in the GÖTEBORG 2 chamber with changing 

stirring rates. At 40 RPM the maximal current speed in the GÖTEBORG 1 chamber was 

around 5 cm s-1 (data not shown) and the maximal differential pressure was 9.6 Pa. The 

same stirring speed (40 RPM) in the GÖTEBORG 2 chamber gave roughly the same 

maximal current speed, but with a more evenly distributed velocity pattern (Lund-Hansen et 

al., unpublished results) and a considerably lower maximal differential pressure of 2.0 Pa. 

This implies that a vertical stirring device is better in avoiding static differential pressures 

than a horizontal stirrer. These findings are further confirmed in Tengberg et al. (2004). 

Prior to the intercalibration the asymmetrical GÖTEBORG 1 chamber was compared with 

the same chamber in which the stirrer was placed in the center. No significant difference in 

pressure was found between these two designs leading to the conclusion that there are no 

advantages, regarding pressure, and probably not regarding other hydrodynamic aspects as 

well, with a stirrer that is placed off center. On the contrary, the hydrodynamics in a 

chamber with a centrally placed stirrer is easier to map and to understand, and therefore 

probably preferable. 

 For the ROWE chamber a negative pressure of 2.2 Pa developed due to the 

proximity of one of the pump inlets to the bottom. Most of this pressure (1.5 Pa) 

disappeared when this pump was stopped (Table 1). If moving the inlet to a higher position 

above the bottom or directing it differently the pressure effect would probably decrease. 

 When comparing pressures in chambers it is important to remember that the driving 

force is the pressure gradient at the sediment surface, approximated by the ratio between the 
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differential pressure and over what distance it acts. Depending on the permeability of the 

sediment, a higher differential pressure in a big chamber (such as CISE) is of less 

importance for the possible creation of artifacts than the same (or lower) differential 

pressure in a smaller chamber. 

 Since the small AARHUS chamber has mainly been employed to do resuspension 

studies in a laboratory (Lund-Hansen et al., 1999), it was tested at relatively high stirring 

rates. A differential pressure of 7.5 Pa was developed at 34 RPM, but at this rate the 

maximal current speed in the chamber close to the bottom was considerably higher (9.1 cm 

s-1) than in the other chambers. This current speed has in previous studies been the lower 

limit to cause resuspension of coastal organic rich (around 11 % by weight) silty clays 

(Lund-Hansen et al., 2002). If the aim is to simulate or mimic at what shear velocity (u*) 

resuspension is created, chambers with horizontal (standing) rotating impeller are most 

likely less suitable due to an uneven and chaotic shear velocity and DBL distribution at the 

bottom. The data in this study gave similar indications, as did the studies by Gust and 

Müller (1997) and Tengberg et al. (2004). In these two studies the so called Microcosm 

design (Gust, 1990) was found to be the most suitable instrument to create an even 

distribution of shear stress and diffusive boundary layer thickness at both low and high 

current speeds. However, the latter study also demonstrated that the Microcosm develops 

higher pressure gradients than several other chambers, at similar shear velocities. 

In permeable sediments static pressure differences at the bottom of a benthic 

chamber during incubations can give rise to artificial exchanges between the sediment and 

the overlying water. With the same shear stress up to 6 times higher solute release rates 

were found in a stirred cylindrical chamber containing a fine sandy sediment, compared 

with the release rate in a flume outside. This was shown to be caused by advective flow 

(pumping) in the sediment generated by stirring induced static pressure differences (of 

around 3 Pa) at the sediment surface in the chamber (Huettel and Gust, 1992a). The critical 
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sediment permeability limits for the creation of pumping artifacts, giving enhanced fluxes, 

have been evaluated with the help of conservative tracers such as Rhodamine-WT dye 

(Huettel and Gust, 1992a) and Br- (Glud et al., 1996). In the latter study it was concluded 

that data obtained by benthic chambers in sediments with a permeability exceeding 2*10-12 

m2 (sandy sediments) have to be evaluated with care if the water mixing device in the 

chamber creates differential static pressures of 2-3 Pa. By lowering the stirring rate the 

differential pressures decreased, resulting in an increase in the critical permeability, by at 

least 1 order of magnitude (Glud et al., 1996). During normal use the only chambers in this 

study that could suffer from potential stirrer induced pressure effects when being used on 

permeable sediments were the ROWE and CISE chambers. These artifacts can easily be 

avoided by using only one stirring bar in the CISE chamber and by moving the location of 

the pump further up in the ROWE chamber (see above).  

Previous studies, in relatively shallow environments, have indicated the importance 

of changing current speeds and directions (and consequently changing differential pressures, 

DBL thicknesses, etc.) for sediment infaunal short-term (within hours) and long-term 

(within days and weeks) activity and growth (Vogel, 1981; Jørgensen, 1983b; Lenihan et 

al., 1996). Furthermore, it is well known that faunal activity can enhance sediment-water 

exchange rates both by increasing the actual permeability through construction of burrows 

and channels, and by bioirrigation (e.g. Aller, 1982; Rutgers van der Loeff et al., 1984; 

Huettel and Gust 1992b; Aller and Aller, 1992). This implies that even if fluxes are not 

limited by DBL thickness or not influenced by differential pressure per se, it may be of 

importance to simulate in situ hydrodynamical conditions in chambers because of the 

benthic faunal response to changes in hydrodynamics. 

 

3.3. Workstation III: Diffusive boundary layer thickness 
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 DBL thicknesses in this study were obtained from dissolution of alabaster plates. 

Individual plate DBL thickness values (Z) ranged from 230 to 1029 µm (Table 1). Average 

DBL thickness ranged from 294 µm for the CISE chamber to 711 µm for the IFREMER 

chamber. The calcium increase rate in the overlying water was constant in all chambers (r2 

varied from 0.966 to 0.998; Fig. 7). 

 All chambers exhibited variations of mass loss between individual plates resulting in 

a spatial variation of estimated boundary layer thicknesses. It is worth noting that in the 

asymmetrically stirred IFREMER chamber, which had an average DBL thickness of 711 

µm, the two plates (A2 and A25, Fig. 1) which were placed on the greatest distance from 

the stirrer also showed the thickest DBL of 963 and 767 µm, respectively. As discussed 

previously (section 3.1.) the vortex rises diagonally in eccentrically stirred chambers which 

would explain why the DBL for the plate placed under the stirrer (A22) was not relatively 

thicker (595 µm). The IFREMER chamber is equipped with three water sample bottles 

inside the chamber (Fig. 1). These constitute hydrodynamic obstacles which change the 

circulation pattern and slow down the current speeds probably giving rise to thicker DBL at 

the plates A2 and A25. 

 In the BMIC chamber, plate A19 placed directly under the vertically rotating magnet 

gave the thinnest DBL (255 µm), and in the CISE chamber the thickest (322 µm) occurred 

in the center and the thinnest (254 µm) close to the chamber wall. This last feature is a 

logical consequence of the uprising current in the middle and has been observed previously 

(e.g. Glud et al., 1995). The WITTE, GÖTEBORG 1 and NAVAL COMMAND chambers 

indicated similar average boundary layer thicknesses of 474, 486 and 401 µm, respectively, 

with relatively small variations within each chamber of 12-18 % (calculated as standard 

deviation/mean). In the DE WILDE chamber, for which two experimental runs were made, 

plates placed at the same position during each of the runs gave similar results (Table 1). One 

emplacement (D5/D15, Fig. 1) exposed a significantly thinner DBL during both the 
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experiments (253 and 230 µm compared to averages of 426 and 413 µm). The DBL 

variation in this chamber is probably caused by the water jet of the chamber. This feature 

was also observed during the visualization (see section 3.1.). 

 In situ benthic diffusive boundary layer (DBL) thicknesses have previously been 

measured with the use of oxygen µ-electrodes (Archer et al., 1989; Gundersen and 

Jørgensen, 1990; Glud et al., 1994), with hydrohinone (Vershinin et al., 1994) and alabaster 

plates (Santschi et al., 1991). The latter authors observed a DBL thickness of 500-1200 µm 

(with varying flow velocities of 2-8 cm s-1 measured at a height above the bottom of 100 

cm). Inside chambers direct measurements of DBL thicknesses have been made both with 

µ-electrodes, alabaster plates, radiotracer uptake and hydrohinone (Devol, 1987; Buchholtz-

Ten Brink et al., 1989; Hall et al., 1989; Sayles and Dickinson, 1991; Dickinson and Sayles, 

1992; Glud et al., 1995). Jørgensen and Des Marais (1990) showed that on a microbial mat 

the DBL was limiting the oxygen flux and when decreasing the DBL thickness from 590 to 

160 µm the oxygen uptake rates increased from 56 to 135 mmol m-2 day-1. In the study 

presented in Tengberg et al. (2004), which was made at almost identical conditions as the 

work presented here, the average chamber DBL was varied from approximately 120 to 550 

µm without any noticeable influence on the measured oxygen and nutrient fluxes. Thus, the 

chamber-averaged DBL thickness was apparently not a limiting factor on that sediment 

which had oxygen fluxes of about 11 mmol O2 m-2 day-1, which is a typical magnitude for 

many coastal and shelf sediments. 

For the chambers described here the average DBL varied from 294 to 711 µm. These 

are values that can often be encountered in the natural environment, especially when 

working in areas which are unaffected by wave action. In this study the DBL thickness did 

not have any significant influence on the measured fluxes of oxygen and silica and 

consequently, with respect to DBL thickness, the choice of chamber did not affect the 

measured flux rates. 
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3.4. Workstation IV: Flux comparisons 
 

 The counting of thirty-one meiofauna samples in tank 1 showed an average of 

412±70 (17 % variation, SD/mean) individuals. The number was similar in tank 2, 380±73 

(19 %, for 30 samples). Nematodes were the largely dominating taxon and although all the 

other meiofaunal taxa were occasionally found their total amount never exceeded 8 

individuals in any of the 61 samples. A two factor ANOVA (to compare tank 1with tank 2) 

and two one factor ANOVAS (one in each tank) revealed neither any significant difference 

between tanks nor between chambers. 

 Concentrations of organic carbon in the surface sediment (0-4 mm) samples were, 

given in % of dry weight, 3.9±0.3 (8 %) in tank 1 and 4.1±0.3 (7 %) in tank 2. One depth 

profile taken in each tank of the same parameter (data not shown), indicated a constant 

distribution with depth in the sediment.  

 Profiles of silicate concentration in the pore-water (Fig. 8 a, b) looked, in spite of 

some scatter especially in tank 2, similar in shape. The profiles were used to calculate 

outgoing fluxes by use of the methods described in Berg et al. (1998). These fluxes were 

0.77 ±0.07 (9 %) mmol m-2 day-1 for tank 1 and 0.78 ±0.06 (8 %) mmol m-2 day-1 for tank 2. 

However, as stated in section 2.5. the overlying water in tank 1 was exchanged at an earlier 

stage (10 days before), relative to the time of sampling of the pore-water profiles, than in 

tank 2 (7 days before). Hence, the Si-concentration in the overlying water was lower in tank 

2 (14.8 µM compared to 26.0 µM in tank 1). Statistical comparison (using ANOVA) of the 

calculated Si-fluxes indicated no significant differences between tank 1 and tank 2 and no 

differences between sites within the tanks. As a conclusion from the above given results the 

sediment mixing procedure can be considered to have been successful and the incubated 

sediment in each chamber at each occasion can be regarded as homogenous, within the 

given statistical limits. 
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 Unless a chamber was leaking or had a malfunctioning/non-working water mixing 

system (insufficient to mix up the injected Br-), the chamber volumes obtained from Br- 

dilution measurements were of good quality and consistent with rough ruler controls. 

Following the injection, the first sample was taken after a time twice as long as the mixing 

time (obtained from workstation 1, Table 1). Probably because the injected Br--solution was 

denser (density 1.34 kg/dm3 in tank 1 and 1.24 kg/dm3 in tank 2) than the chamber water 

(density 1.03 kg/dm3) and sunk to the bottom, the concentration of the first sample was, in 

several cases, considerably lower than expected. For chambers showing this behavior the 

volume was calculated from the second sample, when the Br- injection had been completely 

mixed with the chamber water, or from an average of the following samples (see Table 1 for 

chamber volumes). 

 Measured Si-effluxes, both from the incubations in tank 1 (incubation 1A) and the 

first incubations in tank 2 (incubation 2A), were initially (the four first samples) constant 

and then tended to level out (see Fig. 9 for typical data from the three tanks). As a 

consequence, for incubations 1A and 2A, the initial (first four) values were chosen for all 

chambers (except for three of the chambers) to calculate the Si-efflux. For the three 

"exception chambers" there was no clear initial slope and the correlation coefficients (r) 

were significantly higher if choosing all data points instead of the initial slope. For the 

second incubation in tank 2 (incubation 2B) the increase of Si in all chambers was constant 

and in every single case all data points were used to calculate the Si-effluxes (Table 1 and 

Fig. 9). For all three incubations, replicates (three in tank 1 and four in tank 2) of the 

GÖTEBORG 1 chamber were incubated in parallel. The variation in-between these 

chambers for incubations 1A, 2A and 2B were 12 %, 27 %, 11 %, respectively (SD/mean). 

The Si-effluxes for the individual chambers varied from a low 0.24 mmol m-2 day-1 for the 

LINKE chamber to a high 1.01 mmol m-2 day-1 for one of the GÖTEBORG 1 replicates in 

incubation 1A. Excluding the LINKE chamber the fluxes in incubation 1A ranged from 0.48 
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to 1.01 mmol m-2 day-1 with an average of 0.76 ± 0.16 mmol m-2 day-1 (21 %). For 

incubations in tank 2 the effluxes ranged from 0.26 to 0.71 mmol m-2 day-1 with an average 

of 0.43 ± 0.13 mmol m-2 day-1 (30 %, for incubation 2A) and from 0.24 to 0.40 mmol m-2 

day-1 with an average of 0.32 ± 0.05 mmol m-2 day-1 (16 %, for incubation 2B, see Table 1). 

 Differences in silicate fluxes between the three different incubations in this study were 

tested for 8 different chamber designs in a two factor ANOVA and in three one factor 

ANOVAS within each incubation in order to test as many chambers as possible. Only the 

GÖTEBORG 1 chamber was replicated and the other chambers inherited their variance for 

each incubation. The fluxes in tank 1 were significantly higher than in tank 2 but there were 

no significant differences of silicate fluxes between parallel chamber incubations in each of 

the tanks.  

 Experiences from many previous oxygen uptake incubations (both in situ and in 

laboratories) have shown that uptake rates start to decrease if oxygen concentrations are 

allowed to drop below a certain level (e.g. Fisher et al., 1982; Hall et al., 1989). The same 

pattern also occurred in this study especially for some of the chambers in which the 

incubated water column height was low (DEVOL, DE WILDE and DUINEVELD 

chambers, Fig. 10). In these chambers a clear decrease in the oxygen uptake rates can be 

noticed. As a result, the initial slope was used to calculate the oxygen uptake. For all other 

chambers all data points were used (see Fig. 10 for an example). Compensations were made 

for the incoming water during sampling and for the BOD of the water which was on average 

25 µmol l-1 day-1 in tank 1 and 21 µmol l-1 day-1 in tank 2. Due to a malfunctioning burette 

for Winkler titration, the quality of the data for the second incubation in tank 2 (incubation 

2B) were generally too poor to be used for any evaluations of oxygen fluxes. 

 The replicates of the GÖTEBORG 1 chamber had oxygen fluxes within 12 % of each 

other for the incubations in 1A and within 14 % for the incubations 2A (SD/mean). A 

reverse general trend, compared to the Si-efflux, with higher oxygen uptake for all 
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chambers (but one) during incubation 2A compared to 1A can be distinguished (Table 1). 

Excluding the LINKE chamber (see above), individual fluxes ranged from 10.3 mmol m-2 

day-1 for the DE WILDE chamber to 21.1 mmol m-2 day-1 for the CISE chamber with an 

average of 14.9 ± 3.6 mmol m-2 day-1 (25 %) in incubation 1A. In incubation 2A the fluxes 

were between 11.5 mmol m-2 day-1 for the DUINEVELD chamber and 22.6 mmol m-2 day-1 

for one of the GÖTEBORG 1 replicates. The average for this incubation was 17.0 ± 3.2 

mmol m-2 day-1 (19 %).  

 Statistical analyses of the oxygen flux data, in the same way as for silicate fluxes (see 

above), indicated that there was no significant difference between incubations (tank 1 and 

tank 2), but there was significant variation between chambers in each incubation. The flux 

of oxygen was significantly positively correlated with the height of the overlying water 

(p<0.001, R2=0.45, Fig 11). None of the other of the tested factors: chamber type, chamber 

surface, chamber volume, chamber shape (round or squared), maximal differential pressure 

at the applied stirring/pumping rate, average DBL thickness, mixing time and meiofauna 

present in the chamber had any influence on the measured oxygen fluxes. 

 In spite of the fact that the initial flux rates were chosen in many of the flux 

calculations, a probable explanation is that chambers with a low water column height reach 

low oxygen concentrations more quickly, causing the fluxes to level out. This feature has 

been reported previously (e.g. Fisher et al., 1982; Hall et al., 1989) and shows the risk of 

prolonging incubations or having too low overlying water column heights in 

biogeochemically active sediments. If the flux rates would have been known beforehand 

this artifact could have been avoided by sampling chambers with low overlying water more 

frequently.  

 There have been discussions in the scientific community on appropriate chamber 

size. Chambers enclosing too small sediment surface areas are likely to give wall artifacts 

and compact the sediment when they enter. The amount of compression is dependent on 
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sediment penetration depth, penetration speed, sediment softness and of course, the chamber 

surface area. The degree of compaction was found to rapidly decrease when increasing the 

diameter of a cylindrical core tube (or chamber) from 34 mm to 54 mm. For a 145 mm 

diameter chamber, compaction effects can occur if the sediment penetration depth exceeds 

approximately 100 mm (Blomqvist, 1985). 

The use of a large surface area chamber reduces the variability caused by small scale 

heterogeneity of the bottom sediment and is more likely to include a more representative 

number of larger animals (e.g. Glud and Blackburn, 2002). In principle the bigger surface 

area the better, but a bigger chamber require more space and more powerful techniques for 

sediment recovery. The use of multiple chambers on a lander enables controlled 

manipulative experiments to be carried out, replication, and/or can be an insurance if one or 

some of the chambers fail to work. Recommendations on which chamber size to use in 

sediments with various amounts of fauna can be obtained in Glud and Blackburn (2002). In 

addition a freely available software can be obtained for chamber users to test their particular 

chamber size for their particular location values of fauna and flux rates (values entered by 

the user). In the present study no correlation whatsoever was found between the measured 

fluxes and the surface area of the chambers. Hence, no wall effects were discovered even 

for the small (area 78 cm2) AARHUS chamber. 

 

4. Conclusions 
 

• Variations in chamber design (14 designs were tested) and hydrodynamic settings did not 

have any statistically significant influence on the measured fluxes of oxygen and silicate 

in this study. 
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• Simple and inexpensive visualizations are a useful tool, especially for asymmetrical 

chambers, for initial studies of the circulation patterns in benthic chambers. Furthermore, 

mixing time experiments can be used to reveal at what water mixing rate there is a 

transition between essentially laminar and turbulent flows in a chamber. 

• If using a pump for water mixing it is preferable to let the water exit through many small 

horizontally directed holes instead of a few big ones. When used in this way the pumps 

in this study gave a quick water mixing with an even distribution of bottom currents and 

DBL thicknesses. A disadvantage might be a higher energy demand of a pump compared 

to a stirrer. 

• Most chambers in this study display no or low static differential pressures at the bottom 

when the water is mixed at rates (maximal speed≤3.5 cm s-1) of normal use. 

Consequently there is a low risk of creating stirrer induced pressure effects on the 

measured fluxes with the chambers presented. 

• The spots where the lowest and highest absolute static pressures occurred were displaced 

when the stirring rates were altered in the off-center stirred chambers. 

• For future chamber constructors, a design with a centrally placed stirrer is preferable 

since chambers with off-center placed stirrers are more difficult to map and do not seem 

to give any hydrodynamic advantages. 

• A vertically rotating stirrer gives about 5 times lower static differential pressures at the 

same stirring speed as the same stirrer mounted horizontally. 

• If the aim is to simulate or mimic resuspension at high flow velocities it cannot be 

satisfactorily done in a chamber using a horizontal (standing) rotating impeller (as is the 

case for most chambers in use) due to the creation of unnatural conditions, i.e. large 

static differential pressures and premature resuspension at certain locations in the 

chamber. 
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FIGURE CAPTIONS 

Fig.1. Scaled (approximate scale 1:5 except for chamber number 14 (LINKE) for which the 

approximate scale is 1:10) drawings of the fourteen participating chambers showing 

the size and shape of the chambers as well as of the water mixing mechanisms 

(stirrers/pumps) and the main hydrodynamic obstacles (e.g. electrodes and water-

sampling systems). The small circular spots indicate locations where static pressure 

was measured and the filled squares the size and position (and number) of alabaster 

plates in each chamber. The emplacement and size of LDA measurement grids have 

also been included but no data from these measurements are treated in this paper.  

Fig.2. Emplacement of the chambers and the location of different samples taken to test the 

homogeneity of sediment (particulate C and N, dissolved Si-profiles and meiofauna) 

for the parallel flux incubations in tank 1. 

Fig.3. Emplacement of the chambers and the location of different samples taken to test the 

homogeneity of sediment (particulate C and N, dissolved Si-profiles and meiofauna) 

for the parallel flux incubations in tank 2. 

Fig.4A. The water movement in a symmetrically stirred chamber can be divided into three 

main characteristic features: rotation around the main vortex axis, separation below 

and above the stirrer and suction into the impeller through the main vortex. 

Fig.4B. In an asymmetrically stirred chamber the vortex rises diagonally (example from the 

GÖTEBORG 1 chamber). 

Fig.4C. If using a pump with few outlet holes instead of many small ones (diffuser) there is 

a risk of creating an uneven distribution of current speeds in the chamber (example 

from the DE WILDE chamber). 

Fig.5. Mixing time as a function of stirring rate for the GÖTEBORG 1 chamber. 

Fig.6. Static pressures in the CISE chamber measured at eight locations with a stirring speed 

of 10 RPM and with four stirring bars mounted. Pressure gauge number 1 was 
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measuring a negative pressure and was placed in the center where the vortex was 

rising. Gauge number 8 was located in the periphery close to the chamber wall and 

was measuring a slight positive pressure. The maximal differential pressure at this 

occasion was 3.4 Pa. Note that pressure gauge number 6 is malfunctioning. 

Fig.7. Calcium concentration increase with time in the overlying water during alabaster 

plate experiments in seven different chambers. Please note that the ratio exposed 

alabaster surface/chamber volume is different for the different chambers giving rise to 

different concentration increases. The experiments were done at 19.0 ± 1° C. 

Fig.8A. Silicate porewater concentration against sediment depth. Seven profiles were 

collected at different locations in tank 1. 

Fig.8B. Silicate porewater concentration against sediment depth. Six profiles were collected 

at different locations in tank 2. 

Fig.9. Typical silicate concentration with time given for three different chambers at three 

different tank experiments. 

Fig.10. Oxygen concentration with time in the DEVOL and WITTE chambers during 

incubation 2A. Observe that for the DEVOL chamber the initial (the first four data 

points) uptake is higher than later during the incubation. 

Fig.11. Oxygen uptake for individual chambers plotted against overlying water column 

height for all the incubations. Oxygen flux is correlated to the chamber water height, 

the solid line is the least squares regression with 95% confidence intervals indicated 

by the dotted lines. 
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CHAMBER              STATION 1 STATION                          STATION 3                        STATION 4
2

Stirring Mixing Max Stirring Average DBL above individual Incubation Volume Sediment Sediment
speed/ time diff. rate plates (calculated from weight loss) # [ml] and oxygen silica 

pump flow pressure and and overlying uptake efflux
average (stirring) water

DBL (rate) height [cm]
# [s] [Pa] [µm] [µm] [µm] [µm] [µm] [µm] [µm] (from Br)    [mmol/m2*day]
1 8 RPM 120 10 RPM 483 587 494 381 1A (10 RPM) various 17,2±2,1* 0,893±0,11*

GÖTE1 10 RPM 60 0.5 486±84 (A7) (A14) (A9) (A8) 2A (10 RPM) various 19,3±2,7** 0,309±0,08**
21 RPM 35 2.5 2B (10 RPM) various 0,317±0,04**
40 RPM 9.6
87 RPM

2 9 RPM 150 No No incubations
GÖTE2 20 RPM 30 0.7 alabaster

40 RPM 2.0
86 RPM 7.6

3 30 RPM about 3600 <0,3 No No incubations
 BANYULS alabaster

4 3 RPM 1200 7 RPM 595 703 963 767 526 1A (7 RPM) 12 530; 17,9 12,3 0.704
IFREMER 7 RPM 240 <0,3 711±169 (A22) (A20) (A2) (A25) (A15) 2A (7 RPM) 11 976; 17,1 15,9 0.521

2B (7 RPM) 11 976; 17,1 0.322
5 110 RPM 85 0.6 110 RPM 481 306 387 377 261 No incubations

ROWE 50 ml/s 42 1.5 & 50 ml/s (B4) (B5) (B6) (B7) (B8)
110 RPM+50 ml/s 38 2.2 362±84

6 8 RPM 0.7 No 1A (12 RPM) 1004; 12,8 11,8 0.765
AARHUS 20 RPM 46 alabaster 2A (9 RPM) 873; 11,1 14,9 0.431

34 RPM 29 7.5 2B (10 RPM) 873; 11,1 0.283
68 RPM 27.0

7 288 RPM 87 <0,3 288 RPM 358 382 255 No incubations
BMIC 332±67 (B2) (A18) (A19)

8 13 ml/s 600 15 ml/s 484 796 530 1029
DUINEV 15 ml/s 355 710±253 (C1) (C2) (C3) (C4) 2A (17 ml/s) 1228; 8,5 11.5 0.358

17 ml/s 132 <0,4 2B (17 ml/s) 1228; 8,5 0.242
9 60 RPM 120 0.4 60 RPM 391 495 513 497 1A (50 RPM) 5262; 13,2 10.6 0.669

WITTE 120 RPM 50 0.8 474±56 (A6) (A3) (A4) (A5) 2A (50 RPM) 4596; 11,5 15.2 0.535
2B (50 RPM) 4596; 11,5 0.341

10 60 RPM 240 <0,3 No 1A (60 RPM) 4116; 10,3 15.7 0.568
DEVOL alabaster 2A (60 RPM) 2956; 7,4 17.3 0.468

2B (60 RPM) 2956; 7,4 0.358
11 37 ml/s 120 60 ml/s 429 (D1) 445 (D2) 436 (D3) 568 (D4) 253 (D5) 1A (60 ml/s) 5939; 7,3 10.3 0.484

DE WILDE 60 ml/s 60 <0,4 426±112 426 (D11) 433 (D12) 440 (D13) 538 (D14) 230 (D15) 2A (60 ml/s) 5085; 6,2 12.6 0.425
413±112 2B (60 ml/s) 5085; 6,2 0.397

12 5 ml/s 480 15 ml/s 360 474 456 299 415 1A (15 ml/s) 39 744; 24,8 15.2 0.895
NAVAL 10 ml/s 270 401±72 (A24) (A21) (A23) (A1) (A26) 2A (15 ml/s) 42 128; 26,3 19.5 0.714

COMMAND 15 ml/s 120 <0,3 2B (15 ml/s) 42 128; 26,3 0.368
13 10RPM; 1 bar 135 1.3 10 (1 bar) 322 294 301 318 277 254 1A (10RPM, 2 bars) 112 728; 29,3 21.1 0.883

CISE 10RPM; 2 bars 135 2.1 294±26 (A13) (A27) (A8) (A3) (A2) (A10) 2A (10RPM,2 bars) 126 588; 32,9 19.6 0.436
10RPM; 4 bars 135 3.4 2B (10RPM, 2 bars) 126 588; 32,9 0.242

14 60 RPM 480 No No 1A (81 RPM) 164 802; 13,6 9.3 0.241
LINKE 70 RPM 180 pressure alabaster

86 RPM 120

Table 1: Individual results for each of the chamber designs including: stirring rate and/or pump flow, mixing time,
 maximal differential pressure, average Diffusive Boundary Layer Thickness (DBL, from alabaster plates),
DBL for each of the individual alabaster plates and flux incubation results (oxygen and silicate) from three incubations (1A, 2A and 2B)

* Results from three parallel incubations
** Results from four parallel incubations

Table 1 
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150

SCALE 1:5

200

Stirring: 10, 21, 40, 87  RPM
Pressure: 4 transects, 49 spots
4 alabaster plates
11 flux incubations
Enclosed surface: 177 cm
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2

Extensive LDA
grid in the whole
chamber 
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Normal use: experimental
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profile
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Stirring: 0,110 RPM
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5. ROWE
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Stirring: 60, 120 RPM
Pressure: 2 transects, 12 spots
4 alabaster plates
3 flux incubations
Enclosed surface: 400 cm
Normal use: on lander

2

9. WITTE
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120

A3

A4A5
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LDA profile

LDA profile
240 points

Stirrer

Electrode
80

Stirring: 60 RPM
Pressure: 2 transects, 12 spots
No alabaster
3 flux incubations
Enclosed surface: 400 cm
Normal use: on lander

2

10. DEVOL
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LDA profile

LDA profile
260 points

Stirrer

C2,C12

C1,C11C3,C13

C4,C14

120

Pump: 13, 15, 17, 20 ml/sec
Pressure: 8 transects, 17 spots
2 experiments with 4 alabaster 
plates in each
2 flux incubations
Enclosed surface: 144 cm
Normal use: on lander

2

8. DUINEWELD

Pump

LDA profile

100
LDA profile
220 points

Pump
outflows

(4) Pump
inflow

200

84

Stirring: 8, 20, 34, 68 RPM
Pressure: 1 transect, 7 spots
No alabaster
3 flux incubations
Enclosed surface: 78 cm
Normal use: lab. incubations

2

6. AARHUS

Extensive LDA
grid in the whole
chamber 

Stirrer

64

Stirring: 288 RPM
Pressure: 2 transects, 13 spots
3 alabaster plates
No flux 
Enclosed surface: 125 cm
Normal use: lab. incubations

2

7. BMIC
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A19

B2

A18

LDA profile
round magnet,
rotating vertically

LDA
profile
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SCALE 1:5

Fig 1 
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322

55

Pump: 37, 60 ml/sec
Pressure: 3 transects, 28 spots
2 experiments with 5 alabaster plates in each
3 flux incubations
Enclosed surface: 814 cm
Normal use: on lander

2

11. DE WILDE

LDA profile
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LDA profile

Pump
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Nozzles of
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Pump with
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Pump
outflow

ElectrodeB B

403

Pump: 5, 10, 15 ml/sec
Pressure: 8 transects + 16 extra spots, 69 spots
5 alabaster plates
3 flux incubations
Enclosed surface: 1600 cm
Normal use: on lander

2

12. NAVAL COMMAND

LDA profile

Coils of teflon tubing
(3.2 cm outer diam.)
for oxygen supply

Pump outflow

Pump inflow

A24

A26A21

A23 A1

203

Coils of teflon tubing

Pump outflow holes
(83 deg. spacing) LDA profile 380 points

SCALE 1:5

inflow
outflow

Fig 1 
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Stirring: 10 RPM with 1 to 4 bars
Pressure: 1 transect, 10 spots
6 alabaster plates
3 flux incubations
Enclosed surface: 3850 cm
Normal use: on lander

2

13. CISE

700

275

LDA profile
250 points

Stirrer
Electrode

LDA profile

Electrode

SCALE 1:5
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A2
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Fig 1 
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NOTE THAT THE SCALE OF THIS
DRAWING IS 1:10
Stirring: 60, 70, 86 RPM
No pressure
No LDA
No alabaster
1 flux incubation
Enclosed surface: 12 100 cm
Normal use: lowered to the seafloor on a cable
(video surveyed), measures outgoing gas and 
water flows on seep sites

2

14. LINKE

1100

300
Stirrer

SCALE 1:10
Fig 1 
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