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experiments. This study found that flow over the sediment surface caused an increase in
SOD, attributed to enhanced sediment oxygen uptake and reduced substances fluxes, i.e.,
for a constant maximum biological oxygen consumption rate, an increased current over the
sediment could increase the SOD by 4.5 times compared to stagnant water. These results
highlight the importance of considering current-induced SOD increases when designing
and implementing aeration/artificial mixing strategies.
© 2021 The Research Center for Eco-Environmental Sciences, Chinese Academy of
Sciences. Published by Elsevier B.V.

Introduction
Oxygen depletion in stratified lakes and reservoirs can have
deleterious impacts on water quality and aquatic ecosystems
(Beutel et al., 2014; Dutton et al., 2018). During stratification
periods, the hypolimnion is isolated from sources of reaera∗
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tion (e.g., the atmosphere and phytoplankton photosynthesis) and dissolved oxygen (DO) is quickly consumed by the
mineralization of organic matter and respiration of microorganisms in the water column or within the upper sediments
(Schwefel et al., 2018; Zhang et al., 2021). If the oxygen demand
exceeds the total oxygen mass of the bottom water, anoxia
occurs initially at the sediment-water interface and then extends upwards into the water layers (Li et al., 2019). Hypolimnetic anoxia can lead to the release of soluble chemical species
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(e.g., phosphorus, nitrogen, methylmercury, hydrogen sulfide,
iron, and manganese) from the sediments (Beutel et al., 2014;
Matzinger et al. 2010; Ito and Momii, 2015). Quantitatively determining the amount of oxygen demand due to the decomposition of organic matter and microorganism activity in the
water column and sediment-water interface (SWI) is crucial
for optimizing water quality and managing lakes and reservoirs (Bryant et al., 2011a).
Oxygen demand in the hypolimnion is comprised of water oxygen demand and sediment oxygen demand (SOD) by
the diagenesis of particulate organic matter, biological respiration and oxidation of reduced compounds diffusing upward
from the sediment (Beutel et al., 2007; Yan et al., 2020). SOD
is a primary sink for DO in the hypolimnion and is particularly sensitive to near-sediment hydrodynamics, DO concentrations, and intrinsic sediment characteristics (Bierlein et al.,
2017; Schwefel et al., 2017). The bottom boundary layer (BBL)
adjacent to the sediment is a major energy sink for basinscale currents due to bottom friction and breaking of propagating internal waves on sloping bottoms (Lorke et al., 2003).
Wüest et al. (2000) have shown that 90% of the energy that
enters the stratified lakes dissipates through friction within
the BBL, while Jabbari et al. (2020) reported that turbulence
in the BBL significantly influences the mass transport to the
sediments. Approaching the sediment, a thin diffusive boundary layer (DBL), with a few millimeters of thickness (δ DBL ),
regulates the O2 flux across the SWI via molecular diffusion
(Jørgensen and Revsbech, 1985). As a result, turbulence in the
BBL controls the thickness of the DBL and, subsequently, the
flux of O2 into the sediment. Elevated currents velocity of the
bottom water tends to decrease δ DBL at the sediment-water
interface, thereby increasing the SOD (Bryant et al., 2010b).
The SOD is typically determined by DO depletion in bulk
water within a closed chamber (SODb ) (Beutel, 2003) or by sediment oxygen uptakes (JO2 ) at the SWI via microelectrode sensors (Arega and Lee, 2005). Studies have found that water velocity and DO concentrations over the sediment have a dramatic effect on SOD, even when sediment resuspension is not
observed (Beutel et al., 2007; Bowman and Delfino 1980). While
several studies have found that turbulence can markedly increase the SOD in a chamber, the quantitative relationship
between SOD and the turbulence intensity remains unclear
(Beutel, 2003). With the help of high-resolution measurements
of oxygen profiles at the SWI using microelectrodes, the effect of turbulences on oxygen distribution at the SWI and the
corresponding JO2 have been observed (Bryant et al., 2010b;
Schwefel et al., 2018). New insights have been gained from
theoretical studies regarding how turbulence variation impacts the JO2 in laboratory experiments (Higashino et al., 2008).
Meanwhile, in situ experiments have confirmed the theoretical prediction of seiche-induced turbulences on the JO2 , δ DBL ,
and sediment oxic zone depth (Bryant et al., 2010a).
In deep lakes and reservoirs, the benthic water column
is relatively stable and the near-bottom current velocity is
usually in the range of a few mm/sec to approximately 10
cm/sec (Wüest and Lorke, 2003). The techniques employed
to solve the hypolimnion anoxia (e.g., hypolimnetic oxygenation systems, artificial destratification systems, and waterlifting aerators) can largely increase the water currents and
the DO concentrations over the sediment, thereby markedly
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increasing the SOD compared to that of stagnant water
(Bryant et al., 2011a). Despite theoretical and experimental advances (Beutel, 2003; Wüest and Lorke, 2003) and few in situ
experiments performed to resolve the effects of turbulence
on SOD (Bryant et al., 2011a; Schwefel et al., 2017), the experimental methods are relatively limited in application. Although isolated measurements have evaluated the SOD via
different methods (e.g., SODb and JO2 ), no single method has
proven to be optimal; thus, further comparisons and integrations between the various methods are required (Arega and
Lee, 2005; Beutel, 2003).
The objective of this study is to build a SOD model that
integrates the different methods (e.g., DO depletion in closed
chambers and JO2 ) under different mixing levels. We performed an experimental analysis using near-sediment vertical DO profiles and correlated hydraulic parameters stimulated using computational fluid dynamics (CFD) calculations.
Then, we determined how turbulences and DO concentrations
in the overlying water impact SOD and diffusional oxygen
transfer at the SWI in a cylindrical chamber. The results of this
study characterize how sediment O2 dynamics are affected by
turbulences over sediment and assess the increases in SOD
when hypolimnetic aeration systems are operated in a study
reservoir.

1.

Materials and methods

1.1.

Study site and sediment cores collection

The sediment cores used in the experimental chambers were
collected from Jinpen Reservoir (JPR), a typical monomictic
drinking water reservoir located in a monsoon climate region,
in a heavily forested watershed within the Qinling Mountains
(Li et al., 2019). The JPR was built by intercepting a valley in the
mountains that has a very steep bottom slope; the average and
maximum depths were 70 m and 94 m, respectively. Strong
thermal stratification and hypolimnetic anoxia were observed
in the reservoir from April to January. To prevent the degradation of water quality near the sediment, the water lifting
and aeration systems (WLAs), which combined the functions
of hypolimnetic aeration and destratification, was used in the
reservoir (Li et al., 2019).
The sediment cores and overlying water were collected at
the deepest location in JPR using a gravity sediment core sampler and transported to the laboratory. The overlying water
was siphoned from the top and the surface sediment cores
(thickness of 7 cm) were cut and slowly placed into a cylindrical plexiglass chamber (Fig. 1). A horizontal angled inflow
jet was set at 3 cm above the sediment to create steady threedimensional swirling laminar flows of different levels. After
sediment-water interface samples were collected, a cap with
inflow/outflow jets and a gasket were connected with the
chamber using glass cement. Then, the chamber was slowly
filled with the overlying water for incubation.

1.2.

Sediment oxygen demand incubations

Before the experiment, the SOD chambers were incubated in
the dark at a constant temperature (7 °C; in situ temperature
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Fig. 1 – Sampling site and a sketch of the experimental sediment oxygen demand (SOD) chambers. (a) Map of Jinpen
Reservoir (JPR) showing depth, water-lifting aerators, and locations of sampling sites. The contour plots were drawn based
on water depth (m) when the elevation of the water level is 586 m. (b) The SOD chambers were made up of cylindrical
plexiglass chambers with inflow/outflow jets on the cap, and had a diameter of 24 cm, and a height of 24 cm.

near sediment) for two days to allow the suspended particles
to settle into the sediment. The water columns in the SOD
chambers were then gently aerated to saturation, and the visible bubbles were removed from under the cap of the SOD
chamber and in the pipe of the peristaltic pump. The chambers were sealed using a rubber plug with a portable DO meter
at the access port, and the top of the probe was approximately
2–3 cm above the sediment (Fig. 1). Prior to the measurements,
the bulk water in the chambers was well-oxygenated and the
DO concentrations in the overlying water were recorded using the probe after a stable reading. The water column was
slightly stirred slightly by the water flows circulations, and the
velocity of the inflows in jet (uin ) was controlled by a peristaltic
pump operated at speeds of approximately 0–14 cm/sec. After
the chambers were sealed, the DO concentrations were measured continuously (at 2-hr interval) during the study of five
to six days until the rate of DO decrease was relatively low.
The water oxygen demands were also determined simultaneously in chambers without sediment to determine the oxygen
demand exerted only by the sediment.
Identical SOD chambers and operating conditions were
used in the measurements of JO2 via microelectrode sensors
(Unisense, Denmark). During measurement periods, the SOD
chambers were moved out of the incubators and covered in ice
to maintain the temperature. Before the measurements, the
water in the chambers was aerated to saturation, and then the
peristaltic pump was operated at a constant inflow velocity for
two hours by regulating the revolutions per minute (r/min).
The microprofiles of DO concentrations at the SWI were measured using a Clark-type microelectrode with rapid response
time (90 % response in < 8 sec) and a negligible stirring sensi-

tivity inserted through an access port at the top of the chamber. To maintain a steady DO concentration in the overlying
water, JO2 was measured under saturation conditions. Measurements were made at 100 μm intervals and the oxygen
microsensors were calibrated with anoxic sediment cores and
air-saturated overlying water (zero and saturation levels).

1.3.

Calculation of sediment oxygen demand

1.3.1.

DO depletion in SOD chambers

The SOD in the closed chambers was evaluated to determine
DO whether concentration decreases were zero or first-order
versus time (Beutel, 2003):
SODb = (k0 − kw ) ×

V
A

(1)

or
SODb =

( k1 × C − kw ) × V
A

(2)

where k0 (mg/L/day) and k1 (mg/L/day) are the sediment-water
oxygen consumption rates in zero- and first-order relationships, respectively; kw (mg/L/day) is the water oxygen consumption rate (in this study, the water oxygen concentrations
linearly decrease in chambers without sediment; therefore, kw
is a constant); V (L) is the volume of water in the chambers;
and A (m2 ) is the area of the sediment-water interface. When
the DO concentration linearly decreased over time (zero-order
relationship) during SOD measurements, k0 was calculated
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as the slope of the line of best-fit, and the SOD was unrelated to the DO concentrations in the overlying water (Eq. (1)).
When the DO concentrations decreased exponentially with
time (first-order relationship), the DO oxygen consumption
rate k1 (day−1 ) was calculated as the slope of the line of best-fit
of the natural log of the DO concentration over time. SOD was
then calculated as the product of the constant k1 and the DO
concentration in the overlying water minus the water oxygen
demand (kw ). To account for the influences of water volume
on oxygen demand (e.g., during field studies), both sediment
and water oxygen demand were converted to a flux (g/m2 /day)
by multiplying with the volume of the chamber water and dividing by the sediment-water interface area (Eq. (2)). SOD estimation was classified as linear unless the r2 value of the exponential model was 0.02 units larger than the r2 value of the
linear model (Beutel et al., 2007).

1.3.2.

Sediment oxygen uptake (JO2 )

JO2 and δ DBL were evaluated based on oxygen distribution at
the SWI using Fick’s law (Bryant et al., 2011a).
SODd = JO2 = D

Cbulk − CSWI
δDBL

(3)

where JO2 (mg/m2 /day) is the oxygen flux across the SWI; δ DBL
(mm)is the thickness of the diffusive boundary layer in the
overlying water directly observed by the O2 profiles at the SWI;
D (m2 /sec) is the diffusion coefficient for oxygen in the overlying water; Cbulk (mg/L) is the DO concentration in the overlying
water; and the CSWI (mg/L) is the DO concentration at the SWI.
The D value was 1.47 × 10−9 m2 /sec at 7 °C.

1.4.

Prediction of δDBL and SOD under steady flows

The conceptual framework adopted for the prediction of
SOD and δ DBL under steady three-dimensional laminar flows
in a cylindrical chamber follows that of Beutel (2003) and
Arega and Lee (2005). A near bottom inflow was horizontally
set through the glass square bend jets above the sediment.
The horizontal velocity of the flow at the center of the chamber linearly increased from zero at the surface sediment to
u0 at the edge of the exterior of the laminar boundary layer
(viscous sublayer). The oxygen concentrations in the diffusive boundary layer within the viscous sublayer were therefore
linearly distributed; hence, JO2 can be calculated using Fick’s
law (Beutel et al., 2007) and δ DBL was estimated as (Arega and
Lee, 2005):
1
υ
δDBL = c1
Sc − 3
(4)
u∗
where c1 is the numerical constant; υ is the viscosity of the
water (1.43 × 10−6 m2 /sec at 7 °C); u∗ (m/sec) is the shear ve√
locity; u∗ = τ0 /ρ, where τ 0 (N/m2 ) is the bed shear stress; and
Sc is the Schmidt number, Sc = υ/D = 973 at 7 °C.
The oxygen transfer coefficient Kc in the laminar sublayer
was calculated as the ratio of the diffusion coefficient to the
δ DBL , and is related to u∗ and Sc of the solute as:
Kc =

2
SOD
D
=
= c2 u∗ Sc − 3
Cbulk − CSWI
δDBL

(5)

In the present study, Kc = SOD/(Cbulk −CSWI ), from microelectrode measurements. For closed chamber values, the

SODb includes the oxygen transfer and the reduced flux across
the SWI; Kc (as a total oxygen transfer coefficient) was calculated as in Eq. (2). To integrate the two methods, the total Kc
2

was used as a function of u∗ Sc − 3 .
According to Eqs. (3) and (4), the SOD can be further expressed as:
SOD = a1

D
Sc
υ

1
3

u∗ ( Cbulk − CSWI ) = f∗ u∗ ( Cbulk − CSWI )

where c2 , a1 , and a2 are numerical constants, f∗ = a1 D
υ Sc

(6)
1
3

=

− 23

a2 Sc , and f∗ u∗ is expressed as the equivalent of the mass
transfer coefficient. According to Fick’s law, the JO2 can be estimated from both sides of the SWI (Bryant et al. 2010b). In
the diffusive sediment layer, the volumetric rate of oxygen
consumption Rs , (defined as Ds (d2 C/d2 y)) is largely controlled
by the sediment characteristics and is usually assumed to be
constant, and the SOD can be estimated as (Bouldin 1968):






CSWI
SOD = 2DsCSWI Rs = 2DsCSWI μ
+ k1CSWI
(7)
KO2 + CSWI
where the Ds (m2 /sec) is the diffusion coefficient for oxygen in
sediment; Rs (g/m3 /day) is the volumetric rate of oxygen consumption in sediment; μ (g/m3 /day) is the maximum biological volumetric sediment oxygen consumption rate; KO2 (g/m3 )
is half-saturation constant for DO in Monod expression; and k1
(day−1 ) is the first-order rate coefficient. The Rs was made up
of the biological and chemical components of the sediment
oxygen consumption rate (Arega and Lee, 2005). For certain
sediment, the coefficients μ, KO2 , Ds , and Sc are constant, CSWI
can be eliminated from the equations, and the SOD depends
only on the velocity and DO of the overlying water. Under welloxygenated conditions, chemical oxidation is negligible and
the SOD can be expressed as (Arega and Lee, 2005):

1 + U2 − 1
U

SOD

=
2(μDs )Cbulk

(8)

and

U = u∗

2 f∗2Cbulk
μDs

(9)

where U is the dimensionless velocity and μDs is defined as
the sediment bioactivity which is constant for a certain sediment. If the friction coefficient f∗ is independently measured,
then the SOD can be predicted as a function of u∗ and Cbulk for
given sediment. Consequently, the SOD can be expressed as:
2

U=a

1 + (bu∗ ) − 1
bu∗

(10)


where a = 2(μDs )Cbulk , and b = 2 f∗2 Cbulk /μDs , and the constant numbers a and b can be obtained from the best fit curves.

1.5.

Chamber hydraulics

The cylindrical chamber was initially designed to evaluate
the influences of mixing levels on the SOD via DO depletion
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Fig. 2 – (a) Vertical and (c) horizontal distribution of current flows over the sediment (e.g., u0 = 0.14 cm/sec). Detailed
drawings (inside the dashed white squares) of fluid flows along the central axis in vertical and horizontal layers are shown
in (b) and (d), respectively.

(Beutel, 2003). The hydraulics of the cylindrical SOD chamber was further modeled in this study to estimate the effects of turbulences in BBL on oxygen transfer at the SWI
under well-oxygenated conditions. Steady three-dimensional
swirling laminar flows with different levels were computed
using the finite volume method. The governing equations
during the modeling process included the mass, momentum, energy conservation equations, and the k−ε turbulence
model.
The CFD models reveal a highly complicated flow (Fig. 2),
characterized by a primarily tangential and near-uniform flow
along the central axis in the horizontal layers and a strong
swirl induced by the jet inflows. The bulk water was mixed
well and a steady laminar layer was obtained over the sediment. The horizontal currents velocity (u0 ) at the upper edge
of velocity and the corresponding bed shear stress (τ 0 ) over
the sediment in the center of the SOD chamber were stimulated by the CFD models under different inflow velocities (uin )
at the jet nozzle. The dissipation of turbulent kinetic energy (ε)
and u∗ , which were used to characterize the turbulence were
calculated as (Bryant et al., 2010a):
ε=

u3∗
κh

(11)

where k (the von Karman constant) is 0.41 and h is the height
above the sediment.

2.

Results

2.1.

Sediment oxygen demand determinations

The determination of SOD using DO depletion and microelectrode measurements is shown in Fig. 3. Substantial variations
in the DO concentrations in closed SOD chambers were observed in response to the uin (Fig. 3a). At the beginning of the
measurement, the DO concentrations in bulk water were relatively steady with an average value of 9 mg/L. The concentrations, then, decreased exponentially with time by first-order
in nature. The corresponding magnitude of the areal rate constant (k, m/day) were 0.024, 0.053, 0.076, and 0.105 m/day, when
values of uin were 0, 3, 9, and 15 cm/sec, respectively.
The summary of DO profiles obtained by microelectrode
in response to different inflow velocities at the SWI at 7 °C
is shown in Fig. 3b. Although the DO concentrations in the
overlying water were relatively high (Fig. 3a), the DO concentrations were lower immediately adjacent to the sediment (Fig. 3b). Under quiescent conditions, the DO concentrations above the sediment and at the SWI were 6.9 and
4.7 mg/L, respectively (Fig. 3b), while under mixed conditions, the DO concentrations immediately above the sediment were relatively constant at 8.5 mg/L, and increased
from 5.8 to 7.4 mg/L at SWI in response to higher inflow
velocities. Turbulences near the sediment can markedly re-
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Fig. 4 – Sediment oxygen demand (SOD) values shown are
the averages from the two methods (SODb and JO2 ) under
different mixing conditions.

Fig. 3 – Variations in (a) dissolved oxygen (DO)
concentrations and (b) O2 profiles at the sediment-water
interface (SWI) under different mixed conditions at 7 °C
during SOD determination. (a) The decreased DO
concentration was a first-order relationship for all mixed
levels via the closed chamber values and the best fit curves
were simulated using exponential regression. (b) In all the
measurements, water in SOD chambers was
well-oxygenated and the mm-scale distance above (−) or
below (+) the SWI was selected. The SWI is indicated by the
dashed line.

Fig. 5 – Turbulence-induced variations in currents velocity
(u0 ), shear velocity (u∗ ), energy dissipation (ε), sediment
oxygen uptake (JO2 ), and thickness of the diffusive
boundary (δDBL ) values.

2.2.
duce the δ DBL , and extend the oxygen penetration depth into
the sediment. As shown in Fig. 3b, the well-defined DBL become thinner (from 0.8 to 0.2 mm) as the inflow intensified, and the oxygen penetration depth extended from 1.3 to
2 mm.
Turbulence-induced variations in SOD values using different methods are shown in Fig. 4 to evaluate the performance
and applicability of the methods for determining SOD over
a range of turbulence levels. While the SOD values were increased by the uin using both methods, the SODb values were
apparently higher under mixed conditions. Under mixed conditions, the SODb ranged from 0.45 to 0.90 g/m2 /day and the
JO2 ranged from 0.35 to 0.67 g/m2 /day. The more intense the
mixing, the higher SODb compared to JO2 . However, under quiescent conditions, the average JO2 was higher (0.35 g/m2 /day)
than SODb (0.2 g/m2 /day), which may be attributed to the stirring required to obtain the average DO concentrations prior to
measuring DO.

Impact of dynamic forcing on δDBL and JO2

Inflow-controlled variations in u0 over the sediment enabled
an assessment of the influences of turbulence on δ DBL and
JO2 . As shown in Fig. 5, ε, u∗ and JO2 values increased significantly with increase in u0 while δ DBL decreased. During the
experiment, the u0 and u∗ increased from 0.15 to 1.13 cm/sec
and 0.196 to 0.796 cm/sec, respectively. In response to the increased turbulence levels, δ DBL reduced from 0.8 mm during
the weak turbulence (ε = 6.12 × 10−7 W/kg) to 0.2 mm during
the peak turbulence (ε = 4.1 × 10−5 W/kg), while JO2 increased
from 0.35 to 0.67 g/m2 /day.
Previous studies (Arega and Lee, 2005; Bryant et al., 2011a)
found that the relationship between δ DBL and u∗ could be expressed by Eq. (4). The δ DBL data were obtained by directly
observing the O2 profiles at the SWI using microelectrode,
and the corresponding u∗ in response to the inflow velocity
was computed using CFD models. A strong linear relationship
(r2 = 0.863) with a mean slope of 10.65 between δ DBL and the
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Fig. 6 – Comparison of predicted and measured boundary
layer thickness.

Fig. 7 – (a) Variations in the oxygen transfer coefficients in
response to the turbulences at the SWI (Sc= 972.78), and (b)
the comparison of predicted and measured sediment
oxygen demand (SOD) as a function of the shear velocity
and chamber flow rate for sediment.

viscous length function (υ/u∗ ) and Schmidt number (Sc) was
found (Fig. 5). As currents intensified, δ DBL at the water-side
decreased, which can be directly observed in Fig. 3. A mean
slope of 11, obtained by Bryant et al. (2011a), was consistent
with our findings and indicate that δ DBL at the water-side was
mainly controlled by turbulence above the SWI (Fig. 6).

2.3.
Diffusional oxygen transfer and sediment oxygen
demand models
Fig. 7a shows the mean slope line of the best-fit of Kc ver2

sus u∗ Sc − 3 , which is 0.021 when the temperature is 7 °C
and the Sc is 972.781. Based on the results and Eq. (6), the

SOD then can be expressed as: SOD = Kc ( Cbulk − CSWI ) =
f∗ u∗ ( Cbulk − CSWI ) = 0.019u∗ ( Cbulk − CSWI ). In the above equation, the friction velocity coefficient (f∗ ) has a value of 0.019,
which can be used as an input to the SOD model.
The SOD (using microelectrode sensors) was expressed as
a function of u∗ (Fig. 7b) and the constants a and b can be obtained from the best fit curves. Since Cbulk is stable (˜8.5 mg/L),
the parameter μDs can be determined from a and f∗ from b.
In the present study, a and b were 0.931 and 0.406, respectively, and the corresponding μDs and f∗ were 0.051 g/m/day2
and 0.022, respectively. Compared with the theoretical value
(f∗ = 0.019) in Section 3.5, this predict value was encouraging.
Fig. 7b shows the comparison of predicted and measured SOD
as a function of u∗ and chamber flow rate for sediment. Modeling data were used to obtain the prediction curve to determine a and b, and more validation data were used to verify
the fitness of the functions for use. As shown in Fig. 7b, the
SOD prediction model is well supported by the laboratory data
(r2 = 0.961), and the SOD increases with velocity for all measurements.

3.

Discussion

3.1.

Velocity and O2 concentrations in overlying water

This comprehensive study of SOD estimations in a drinking
water reservoir compares two different methods for demonstrating the detailed processes of near-sediment oxygen consumption. The water current velocity vanishes at the SWI, creating a thin viscous BBL above the sediment where the currents are affected by the presence of the boundary (Tian et al.,
2019). As a result, the transfer of DO through the BBL is
heavily influenced by the turbulence levels and oxygen concentration in the overlaying water, especially in eutrophic
and mesotrophic lakes and reservoirs with high organic matter turnover (Wüest and Lorke, 2003). Intense water currents near the sediment can result in a large increase in
turbulence-induced u∗ and suppression of δ DBL , increasing the
mass exchange (e.g., molecular diffusion, porewater convection/advection, bioturbation, and resuspension) at the SWI
(Beutel, 2003; Lorke et al., 2003). Previous studies have found
that velocity increases from 0 to 2–3 cm/sec over the SWI resulted in a 2- to 4-fold increase in SOD (Beutel et al., 2007;
Bryant et al., 2010a). In the present study, when the u0 increased from 0 to 1.2 cm/sec, the corresponding SOD, determined by different methods, increased 2- to 4.5-fold and JO2
was smaller than that obtained from Cbulk by a factor of 2.
The differences between SOD determinations via different
methods support the use of diffusive boundary layer models, in which not only the dissolved oxygen but also the diffusive reduced substances (e.g., dissolved iron, manganese,
ammonium, and methane) are transferred across the SWI
(Matzinger et al., 2010; Schwefel et al., 2018). Several studies
have indicated that increased turbulences near the sediment
could enhance the diffusive reduced substances flux across
the sediment, further increasing the SOD (Bryant et al., 2011b;
Li et al., 2019). The SOD obtained from bulk water DO concentrations in chambers acted as the total oxygen demand,
while the SOD determined by JO2 was merely the diffusional
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oxygen transfer at the sediment. Therefore, the JO2 was much
smaller than what was obtained from Cbulk measurements as
the current increased. Studies have found that the SOD was
limited by the DO concentrations in the overlying water or at
the SWI. The phenomenon of decreased hypolimnion oxygen
demand once the overlying water DO concentration drops below 4–5 mg/L is relatively common (Beutel, 2003; Gantzer et al.,
2009). The SOD models presented in this study demonstrated
that the DO concentration difference between the DBL was the
driving force of the diffusion which determines the diffusion
flux across the SWI. The SOD was increased both within the
hypolimnetic water and the sediment for almost all the oxygenation systems due to elevated hypolimnetic DO concentrations and decreased δ DBL (Bierlein et al., 2017; Bryant et al.,
2011a; Chen et al., 2018; Gerling et al., 2014).

3.2.

Limiting factors on SOD

With increased u0 , the limiting SOD factor shifted from diffusion to oxygen consumption at the SWI (Beutel, 2003). Similar
results were obtained by Jørgensen and Revsbech (1985); diffusional limitations on SOD were eased when turbulence was increased at the SWI (Jørgensen and Revsbech, 1985). According
to the SOD models expressed by Eq. (7), the sediment oxygen
consumption rate was mainly controlled by the chemical and
biological components. Although some studies (Carignan and
Lean, 1991; Matzinger et al., 2010) used the sediment-based
reduced substances flux to estimate the hypolimnetic oxygen
consumption in eutrophic lakes, the contribution of reduced
substances to the SOD was relatively small (Muller et al., 2012;
Steinsberger et al., 2019). Therefore, μ was considered to be
the most crucial factor for SOD in sediment; the SOD increases
with μ. Nevertheless, the dependence of SOD on oxygen consumption in the sediment was not as strong as the dependence on fluid flow (Higashino, 2011). Moreover, when the μ
was small, increased current over the sediment had a negligible impact on the SOD, and SOD approached a constant
value rapidly as u∗ increased (Higashino, 2018). The biological oxygen consumption in sediment was also constrained by
the amount and quality of organic matters (Steinsberger et al.,
2017). In most cases, the μ is typically high in the shallower regions of reservoirs and lakes where organic matter is easily degradable, and the DO concentrations remain
high. Conversely, the μ decreases in deeper sediments with
more factory organic carbon and lower DO concentrations
(Schwefel et al., 2018).
In the present study, the sediment was collected in the
main basin of a canyon-shaped drinking water reservoir having very steep slopes, such that the hypolimnion depths were
approximately the same. According to Section 2.3, the parameter μDs was 0.051 g/m/day2 and μ was 418.3 g/m3 /day
when Ds = 1.41 × 10−9 m2 /sec at 7 °C. The linear dependence of SOD on u∗ for low velocity conditions has been confirmed in well-oxygenated overlying waters by previous studies (Higashino, 2018; Mackenthun and Stefan, 1998). This was
confirmed by the present study as well (Fig. 5). When u∗ increased markedly, SOD approached a constant value (SOD =

2μDsCbulk ), which is a function μ and independent of u∗
(Higashino, 2018). According to this simplified estimation, the
increase in SOD under well-oxygenated and strong turbulent
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conditions (e.g., hypolimnetic oxygenation and artificial destratification) can be obtained as SOD = 0.985 mg/m2 /day. The
modelling results are practical and can aid when designing
hypolimnetic aeration systems and managing the water quality in reservoirs.

4.

Conclusions

A model of SOD for a deep canyon-shaped reservoir was developed. The results of different methods revealed the effect of
hydraulics on diffusive boundary layers and the corresponding SOD at the SWI. The dependence of the oxygen transfer coefficient (Kc ) and the diffusive boundary layer thickness (δ DBL )
on the hydraulic parameters (e.g., υ, u∗ , and Sc) were quantified, and the SOD was expressed as a function of the shear
velocity (u∗ ) and the bulk DO concentration (Cbulk ). Theoretical
predictions were validated by microelectrode measurements
in a series of laboratory experiments.
The present study focused on building an integrated SOD
models by comparing the DO depletion in a closed chamber
(SODb ) and sediment oxygen uptake (JO2 ) at the SWI. Our results revealed that increased benthic currents could enhance
the fluxes of diffusive reduced substances, further increasing
the SOD at the SWI. When the maximum biological oxygen
consumption rate was constant (μ = 418.3 g/m3 /day at 7 °C),
an increased current over the sediment raised the SOD 4.5fold compared to that over stagnant water. The critical control
that near-sediment current velocity has on SOD must be considered when designing and implementing aeration/artificial
mixing management strategies.
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