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Abstract. Dissolved oxygen concentrations in river-sediment porewaters are reported and modelled us-
ing a zero-order reaction rate and the Monod equation. After mixing the sediments and allowing set-
tling, the dissolved oxygen profile in the bed-sediment was expected to reach a steady-state rapidly (< 1
h). However changes in the vertical profile of oxygen over a period of 38 days revealed that the pen-
etration of oxygen increased and the dissolved oxygen flux at the interface decreased with time, prob-
ably as the oxidation kinetics of organic matter and redox reactions in the sediment changed. Experi-
ments with three contrasting silt and sand dominated sediments (organic matter content between 0.9 and
18%) at two water velocities (ca 10 and 20 cm s−1) showed that the dissolved oxygen profiles were
independent of velocity for each of the sediments. The most important controls on the reaction rate were
the organic matter content and specific surface area of the sediment. A viscous diffuse-boundary-layer
above the sediment was only detected in the experiments with the silt sediment where the sediment
oxygen demand was relatively high. In the coarser sediments, the absence of a diffuse layer indicated
that slow oxidation processes in the sediment controlled the dissolved oxygen flux at the interface. The
problem of determining a surface reference in coarse sediment is highlighted. The results are discussed
with reference to other studies including those concerned with estuarine and marine sediments.

Introduction

The oxygen concentration in sediment porewaters is an important control on a
number of chemical and biological processes including those influenced by trace
metal speciation, e.g. Fe2+/Fe3+ transformation, the solubility of minerals, e.g. vivi-
anite, Fe3(PO4)2 and denitrification (Nielson et al. 1990). The dissolution of solid
solutions of iron hydroxide/phosphate during oxic to anoxic transformations is
known to be an important mechanism controlling the release of inorganic phos-
phate from minerals to porewater in some lake sediments (Wersin et al. 1991) and
precipitation of vivianite in anoxic conditions influences soluble phosphorus con-
centrations in sediment porewaters (Nriagu and Dell 1974; Woodruff et al. 1999).
The extent of the penetration of oxygen in sediments also influences the structure
and distribution of benthic communities (Llanso 1992). Although less information
is available about the effects of oxygen on transformations of trace organic con-
taminants, e.g. pesticides, many types of compound degrade more slowly below
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the oxic zone of bed-sediments, and are therefore persistent once they are buried.
For example, a pronounced redox effect has been shown for both herbicides, meco-
prop amd MCPA (2-methyl-4-chlorophenoxyl acetic acid). As the oxygen concen-
tration decreased, transformation rates decreased by approximately 170 fold over a
period of 200 days (Vink and Van der Zee 1977).

As well as the direct effects on processes in aquatic sediments, the flux of oxy-
gen across the water-sediment interface partly controls the concentration of oxygen
in the overlying water. The determination of the Sediment Oxygen Demand, SOD,
has been the focus of many studies in both fresh water and marine systems, e.g.
Edwards and Rolley (1965) and Pamatmat and Banse (1969), Bowman and Delfino
(1980), Barcelona (1983), Park and Jaffe (1999). However many of the methods
are not well suited to applications in lotic systems where the flow of water at the
interface may influence dissolved oxygen transport (Berninger and Markus 1997;
Mackenthun and Stefan 1998; Josiam and Stefan 1999) and determines the SOD
and penetration of oxygen into the sediment. Depending on the residence time of
the overlying water, the flux of oxygen through the interface will influence the dis-
solved oxygen concentration in the water. If the sediment is disturbed, the mixing
of anoxic porewaters and suspended sediment of potentially high oxygen demand,
may lead to the depletion of oxygen in the bulk water and associated adverse ef-
fects (Jubb et al. 2001).

The present work focuses on the oxygen penetration into soft-sediments without
photosynthesising biofilms and in relatively fast flowing waters chosen to reflect
the hydrodynamics conditions in rivers. Because of the difficulties of measuring
SOD in systems open to the atmosphere, the penetration of oxygen into the sedi-
ment is measured using oxygen microelectrodes (Revsbech et al. 1980) with the
sediments contained in a fluvarium channel. Vertical profiles in dissolved oxygen
(DO) concentration through the sediment porewater are modelled to obtain reaction
rate constants and DO fluxes at the interface. The effects of the exposure time, river
sediment composition and water velocity above the sediment are investigated to
provide an insight into the conditions controlling DO penetration.

Methods

Fluvarium channel experiments

Fluvarium channels of a design similar to that of House et al. (1995) were used
(see Figure 1). The sediment bed was approximately 2 m in length and 10 cm wide.
The solution was mixed in an entrance tank prior to passing over the sediment. In
all the experiments the sediments were covered to exclude light, apart from when
the dissolved oxygen profiles were being measured. River bed-sediments were col-
lected from surface sediments (< 5 cm depth) at various river sites (see Table 1),
sieved to 2 mm size, well mixed, and placed in stainless steel trays of dimension
40 × 10 × 5 cm. The surface of the sediment was levelled to the top of the trays
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and the trays placed in a fluvarium channel constructed of acrylic plastic (Figure 1).
Twenty litres of river water from the River Frome were carefully placed in the
channel to give a depth of water overlying the sediment of approximately 3 cm.
The water was continually aerated to maintain DO saturation and recirculated over
the sediment at a velocity controlled by a butterfly valve placed after the pump and
monitored using a flow transducer. The bulk water velocity over the sediment was
calculated from the flow rate in the pump circuit and checked dye tracer measure-
ments at the end of the experiment. The temperature of the sediment was controlled
by circulating water from the nearby River Frome around the outside of the flu-
varium channel. This ensured that natural diurnal changes in temperature were fol-
lowed throughout the experiment. At the end of the experiment, the sediment was
sectioned to obtain material for characterisation, e.g. porosity, organic matter and
particle density measurements. This was achieved by draining the excess water
from the channel to the level of the sediment surface, and sectioning longitudinally
at 1 mm intervals using a tool designed to collect both the porewater and sediment.
The tool consisted of a knife-edge and collection chamber supported on runners
that were fixed to the sides of the channel. The depth of the knife-edge was ad-
justed by screw threads allowing precise positioning of the cutting edge relative to
the sediment surface. The water content and porosity were measured by weighing
after drying at 105 °C overnight and the organic matter after combustion at 550 °C
overnight. The specific surface area of the selected sediment was measured by gas
adsorption (outgassed for 16 h at 60 °C) using a Beckman/Coulter SA3100 and
BET analysis. X-ray diffraction of the sediment was done using a Philips PW 1380
horizontal goniometer with 1710 diffraction control. The particle-size was deter-
mined by sedimentation.

Microelectrode measurements

Dissolved oxygen concentrations in the sediment porewaters were measured using
a microelectrode based on the Clark design with a guard cathode (Diamond Gen-
eral corp., Michigan, USA) and used previously for measurements in lake sediments

Figure 1. Schematic of the fluvarium channel showing the pump, control valve and aeration equipment.
The sediment and overlying water are contained in an acrylic channel surrounded by river water.
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(Martin et al. 1993). The microelectrode was connected to a picoammeter (Kei-
thley) and polarisation voltage adjusted to 750 mV. The current drift was typically
< 2% h−1 and response time of 90% of signal in < 4 s. The microelectrode profiles
through the bulk water, water-sediment interface and sediment in the channel were
measured automatically using a Visual Basic computer program. The analogue out-
put from the ammeter was interfaced to the computer and the position of the elec-
trode was controlled by a stepper-motor connected to the computer giving a depth
resolution for the electrode of 13 �m. The first movement of a sediment particle on
vibrating the electrode was taken as the surface. The electrode was calibrated dur-
ing each vertical profile by firstly noting the signal in the bulk water (nominally
100% saturation as the water was aerated once the sediment was placed in the
channel). The actual DO concentration was measured using a conventional Clark
electrode (Mettler-Toledo) pre-calibrated at 100% saturation and with sodium sul-
phite solution. When the electrode was in the sediment and the signal was inde-
pendent of depth, the zero concentration calibration point was determined. The wa-
ter temperature, atmospheric pressure and temperature during the profile measure-
ment were noted and used to calculate the DO concentration using the equation
given by Benson and Krause (1980) with corrections for water vapour pressure.
Initial experiments with darkened sediments left in the channel for several weeks,
indicated that profiles of DO through the sediment at different locations along the
channel were similar with no systematic changes at the interface discernible.

Experiments

Two main experiments were performed using the bed-sediments described in Ta-
ble 1. The first experiment with Sediment A was to investigate the application of
the models describing concentration changes in the sediment with depth, and also
the temporal changes in oxygen penetration. This involved measuring 30 profiles
of DO over a period of 38 days. The second experiment was designed to investi-
gate the effects of sediment composition and water flow on the DO penetration.
Three sediments of different organic matter content were used. Two were in con-
trasting sediments from the same location, one a river sand (sediment C) and the
other a fine silt (sediment D). A third sediment (sediment E) was made of an ap-
proximately equivolume mixture of the sediments C and D. Triplicate profiles of

Table 1. Sediments used in the experiments. Key: OM is % organic matter by mass. Size fractions: clay
< 2 �m; silt 2–63 �m and sand 63–850 �m.

Code River NGR Dominant size fraction Reference OM

A Blackwater SU885538 Silt (House et al. 2000) 11.3

B Calder SE409258 Silt (Allan et al. 2001) 6–6.5

C Frome SY872887 Sand Thirkette and Barrett (1994) 0.9

D Frome SY871868 Silt Thirkette and Barrett (1994) 16.7

E Frome – Mixture C+D 5.0
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DO concentration through the sediments were made at velocities of 10 cm s−1 at
15 days after mixing and at 20 cm s−1 at 28 days after mixing. Higher velocities
could not be used because of the resuspension of bed-sediment. As all sediments
were only sieved to 2 mm size, some benthic animals, mainly oligochaete worms,
were included. The effects of these were checked in an ancillary experiment with
Sediment B. The sediment was well mixed before use and placed in two fluvarium
channels in the dark. The channels developed different worm densities that were
measured at the end of the experiment by removing a 10 cm section to a depth of
4 cm of sediment for sieving. After 5-weeks, profiles of DO concentration at three
different locations were made in each channel.

Theory

The diffusion of dissolved oxygen into sediment may be described by the differen-
tial equation:

dc�x�/dt � Ds�d
2c�x�/dx2� � g (1)

subject to the boundary conditions c(x) = c0 at x = 0 for t � 0 and where Ds is the
diffusion coefficient of oxygen in the sediment, c is the concentration of dissolved
oxygen in the porewater, x is the distance from the water-sediment interface and
g(x) is a function describing the net reaction of dissolved oxygen in the porewater.
No attempt is made here to distinguish the various reactions that contribute to the
function g but they include both biochemical reactions involving the oxidation of
organic matter by microbes and chemical redox reactions.

The diffusion coefficient of oxygen in sediments may be estimated from the po-
rosity of the sediment from the relationship (Boudreau 1997):

Ds � Dm/�1.0 � ln�2� (2)

where Dm is the molecular diffusion coefficient of oxygen in water and � is the
sediment porosity. The diffusion coefficient, Dm, was taken from the temperature
relationship given by (Han and Bartels 1996):

Log10�Dm� � � 4.410 � 773.8/T � �506.4/T�2 (3)

where Dm is in cm2 s−1.
Several equations have been used to describe the reaction of oxygen in the sedi-

ment porewater, including:
• (a) First–order reaction kinetics.

g�x� � k1c�x� (4)

where k1 is the first-order rate constant.

321



• (b) Zero-order kinetics.

g � k0xf (5)

where xf = �sed (1−�) is the dry mass of sediment in unit volume of wet sedi-
ment, k0 is the zero-order rate constant, �sed the density of sediment particles
and � the sediment porosity.

• (c) Monod equation.

g�x� � xf��kbc�x��/�c�x� � kc�� (6)

where kb and kc are constants. If kc<<c(x) then kb = k0 in equation (5).
• (d) Combined first and zero order.

g � k0xf for c � c1 (7)

g�x� � k1c�x� for c � c1 (8)

where c1 is the transition point from zero-order to first-order kinetics typi-
cally equated with 5% saturation of dissolve oxygen.

Equation (1) was solved numerically using the method of lines with the solution
represented by cubic Hermite polynomials (Sincovec and Madsen 1975). The val-
ues of k1, k0, kb and kc describing the reaction function (g) were determined nu-
merically by either iteration (for Equations (4) and (5)) or a Simplex algorithm for
two parameter functions. The optimisation of the rate constant was achieved by
minimising the root-mean-square of the deviations between the calculated and ex-
perimental data. The experimental data of the variation of the oxygen concentration
with depth were selected from the surface to a maximum depth where c(x) = 0 and
fitted using cubic splines so that 20 equidistant data points were interpolated within
the interval. The oxygen flux was calculated by Fick’s First Law from the best fit
of the model using 5 points nearest to the interface. The penetration depth of oxy-
gen (�) was determined as the distance from the interface to the depth at which the
DO concentration reached zero.

The results using Equation (5) were found to agree with the steady-state limit
Bouldin (1968):

c�x� � Ax2/sDs � �2c0A/Ds�
1/2x � c0 (9)

where c(x) = c0 at x = 0 and A is a rate constant in units of �mol dm−3 s−1. If c(x)
is in �mol dm−3 then the first-order rate constant may be written:

k0 � A/��sed�1 � ��� (10)

in �mol kg−1 s−1. Also with this model and steady-state limit, the penetration depth
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of oxygen may be written as (Cae and Sayles 1996):

� � 2�Dsc0/F0 (11)

where F0 is the DO flux at x = 0 calculated from:

F0 � � �Dsdc�x�/dx

Results and discussion

Investigation of the temporal changes in oxygen penetration

These experiments were with Sediment A from the River Blackwater (Table 1). This
relatively small lowland river is on the county boundary between Surrey and Hamp-
shire, accumulates fine organic rich sediment in several reaches and is heavily im-
pacted by treated sewage effluent. The sediment was composed of a mixture of
quartz (69%), vivianite (22%), calcite (3%), dolomite (3%) and clay (3%). The clay
was dominated by illite (38%), expandable clays (45%) and kaolinite (17%). The
particle size distribution was dominated by the 68% silt fraction, with 21% sand
and 11% clay. The specific surface area was found to be 8.4 m2 s−1.

The sediment was placed directly in the fluvarium channel. The mean tempera-
ture during the measurements over 38 days was 18.4 °C with a range of 18.0 to
19.3 °C. The mean pH of the water was 8.28 with a range of 8.00 to 8.60. The
mean temperature on the day of the measurements was used in the modelling (see
Table 2) and no account was taken of the natural diurnal changes. The overlying
water was aerated at all times.

Examples of the changes in DO concentration profiles measured from the sedi-
ment – water interface to the point where the DO concentration was zero, are shown
in Figure 2a. During the first day, the penetration of DO was � 1 mm (see Table 2)
and thereafter this increased to reach almost 3 mm after 38 days (Figure 2a). On
chosen days throughout the experiment, replica profiles were completed at different
positions on the bed. The data from the microelectrode profiles made in replica on
the same day, i.e. days zero, 1, 2, 7, 14 and 37–38 from the start as collated in
Table 2, were analysed numerically as described above with �sed = 2.7 ml g−1 and
porosity of 0.80. The root-mean-square (rms) deviations were consistently higher
for the first-order optimisations by a factor of approximately 2. Better agreement
was found with the combined first and zero-order equation although the optimisa-
tion was not very sensitive to the first-order rate constant and gave similar rms val-
ues to the zero-order function alone, e.g. the last profile gave a k0 = 0.08
�mol kg−1 s−1 and k1 = 0.0051 s−1 and rms of 6 which compared with a value of
k0 = 0.13 �mol kg−1 s−1 and rms of 7 for the zero-order function alone. The other
two-parameter function, the Monod equation, produced good agreement with the
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experimental data, especially for the profiles measured on the first day. The kb val-
ues calculated for the Monod function were close to the corresponding k0 values
and the solution was generally insensitive to the choice of kc (Equation 6). The rms
values after the first day were similar to those from the optimisation with the zero-
order function. Hence for the majority of the analysis the zero-order solution was
used to describe the DO profiles.

The results of calculations using the Monod or zero-order rate functions, indi-
cate a large decrease in the reaction during the first 7 days (Figure 2b and Table 2)
corresponding to an increase in the penetration depth (Figure 3a) and five-fold de-
crease in the DO flux across the interface (Figure 3b). The time to reach a steady-
state DO profile for the experimental conditions and with k0=1 �mol kg−1 s−1 was
examined and found to be < 60 min (Figure 4). This is in general agreement with
the experimental results obtained by (Revsbech et al. 1980) for profiles in marine
sediments with photosynthetic organisms; the steady-state was achieved after 30
mins at 10 °C and < 10 min at 18 °C. As the temperature changes during the ex-
periment were relatively small (Table 2), changes in SOD had to be caused by other
factors such as a decrease in porosity of the sediment as particles initially settled in
the bed, and changes in the microbial community or oxidation processes that oc-
curred during the experiment. Simulations of DO profiles that developed over 1
hour for different sediment porosities showed that the depth of penetration of oxy-

Table 2. Temporal changes in dissolved oxygen penetration into sediment A over a period of 38 days.
k0 is the zero-order rate constant unless otherwise denoted, and rms is the root-mean-square deviation
between the model prediction and the experimental dissolved oxygen profiles. For values listed with *,
the Monod equation gave the best fit with kb listed as k0 and kc= 0.06, 0.10 and 0.13 � mol dm−3 for
the first three profiles.

Time/d Mean temp./°C k0/�mol kg−1

s−1

rms/�mol

dm−3

Flux/nmol m−2

s−1

Penetration

depth/mm

0.06 20.1 4.67* 24 985 0.98

0.17 18.9 0.88* 7 470 1.25

0.32 18.9 1.74* 14 677 0.93

1.10 18.6 1.79 13 690 0.74

1.19 19.1 1.33 13 583 1.06

1.28 19.3 1.03 11 525 1.20

2.07 18.7 0.52 18 367 1.64

2.42 18.5 0.51 12 368 1.55

7.05 18.2 0.26 13 256 2.34

7.20 18.6 0.24 22 243 2.37

7.30 18.6 0.22 9 239 2.40

14.07 18.9 0.44 11 332 1.93

14.19 19.3 0.26 10 254 2.20

37.20 18.7 0.18 13 210 2.77

38.25 18.7 0.13 7 187 2.53
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gen decreased as the porosity was reduced and therefore cannot explain the trend
shown in Figure 3a.

As the steady-state profile is achieved rapidly in these experiments, it is possible
to test the relationship of (Cae and Sayles 1996). This model assumes zero-order
kinetics, a steady-state profile, a uniform reaction of oxygen through the profile and
negligible porewater irrigation. The rate constant, A, calculated from Equation (9)
agreed with k0 (Equation 5). The relationship between the penetration depth and

Figure 2. Results of the investigation of temporal changes in dissolved oxygen movement in Sediment
A. (a) Changes in the measured dissolved oxygen concentration profile with time. (b) Variations in the
oxidation rate constant during the experiment.
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the inverse of the DO flux at the interface (Table 2) was linear (R2 = 0.92) as shown
in Figure 5a with a slope of 568 ± 16 nmol m−1 s−1 which is close to the predicted
value of 664 nmol m−1 s−1 from Equation (11). This equation has been found to be
valid for continental margin marine sediments (where penetration depths are sev-
eral centimetres) (Cae and Sayles 1996). The results obtained here support the
proposition by Cae and Sayles (1996), that the model can be used to describe small
scale (mm depth) DO penetration depths typical of organic rich sediments.

The ancillary experiment to investigate the effects of low densities of oligocha-
ete worms also gave good agreement with the zero-order model with the rate con-

Figure 3. Results from the analysis of the temporal changes. (a) Trend in the increase in thickness of
the oxic layer during the experiment. (b) Changes in the dissolved oxygen flux at the interface.
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stants in the two channels of 0.044 (0.003 SD) �mol kg−1 s−1, and 0.039 (0.003
SD) �mol kg−1 s−1 for worm densities of ca. 200 m−2 and 1200 m−2. These were
mainly Limnodrilus ssp. and Potamothrix ssp. with some Tubifex ssp. of 1–2 cm in
length. At relatively low densities, no effects on the DO flux could be established
with values of 100 (5 SD) and 109 (4 SD) nmol m−2 s−1 (SD: Standard Deviation)
for the low and high densities respectively. Although the respiration of animals cer-
tainly affects the SOD of river sediments (Edwards and Rolley 1965), this is not
reflected in the DO concentration profiles, as the effects are likely to be localised to
the immediate vicinity of the burrows.

Effects of water velocity and sediment composition

These experiments were performed with sediments C, D and E. Sediment C was
dominated by a sand fraction (95%) with silt (4.6%) and clay (0.4%) whereas Sedi-
ment D was dominated by a silt fraction (51%) with sand (15%) and clay (34%).
The DO profiles were measured several days after mixing to ensure that changes in
the profile were relatively slow (Figure 2b). The pH of the overlying water was
8.34 ±. 0.07 (n = 7) at the time of measurement, the DO was 100 ± 2% (n = 7) and
temperature was 8.6 °C at the lower flow velocity (adjusted to 10 cm s−1) and 12.7
°C at the higher flow velocity (adjusted to 20 cm s−1) although differences in the
sediment temperature during the measurements was expected to be less than this.

The results from the analysis of the DO profiles for the three sediments obtained
at two flow velocities are given in Table 3, and the characteristics of the surface
sediments obtained at the end of the experiments after longitudinally sectioning the
sediment, in Table 4. There was a good correlation (R2 = 0.94) between the rate
constant from the steady-state model and the numerical solution based on the zero-
order function. The rms values (Table 3) are of similar magnitude to those in Table 2

Figure 4. Theoretical dissolved oxygen concentration profiles generated for Sediment A with k0 = 1
�mol kg−1 s−1 as steady-state is approached.
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and the DO fluxes are lower, even for the organic rich sediment, D, probably as a
result of the differences in temperature of the two experiments (Edwards and Rol-
ley 1965). For example, Chen et al. (1999) observed an approximate doubling in
SOD between 11 and 18 °C for a tidal river sediment. The sediments cover a range
of properties typical of river sediments (Table 4).

An analysis of the zero-order rate constants obtained for each sediment type in
the two flow conditions, failed to show any significant differences caused by velo-
city (t-test with a Confidence Level, CL, 95%). The same remained true when the
data for each series were corrected to 20 °C using the relationship of Seiki et al.

Figure 5. Regression relationships obtained according to Equation (11). (a) Sediment A, R2 = 0.92. (b)
Sediments C, D and E, R2 = 0.30.
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(1994). Previous research by Mackenthun and Stefan (1998) using a fluvarium
channel, has shown that the SOD depends on water velocity up to a limiting value
depending on factors such as the reaction rates and sediment characteristics. For
lake sediment, they found a velocity dependence between 0 and 3 cm s−1 with no
increase in SOD between 3 and 7 cm s−1 but for sawdust, they found a dependence
with velocity up to 10 cm s−1. The present results are consistent with those from

Table 3. Results of microelectrode measurements of oxygen penetration into three different sediments.
Key: Low, low velocity (10 cm s−1); High, high velocity (20 cm s−1); DBL, rms, root-mean-square
deviation between experimental DO profiles and calculated.

Sediment

code

Velocity

category

A/10−3

�mol dm−3

s−1

k0/10−2

�mol kg−1

s−1

rms/�mol

dm−3

Flux/nmol

m−2 s−1

Penetration

depth/mm

D Low 11.1 5.11 14 96 6.27

D Low 21.8 9.02 11 129 4.77

D Low 14.7 5.67 6 104 5.50

Mean Low 15.9 6.60 110 5.51
E Low 6.2 0.91 12 52 5.41

E Low 3.3 0.58 13 43 6.03

E Low 1.7 0.22 9 36 6.72

Mean Low 3.7 0.57 44 6.05
C Low 2.5 0.17 37 13 9.10

C Low 3.3 0.17 14 12 11.02

C Low 4.8 0.30 17 16 9.93

Mean Low 3.5 0.21 14 10.02
D High 14.5 4.69 19 93 5.82

D High 14.3 3.47 27 88 5.81

Mean High 14.4 4.08 91 5.82
E High 3.7 0.33 10 35 7.90

E High 7.3 0.65 16 45 6.21

Mean High 5.5 0.49 40 7.06
C High 6.8 0.36 21 17 10.63

C High 4.6 0.14 41 13 6.77

Mean High 5.7 0.25 15 8.70

Table 4. Sediment characteristics

Sediment code Sediment layer/mm �/m2 g−1 OM/% Porosity

C 0–2 0.90 7.6 0.43

C 2–4 0.86 5.3 0.44

D 0–2 9.58 17.7 0.96

D 2–4 9.75 18.0 0.89

E 0–2 3.52 0.95 0.87

E 2–4 3.09 0.89 0.76
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the lake sediment with no velocity effect on the DO flux for river sediments at ve-
locities between 10 and 20 cm s−1 suggesting that reactions in the sediment are rate
limiting rather than the diffusion of oxygen across the interface.

The rate constants show a linear increase with organic matter content (r2 = 0.80,
n = 15) and slightly improved correlation with the product of the specific surface
area and organic matter content (r2 = 0.84, n = 15). However, the reaction rate for
the mixed sediment (E) was lower than calculated from the mixing ratio. The pen-
etration depth increased with decreasing amount of organic matter (Table 3) and a
regression according to Equation (11) produced a poorer correlation than previously
(Figure 5b).

A more detailed examination of the changes in DO at the interface (Figure 6)
reveals that only the fine sediment (D) gave evidence of a Diffuse Boundary Layer
(DBL) discussed by Jorgensen and Revsbech (1985). This was estimated as 0.27 ±
0.18 mm for the low velocity and 0.16 (n = 2) for the high velocity, which are
similar to the DBL thickness of 0.16 mm at 7.7 cm s−1, measured above a micro-
bial mat (Jorgensen and Marais 1990). However, for the coarser sediments, there
was no evidence of a diffuse layer. The profile for sediment C indicated that the
DO concentration remained at saturation for up to 1 mm below the point marked as
the surface. This reflects the topography at the surface with coarser material in
Sediment C producing an irregular interface and also reflects the method of locat-
ing the surface of the sediment, i.e. the first point of contact of the microelectrode
tip with particles at the surface. Sand particles up to 2 mm in diameter located at
the interface, protrude into the flow whereas in the finer sediment, the surface is
closer to planar with the larger particles submersed in the majority of the silt frac-
tion. The same changes in profile were found for the experiments at both velocities
indicating the effect was not detectably influenced by advection of water into the
sediment but by the irregular nature of the interface of the three sediments. As no
DBL was detected in sediments C and E, the transport of DO is limited by oxida-
tion reactions in the sediment and not diffusion through the boundary layer, as found
for the organic rich sediment (D). This is consistent with the lower fluxes of ca 40
and 15 nmol m−2 s−1 for the two coarser sediments compared with ca 100
nmol m−1 s−1 for the silt sediment (Table 3). However, the existence of a DBL for
sediment D does not cause a measurable effect of water velocity on the DO flux.

Conclusions

There are no measurements of dissolved oxygen concentration changes in river
sediments in the literature although many have been reported for marine sediments
and biofilm mats. The application of various models to describe the vertical DO
profile in sediments gave best agreement with oxidation described by zero-order
kinetics (with respect to DO concentration) and the Monod equation. Temporal
changes in the DO profiles that developed in a bed-sediment showed that after
mixing a sediment, although a steady-state DO profile was expected within < 1 h,
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changes in the profile and derived rate constant and flux at the interface occurred
over a period of 38 days. The penetration of oxygen increased with time, probably
as a result of changes in the oxidation reactions or microbial community. A general
agreement was found between the depth of penetration of oxygen and the inverse

Figure 6. Changes in the DO profile measure at the interface at low velocity (10 cm s−1). The arrows
indicate the position of the intersection of the lines through the bulk water concentration and the linear
region of the concentration decrease in the sediment (a) Sediment D. (b) Sediment E. (c) Sediment C.
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of the flux at the interface as given in Equation (11). This is in accord with the
results from continental marine sediments. It was also found that low densities of
oligochaete worms had no detectable effect on the DO concentration profiles.

Measurements with three sediments of different organic matter content and par-
ticle size, showed that the rate constant for the reaction of oxygen increased with
organic matter content and the specific surface area of the sediments. The results at
two velocities of water-flow (10 and 20 cm s−1) concluded that there was no de-
tectable effect on the DO flux at the interface or the computed rate constant. As no
viscous or diffuse boundary layer was detected for either of the coarse sediments, it
is surmised that the rate limiting steps in the transport process are the reactions in
the sediment rather than diffusion across the boundary layer. As many river sedi-
ments are relatively coarse, it is difficult to define a �surface layer� through elec-
trode profiles as sand particles of 1–2 mm size may protrude into the flowing water
and make contact with the microelectrode tip.
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