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Abstract Sediment plays a key role in controlling the oxygen
demand of aquatic systems. The reaction rate, penetration
depth, and flux across the sediment–water interface (SWI)
are important factors in sediment oxygen consumption. How-
ever, there were few methods to collect these data until re-
cently. In this study, methods were developed to simulate the
oxygen microprofile and calculate the sediment oxygen con-
sumption rate, oxygen penetration depth, and oxygen flux
across the SWI. We constructed a sediment oxygen measuring
system using an oxygen microelectrode and a control device.
The simulation equations were derived from both zero and
first-order kinetic models, while the penetration depth and the
oxygen flux were calculated from the simulation results. The
method was tested on four prepared sediment samples. De-
creases in dissolved oxygen in surface sediment were clearly
detected by the microelectrode. Themodeled data were a good
fit for the observed data (R2>0.95), and zero-order kinetics
were more suitable than first-order kinetics. The values for
penetration depth (1.3–3.9 mm) and oxygen fluxes (0.061–
0.114 mg/cm2/day) calculated by our methods are comparable
with those from other studies.
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Introduction

Dissolved oxygen (DO) is the most important parameter in
water. The proportion of oxygen in air that dissolves in water
is about 35 %; its solubility is governed by physical and
biological processes (Wetzel 2001). This double-bonded,
two-atom molecule is essential to the metabolism of all aero-
bic aquatic organisms. Reduced oxygen levels have been
shown to cause lethal and sublethal effects in various organ-
isms, especially fish (Alabaster and Lloyd 1982). Moreover,
oxygen controls the cycling of many elements in aquatic
systems, such as the degradation of organic matter in sediment
(Holmer 1999), the accumulation of ammonia in lake hypo-
limnion (Beutel 2001), and the release and uptake of cobalt,
manganese, iron and phosphate (Sundby et al. 1986; Torres
et al. 2013).

The issue of oxygen depletion in aquatic environments has
aroused much attention worldwide. It is well known that
sediment plays a key role in the oxygen demand of aquatic
systems and there have already been many studies on sedi-
ment oxygen consumption (Zahraeifard and Deng 2012;
Martin et al. 2013). Several factors, including the oxygen
reaction rate, the depth in the sediment to which oxygen
penetrates, and the oxygen flux at the sediment–water inter-
face (SWI), have been studied repeatedly. These studies have
shown that the oxygen consumption rate in the sediment is
related to organic matter and oxygen concentration (Cai and
Sayles 1996) and, in most cases, zero- or first-order reaction
kinetics apply (Wang 1981). For first-order kinetics, there is a
linear relationship between the reaction rate and the oxygen or
organic matter content, while for zero-order kinetics, the re-
action rate is independent of both of them. Some studies have
shown that dividing the organic matter into two groups, rapid
reaction and slow reaction, can improve the accuracy of the
oxygen reaction rate calculation (Brady and Testa 2013).
Besides organic matter, reduced substances, such as Fe and
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Mn, are incorporated into the sediment oxygen reaction kinet-
ics so that the reaction process can be modeled more precisely
(Cai et al. 2010). Based on the reaction kinetics, the factors
affecting sediment oxygen consumption can be identified
quantificationally, and rates of oxygen consumption can be
predicted.

The depth to which oxygen penetrates in the sediment is
significant to transformations of many elements. The bottom
of the oxic zone in surface sediment is an important redox
boundary that is regulated by organic carbon degradation and
oxygen transport. The oxygen penetration depth defines the
thickness of the oxic zone and is therefore a significant pa-
rameter in the sediment. It plays a key role in fluxes of
methane (CH4), hydrogen sulfide (H2S), and other redox
substances in sediment (Sweerts et al. 1991). The degree of
nitrification is also highly dependent on the oxygen penetra-
tion (Henriksen 1980). Generally, the oxygen penetration
depth is very limited, ranging from tens of microns to several
millimeters. In Chesapeake Bay sediment, the oxygen pene-
tration depth was less than 1 mm (Kemp et al. 1990), while in
an aquatic sediment with burrows and roots, all the oxygen
was consumed in the top 1–5 mm (Meysman et al. 2010).
Examination of the oxygen profile of an incubated sediment
showed that the maximum oxygen penetration was no more
than 8 mm (Louati et al. 2013). Because of the small scale
involved, it is not easy to detect oxygen penetration in the
sediment, which prevents this measurement beingwidely used
in studies of dissolved oxygen in sediment.

The oxygen flux across the SWI, or sediment oxygen
demand (SOD), is also important for aquatic systems because
it directly determines the DO content of the overlying water.
SOD accounted for 42 % of the overall oxygen depletion in
the hypolimnion of Lake Erie (Di Toro and Connolly 1980)
and may be responsible for about 50 % of the total oxygen
depletion in some rivers (Hanes and Irvine 1966). The term
SOD includes oxygen demand from two separate processes:
biological respiration of all living organisms and chemical
oxidation of reduced substances (Wang 1980). It can be mea-
sured by many methods, including batch, continuous flow,
manometer, and electrolyte and dehydrogenase activity; these
methods have been reviewed in detail by Bowman and
Delfino (1980). However, these methods are time-
consuming or difficult to apply in field research. Previous
studies have used oxygen microprofiling to calculate the
oxygen flux. Based on the oxygen profile, oxygen fluxes
across the SWI were estimated to be in the range 6.07–
14.9 mmol m−2 day−1 (Xu et al. 2009). The differences be-
tween microprofiles from both sides of the SWI have also
been reviewed by Bryant et al. (2010). On the whole,
microprofiling is a fast in situ method for analyzing SOD.

In the past, DO measurements were limited to the water
column because no adequate methods were available for its
detection in sediments. Measurements of sediment oxygen by

extracting pore water have been reported by several authors
(Brafield 1964; Hargrad 1972), but it is not easy to obtain
reliable results in this way. However, the development of
microelectrodes means that DO profiles in sediment can be
detected. Revsbech et al. (1983) measured oxygen profiles
within the microbial mat of lake sediment using a potentio-
metric microelectrode. Jorgensen and Revsbech (1985) found
that the roughness of the sediment surface has an effect on the
oxygen uptake process by recording the oxygen profile with a
polarographic microelectrode. In 1995, Brendel and Luther
(1995) developed the gold amalgam voltammetric microelec-
trode and provided a new way to analyze redox processes in
the sediment. This kind of moderately sized (about 200 μm)
high-strength microelectrode is optimal for fresh water
sediment.

Although the DO microprofile has been used to detect the
penetration depth (Xu et al. 2009) and calculate oxygen flux
(Sweerts et al. 1991), there has been little discussion about
how the sediment DOmicroprofile should be analyzed. In this
study, we constructed a sediment oxygen measuring system,
which was composed of a gold amalgammicroelectrode and a
control device. Using this system, the DO microprofiles of
four prepared sediments were measured. The oxygen reaction
rate, penetration depth, and flux across the SWI were analyzed
from the microprofiles. The aim of this study was to provide
methods to analyze DO microprofiles from modeling.

Materials and methods

Oxygen microelectrode preparation

In this section, we briefly describe the method for making a
gold amalgam microelectrode; however, a more detailed ex-
planation has been provided by Brendel and Luther (1995).
We used aluminosilicate glass tubes with a 3-mm inner diam-
eter and a 4-mm outer diameter. The middle of the glass tube
was heated, and the tip was stretched until its diameter was
less than 0.4 mm.Meanwhile, we connected a 5-cm-long gold
wire (100-μm diameter) to a 10-cm long silver wire (0.5-mm
diameter) using conductive silver epoxy. The gold wire was
inserted into the tip of the glass capillary and then sealed by
the epoxy. We injected the epoxy into the larger diameter of
the glass tube using a syringe and allowed the epoxy to drain
slowly through the smaller diameter of the glass tip. The
epoxy was an effective sealant that made the electrode more
waterproof (Luther et al. 2008). Once the epoxy had solidi-
fied, the end of the silver wire was ready to be used as the
electrical contact of the gold electrode.

We polished the tip of the electrode using an EG-44
micropolisher (Narishige) and then washed it in an ultrasonic
cleaner for 40 s. After the final polishing, the electrode was
plated with mercury (Hg) by reducing Hg (II) from a mercury
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nitrate (0.1 M Hg (NO3)2) electrolyte at a potential of −0.10 V
versus a solid-state silver/silver chloride (Ag/AgCl) electrode
for 3 min. A mercury layer about 40-μm thick was visible on
the gold disk when examined under an optical microscope.
The gold/mercury (Au/Hg) amalgam interface was condi-
tioned using a −9 V polarization for 90 s in a 1 N NaOH
solution. Dissolved oxygen was calibrated using the Winkler
titration method, which was fully described by Brendel and
Luther (1995).

Measure and control system

The DO measurement instrument was based on the CHI 660
electrochemical analyzer and a standard three-electrode system
was adopted: The mercury–gold (Hg–Au) microelectrode was
the working electrode, the Pt wire was the counter electrode,
and the solid Ag/AgCl electrodewas the reference electrode. To
make a solid Ag/AgCl electrode, we placed the silver (Ag) wire
into a chloride solution and polarized it for 20 s using a 9-V
battery (Ag wire on the+terminal and platinum (Pt) wire on the
terminal) so that a coating of silver chloride (AgCl) would form
on the Ag wire (Luther et al. 2008).

During sample measuring, the Pt electrode and the solid
Ag/AgCl electrode were first put into the overlying water, and
the Hg–Au microelectrode moved downward to the sediment
controlled by a micromanipulator (Fig. 1). The downward
movement of the microelectrode tip was adjusted using the

coarse and fine rotary knobs of a micromanipulator, which
could control downward movement of the electrode tip at a
minimal step of 0.01 mm.

We used square wave voltammetry to measure DO at a
single potential scan from −0.10 to −1.75 V vs Ag/AgCl.
According to Luther et al. (2008), a higher scanning frequency
usually produces a higher current signal, and a lower scanning
frequency may produce a better shape for the current signal. A
scanning rate of 25 Hz was chosen for balance, with a square
wave amplitude of 25 mVand a step increase of 4 mV. It took
20 s to scan the full potential range for each measurement. We
scanned three times at each depth and took the mean value as
the final result.

Method for analyzing the oxygen profile

Simulation of vertical DO distribution

The DO microprofile was simulated under steady-state condi-
tions. To achieve steady state, (1) the oxygen at the interface
should remain constant for a sufficiently long time interval so
that all the oxygen that diffuses across the interface is consumed
in the oxic zone and (2) the depth of the oxidized zone should be
static and should not change with time (Bouldin 1968). Under
steady-state conditions and negligible advection, the oxygen
profile in the pore water of sediment results from a balance
between diffusion and reaction (Cai and Sayles 1996) such that:

d

dz
φDs

dc

dz

� �
−Ro2 ¼ 0 ð1Þ

where z is the sediment depth,Ds is the diffusion coefficient in
the sediment pore water, c is the DO concentration, RO2 is the
oxygen consumption rate, andφ is the porosity. The rate term,
RO2, is most often expressed by first- or zero-order kinetics.
We solved the equation for both situations.

For first-order kinetics, Eq. (1) becomes

φDs
d2c

dz2
¼ k1c ð2Þ

where k1 is the first-order reaction kinetics constant. The
general solution of Eq. (2) is

c ¼ c1e
−z

ffiffiffi
K

p
þ c2e

−z
ffiffiffi
K

p
ð3Þ

where c1 and c2 are constants and K=k1/(φDs). The boundary
conditions can be calculated as

c z ¼ 0ð Þ ¼ c0 and z ¼ ∞ð Þ ¼ 0 ð4Þ

coarse 
knob

f ine 
knob

W

CR

sediment

water

Fig. 1 Schematic of measuring and controlling system. R is reference
electrode, C is counter electrode, W is working electrode. Coarse knob
and fine knob are used to adjust the altitude of working electrode
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where c0 is the oxygen concentration in the SWI. To satisfy
the boundary condition (4), c1=0 and c2=c0, whichmeans that
the solution of Eq. (2) is

c ¼ c0e
−z

ffiffiffi
K

p
ð5Þ

For zero-order kinetics, Eq. (1) becomes

φDs
d2c

dz2
¼ k0 ð6Þ

where k0 is the zero-order reaction kinetics constant. The
general solution of Eq. (6) is

c ¼ 1

2
Kz2 þ c1zþ c2 ð7Þ

where K=k0/(φDs), c1, and c2 are constants. Considering that
the oxygen profile is monotonically decreasing and the min-
imal value is zero, the boundary conditions can be expressed
as

c z ¼ 0ð Þ c0 and c
dc

dz
¼ 0

� �
¼ 0 ð8Þ

Under these conditions, c1=±
ffiffiffiffiffiffiffiffiffiffi
2c0K

p
and c2=c0. As

downward is positive, c1 is assigned a negative value. To
conclude the calculations, the solution for Eq. (6) is calculated
as follows:

c ¼ 1

2
Kz2−

ffiffiffiffiffiffiffiffiffiffi
2c0K

p
� zþ c0 ð9Þ

The measured DO microprofile was simulated using
Eqs. (5) and (9) in Origin 8 using nonlinear fitting tools. The
simulated K value was assumed to be the oxygen reaction rate
constant and c0 was assumed as the oxygen concentration in
the SWI. The adjusted R2 was selected to evaluate the model
fitting results.

Calculation of oxygen penetration depth in sediment

To calculate the oxygen penetration depth δ, we defined the
anoxic condition as the DO concentration c less than a critical
value ch (Fig. 2). In this way, the penetration depth can be
solved by giving c a value equal to ch in Eqs. (5) or (9). For
first-order reaction kinetics, we substituted c=ch into Eq. (5),
giving a solution of

z ¼
In

c0
ch

� �
ffiffiffiffi
K

p ¼ δ ð10Þ

For zero-order reaction kinetics, we substituted c=ch into
Eq. (9), giving a solution of

z ¼
ffiffiffiffiffiffiffiffiffiffi
2Kc0

p � ffiffiffiffiffiffiffiffiffiffi
2Kch

p
K

ð11Þ

According to Fig. 2, the larger solution of Eq. (11) should
be rejected, giving a final solution of

z ¼
ffiffiffiffiffiffiffiffiffiffi
2Kc0

p
−

ffiffiffiffiffiffiffiffiffiffi
2Kch

p
K

¼ δ ð12Þ

when ch=0.2 mg/L (Higashino 2011) and the simulated K and
c0 were substituted into Eqs. (10) and (12) to obtain penetra-
tion depths δ for these two conditions.

Calculation of oxygen flux through the oxygen profile

Fick’s First Law was used to calculate the oxygen flux across
the SWI (Sweerts et al. 1991; House 2003). It was expressed
as follows:

F0 ¼ φ� Ds� dc

dz
z ¼ 0ð Þ ð13Þ

[O2]
c(z)

Depth
z

ch sediment-water interface

dzdc(z)DF s
0

Fig. 2 Calculation of penetration depth and oxygen flux through DO
microprofile. δ the penetration depth, ch the threshold to calculate the
oxygen penetration depth, F0 oxygen flux across the SWI, φ sediment
porosity, Ds diffusion coefficient in sediment pore water
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We can measure the porosity (φ) or obtain its value by
referring to other studies. The diffusion coefficient in sediment
pore water (Ds) can be derived from the following equation
(House 2003)

Ds ¼ Dm 1−Inφ2
� � ð14Þ

where Dm is the molecular diffusion coefficient in water. The
DO gradient in the SWI dc

dz z ¼ 0ð Þ can be obtained by first
derivation of the oxygen profile equation. We will discuss this
for zero- and first-order reaction kinetics respectively.

In the case of a first-order reaction, using a derivative with
respect to z in Eq. (5), the DO gradient in the SWI can be
expressed as

dc

dz
z ¼ 0ð Þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2� K � c0

p
ð15Þ

Substituting Eqs. (14) and (15) into Eq. (13) gives the
following result for the final sediment oxygen flux:

F0 ¼ φ�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2� K � c0

p
� Dm 1−Inφ2

� � ð16Þ

In the case of the zero-order reaction, a similar procedure is
carried out for Eq. (9), and the DO gradient in the SWI
becomes:

dc

dz
z ¼ 0ð Þ ¼ c0

ffiffiffiffi
K

p
ð17Þ

Substituting Eqs. (14) and (17) into Eq. (13) gives the final
sediment oxygen flux:

F0 ¼ −φ� c0 �
ffiffiffiffi
K

p
� Dm 1−Inφ2

� � ð18Þ

Sediment preparation and sediment porosity measurements

Four surface sediment samples, collected from the Ziya River,
Hebei Province, China, were used in this study. The physio-
chemical properties are listed in Table 1. The organic matter
contentswere especially high for sediment 1 and sediment 2. The
water content of the four sediment samples ranged from 64.18–
70.55 %, and variation in the particle size (mean volume diam-
eter) and specific surface area between the samples is shown in
Table 1. The river water in sediment sample 4 was red during
collection, which was due to an iron-rich wastewater discharge.

Table 1 shows that Fe andMn concentrations in sediment 4 were
much higher than in other sediments.

The sediment samples were maintained at 4 °C during trans-
port to the laboratory. Before analysis, about 70-g sediment was
mixed with 200-ml deionized water in a 400-ml beaker. The
plant residues and detritus in sediment were removed to prevent
damage to the microelectrode during the oxygen profile measur-
ing. The suspended sediment settled quickly and was incubated
in the dark at 25 °C for about 2 days. After the incubation, a
distinct, stable sediment–water interface that was suitable for the
oxygen profile measuring had formed.

The sediment porosity of each sample was measured when
the oxygen profiling was finished. It was calculated using the
following formula (Berner 1980)

φ ¼ V pw

V b
ð19Þ

where Vpw was the volume of pore water and Vb was the bulk
volume of the sediment. The specific experiment procedures
were as follows: First, the SWI and the top of the overlying
water were marked on the beaker (These marks are used later
to determine the volume of bulk sediment and overlying
water.). The beaker was weighed and the mass M1 was re-
corded. The beaker was then placed into a drying oven at a
temperature of 105 °C until the water had dried up. The beaker
was reweighed and the mass M2 was recorded. Finally, the
beaker was washed and water was added up to the marks. The
volume of the added water between the two marks was mea-
sured and recorded as V1 and V2. V1 is equal to Vb, and volume
of pore water was calculated as follows:

V pw ¼ M pw

ρw
¼ M 1−M 2−V 2 � ρwð Þ

ρw
ð20Þ

whereMpw was the mass of pore water and ρw was density of
water and was equal to 1. The porosity was calculated by
substituting Eq. (20) into Eq. (19) as follows:

φ ¼ M 1−M 2−V 2 � ρwð Þ
V 1 � ρw

ð21Þ

Results and discussion

DO microprofiles and the reaction kinetics

The DO microprofiles of the four prepared sediments are
shown in Fig. 3. Oxygen was rapidly exhausted and concen-
trations approached zero several millimeters into the sediment.
Generally, the oxygen concentration will decrease
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immediately below the SWI. DO declines in the pore water
mainly through biological catalytic processes, such as organic
carbon consumption by benthic organisms or aerobic bacteria,
and by biologically mediated oxidation of reduced inorganic
species (Santschi et al. 1990). The observed DO changed
smoothly although there was some variation between the first
and last few data points. However, in real sediments, larger
variation may be expected in the DOmicroprofile because the
sediment structure is heterogeneous. In some cases, the oxy-
gen levels may even show peaks below the SWI as a result of
the burrowing effect of macroinvertebrates (Hebert et al.
2007). In our study, the prepared sediment was homogeneous
and no macroinvertebrates existed, so there were no large
fluctuations in the DO microprofiles. The vertical DO profile
in the sediment pore water indicated that the microelectrode
was reliable.

We can see from Table 2 that the R2 for the zero-order
reaction was higher than for the first-order reaction for all the
sediments. The zero-order reaction model, therefore, was

more suitable for the sediments, and the microorganisms were
the main factors controlling the kinetics of DO consumption in
sediments. The following equation (Rabouille and Gaillard
1991) describes the relationship between the DO consumption
rate and the DO concentration:

R02 ¼ k � 02½ �
02½ � þ KO2

ð22Þ

where k is the rate constant, [O2] is the DO concentration, and
KO2 is the half saturation constant. This means that when DO
is much larger thanKO2, RO2 will be independent of DO. Also,
if DO is smaller than KO2, RO2 will be dependent on the DO
concentration. Heterotrophic bacteria reach half their maxi-
mum growth rates when oxygen concentrations are 0.1 mg/L,
whereas nitrifying bacteria reach half their maximum growth
rates at concentrations between 0.5 and 4.0 mg/L (Stenstrom
and Poduska 1980). In this study, organic matter content in

Table 1 The physiochemical properties of sediment samples

Sample
number

Content of organic
mattera (%)

Content of Feb

(mg/g)
Content of Mnb

(mg/g)
Content of water
(%)

Mean volume diameterc

(μm)
Specific surface areac

(m2/g)

1 23.64 30.85 0.34 69.23 42.81 0.424

2 29.13 18.02 0.25 72.74 98.77 0.291

3 4.46 3.63 0.03 64.18 68.93 0.351

4 8.85 156.42 0.96 70.55 37.66 0.399

aMeasured by loss on ignition
bMeasured by inductively coupled plasma optical emission spectrometer (ICP-OES)
cMeasured by Malvern laser particle size analyzer

4

3

2

1

0
0 1 2 3 4 5 6 7

 DO(mg/L)

de
pt

h(
m

m
)

sediment 5

4

3

2

1

0
0 1 2 3 4 5 6 7

 DO(mg/L)

sediment 6

4

3

2

1

0
0 1 2 3 4 5 6 7

de
pt

h(
m

m
)

sediment 26

4

3

2

1

0
0 1 2 3 4 5 6 7

 observed
 0st simulated
 1st simulated

sediment 27

Sediment 1 Sediment 2

Sediment 3
Sediment 4

Fig. 3 Measured DO
microprofiles and the simulation
results in four prepared
sediments. 0st represents zero-
order kinetics model and 1st rep-
resents first-order kinetics model
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sediment was high, indicating that heterotrophic bacteria dom-
inated the oxygen consumption. Zero-order kinetics are there-
fore appropriate when the oxygen content is greater than
0.1 mg/L, which agrees with our results. In summary, the
kinetic models developed in this method were appropriate
and provided good oxygen profile simulations.

Oxygen reaction rate and DO concentrations at the sediment–
water interface

Table 2 shows that the simulated reaction rate constants varied
between the sediments. In particular, sediment 2 and sediment
4 had higher oxygen consumption rate constants than sedi-
ment 1 and sediment 3, regardless of whether the zero- or first-
order kinetics model was applied. The simulated rate constant
is the overall expression of different sources of oxygen con-
sumption, such as organic matter decomposition, nitrification,
and oxidation of reduced substances. Although these sources
can be simulated individually by complicated reaction models
(Cai et al. 2010), the overall rate is still valuable because it is
useful for calculating sediment oxygen demand. There was no
relationship between sediment organic matter content and the
simulated rate constant, which may be attributable to the
different decomposable organic matter contents in these sed-
iments, which corresponds to oxygen consumption rate con-
stant actually (Westrich and Berner 1984).

DO concentrations in the interface, or in the SWI, depend
on the extent of oxygen depletion of the overlying water.
Table 2 shows that the interface DO concentration of sediment
4 was much lower than for the other three sediments. Given
that the sediment was mixed with deionized water that would

not deplete any oxygen, the large degree of oxygen depletion
in the overlying water of sediment 4 must have been caused by
the release of reduced substances from the sediment. This is
similar to hypolimnetic hypoxia that has been observed in
other studies (Beutel 2003; Edwards et al. 2005; Gantzer
et al. 2009). Overall, the interface oxygen concentration and
the oxygen reaction rate provided information that was useful
in the sediment oxygen analysis.

DO penetration and oxygen flux across SWI

We calculated the penetration depth and oxygen flux across
the SWI based on the zero-order kinetics model because it
produced a higher R2 than the first-order model in the simu-
lation. The oxygen penetration depth of the four sediments
ranged from 1.29 to 3.92 mm (Table 3) and was greatest for
sediment 1 and least for sediment 4. Equation (12) was used to
calculate the penetration depth, by assigning ch as 0.20 mg/L,
under which the growth of most aerobic heterotrophic bacteria
is restricted. In fact, the value of ch can be changed depending
on the purpose. For instance, we can identify the best nitrify-
ing zone in the sediment by assigning a value of 0.50 mg/L to
ch, the concentration at which half saturated growth rates of
nitrifying bacteria occur (Stenstrom and Poduska 1980). Com-
pared with results when ch=0.20mg/L and when ch=0.50mg/
L, the penetration depths of the four sediments decreased to
between 1.06 and 3.40 mm. It is of note that the two models
differ when the equations are used to calculate the penetration
depth. For zero-order reactions (Eq. (12)), the maximum
penetration depth is a function of c0 when ch=0. However,
for first-order reactions (Eq. (10)), the penetration depth can
be infinitely greater when ch approaches zero. Therefore, if the
first-order model is used, it is better to assign a value greater
than zero to ch.

Results of porosity, DO gradient and oxygen flux calcula-
tion are presented in Table 3. Porosity ranged from 0.7 to 0.9
and showed little variation. Sediment 2 and sediment 4 had
larger oxygen gradients than sediment 1 and sediment 3.
Oxygen fluxes ranged from 0.061 to 0.114 mg/cm2/day,
which is comparable with other studies (Sweerts et al. 1991;
Bryant et al. 2010). According to Eq. (13), the oxygen flux
results are influenced by three factors: porosity, the interface

Table 2 Parameters estimation in oxygen profile simulation

Sediment number Zero order First order

K=k/Ds c0 R2 K=k/Ds c0 R2

1 0.578 6.520 0.986 0.361 6.897 0.974

2 1.899 6.939 0.989 1.080 7.201 0.958

3 0.635 6.876 0.991 0.412 7.408 0.990

4 2.384 3.463 0.990 2.732 3.574 0.981

Table 3 Calculation of penetra-
tion depth and oxygen flux based
on zero-order reaction kinetics

Samples Sediment 1 Sediment 2 Sediment 3 Sediment 4

K (mg/L/mm2) 0.58 1.90 0.63 2.38

c0 (mg/L) 6.52 6.94 6.88 3.46

Penetration depth (mm) 3.92 2.24 3.86 1.29

Porosity 0.87 0.86 0.71 0.80

Interface DO gradient (mg/L/mm) 2.75 5.13 2.96 4.06

Dm (cm2/day) 1.98 1.98 1.98 1.98

Oxygen flux (mg/cm2/day) 0.061 0.114 0.070 0.093
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oxygen gradient, and the diffusive coefficient in sediment.
Given that the diffusive coefficient in sediment is calculated
from porosity (Eq. (15)), the oxygen flux calculation is actu-
ally controlled by the first two factors. First, we measured the
porosity of the bulk sediment, which may result in underesti-
mation of the surface layer porosity due to sediment compac-
tion (Berner 1980). This uncertainty can be avoided by using
the porosity of the top layer when analyzing sediment samples
extracted by coring. Second, the oxygen gradient was calcu-
lated based on the simulated K and c0 (Eq. (14)). If the
sediment surface is highly heterogeneous, there may be great
variation between the simulated parameters for different
places. The sediment used in this study displayed good ho-
mogeneity, so the variation in DO microprofiles for different
parts of the sediment was expected to be small. However,
when using sediment samples extracted by coring, the DO
microprofile should be analyzed as many times as possible to
reduce simulation errors.

Conclusion

We constructed a sediment oxygen analysis system based on
an oxygen microelectrode and a control device. Methods were
developed to simulate the DO microprofile and to calculate
the sediment oxygen consumption rate, oxygen penetration
depth, and the oxygen flux across the SWI. The microelec-
trode successfully displayed the microprofiles of DO in the
prepared sediments. The fit of the modeled to the observed
data indicated that the kinetic models used in our methods
were reasonable. However, the zero-order kinetics model was
a better fit for our sediment samples than the first-order model
because it produced a higher R2. In our study, the oxygen
penetration was determined by assigning a value to ch, and the
oxygen flux was dependent on porosity and the interface
oxygen gradient. The calculated penetration depths and oxy-
gen fluxes ranged from 1.29 to 3.92 mm to 0.061 to 0.114 mg/
cm2/day, respectively. These values are comparable with those
observed for other studies. Overall, the sample measurement
and model calculation results indicated that this is a reliable
method for sediment oxygen analysis.
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