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Introduction  27 

The supporting information (SI) includes a detailed description of the methods (S1), the 28 
mass balance model (S2), and how the data is used to obtain the fitted parameter spatial 29 
reactivity (S3). The SI also includes a table summarizing the physicochemical properties 30 
of all sites (Table S1), a table listing all the parameters used in the model and their 31 
descriptions (Table S2), a table including data from other coastal systems (Table S3), 32 
and eight figures (Figs. S1-S8) supporting the discussion in the main text.  33 

S1. Methods  34 
Samples were collected during the summer of 2021 from the Pearl River Estuary and its 35 
adjacent continental shelf waters (PRE region) (Li et al. 2024). We used a Sea-Bird 36 
SBE17 plus conductivity–temperature–depth (CTD) probe to measure the temperature, 37 
density, salinity, and dissolved O2 concentrations. Chlorophyll (Chl-a) fluorescence 38 
obtained from the CTD probe was calibrated by measuring Chl-a fluorometrically (APHA, 39 
1998) in the water samples taken from various depths by using Niksin bottles attached 40 
on the CTD. We calculate the buoyancy frequency (N2 (s-2)) to indicate the stratification 41 
of the water column:  42 
𝑁! = "

#(%)
'#(%)
'%

     Eq. S1 43 
where g is the gravity acceleration (9.80665 m s-2), z is the water depth (m) with zero at 44 
the sea surface and positive downwards; ρ is the potential density (kg m-3) calculated 45 
using the Gibbs-SeaWater Oceanographic Toolbox (GSWOT) and data obtained by the 46 
CTD probes, including temperature, salinity, depth, pressure, and geographic 47 
coordinates (McDougall & Barker, 2011). Higher N2 implies high stability of the water 48 
column.  49 

Sediment cores were collected with undisturbed overlying waters of around 15-20 50 
cm using a Uwitec corer (core liners of 86 mm ID and 60 cm length). The sediment’s 51 
oxygen micro-profiles (of 0.5-1 mm resolution) were obtained using a micro-profiling 52 
system equipped with a Unisense O2 electrode, calibrated using the air-saturated 53 
seawater and zero oxygen solution at in-situ temperature. The sediment-water interface 54 
was defined as the depth where the sharpest oxygen gradient was observed, which was 55 
consistent with our visual observation of the interface. Oxygen penetration depth (OPD) 56 
was defined as the depth where the oxygen concentration under the detection limit of ~ 57 
0.3 𝜇mol L-1. The sediment physical properties, including water content and densities, 58 
were quantified and reported in (Zhou, 2022).  59 

The total sediment oxygen uptake (SOU) was determined using whole-core 60 
incubations: sediment cores were stabilized, and the overlying water was gently bubbled 61 
with air to compensate for the oxygen lost between sample collection and incubation. 62 
The sediment cores were then tightly sealed with rubber stoppers to start the incubation, 63 
during which the overlying waters were gently stirred with a stir bar located at ~ 5 cm 64 
above the sediment-water interface to generate the movement of overlying water and 65 
create a diffusive boundary layer (Jørgensen & Revsbech, 1985). The cores were 66 
covered with aluminum foil to avoid the potential disturbance from light, and the oxygen 67 
concentration in the overlying water was monitored using an oxygen optical probe 68 
(Pyroscience). The incubation typically lasts around 2-3 hours, during which ~ 20% 69 
dissolved oxygen in the overlying water was consumed. The SOU (mmol O2 m-2 d-1) was 70 
obtained from the linear decrease of oxygen in the overlying waters. Onboard 71 
measurements were conducted within 2-6 hours after sampling. 72 
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S2. The mass balance model for oxygen 73 
The paper focuses on oxygen budget in the bottom waters (or BBL). For clarity, we will 74 
first introduce the mass balance model for the entire water column, followed by the 75 
model in the BBL that can be understood using similar logic.  76 
S2.1 The oxygen mass balance 77 
The O2 budget of the entire water column can be written as changes in oxygen 78 
concentrations contributed by fluxes from the atmosphere, sediments, and net 79 
consumption within the water column:  80 

()̅!"#$
(+

= ,%&'"#$
-

−	,(&'"#$
-

+ ∫ /!"#$
)
* (%!	

-
               Eq. S2 81 

Here,`Cw-O2 is the oxygen concentration (Cw-O2) integrated over the entire water column 82 
divided by the total depth of the water column (H): 𝐶̅!"#$ = (∫ 𝐶!"#$

%
& d𝑧w)/𝐻, which is 83 

also the average O2 concentration in the water column. FAWI-O2 and FSWI-O2 are the O2 84 
fluxes at the air-water interface (AWI) and sediment-water interface (SWI), respectively 85 
(positive means downward flux, thus FAWI-O2 describes oxygen entering the water column 86 
and FSWI-O2 describes oxygen leaving the water column); Rw-O2 is the rate of oxygen in 87 
the water column (negative means consumption); zw is the downward vertical 88 
displacement in the water column reference to the air-sea interface (positive indicates 89 
going downwards). All parameters are described in Table S2.  90 

The integration of the O2 rate over the entire water column can be defined as the O2 91 
reaction flux in the water column (Fw-O2): 92 

∫ 𝑅234!
-
5 d𝑧2 	= 𝐹234!	                                Eq. S3 93 

Here, negative Fw-O2 means oxygen consumption in the water column. Similarly, 94 
integrating the O2 rate in the sediments (Rs-O2) can be defined as the O2 reaction flux in 95 
the sediment (Fs-O2): 96 

∫ 𝑅634!
7µ
5 d𝑧6 = 𝐹634!                 Eq. S4  97 

Here, zs is the vertical displacement in the sediment column (zs =0 at the sediment-water 98 
interface, and positive indicates going downwards) and negative Fs-O2 means oxygen 99 
consumption in the sediments. The sediment oxygen consumption (negative Fs-O2) is 100 
equivalent to downward fluxes (positive FSWI-O2): 101 
𝐹634! = −𝐹89:34!                         Eq. S5  102 
This can also be understood by considering the mass balance of O2 for the entire 103 
sediment column, as total oxygen consumption (Fs-O2) should cancel out the amount of 104 
oxygen coming into the sediment from the water column (FSWI-O2): Fs-O2 +FSWI-O2 = 0.  105 
Combing Eqs. S2-5 yields:  106 
()̅!"#$

(+
= ,%&'"#$

-
+ ,+"#$

-
+ ,!"#$

-
                 Eq. S6 107 

S2.2 Oxygen consumption and flux in the sediment 108 
The fluxes (integrated rates) of oxygen (Fw-O2 and Fs-O2) can be approximated as the 109 
integrated rates of carbon mineralization for water and sediment columns, respectively, 110 
assuming oxygen in the water and sediments is mostly consumed by remineralization of 111 
organic matter and its reduced products and a close to 1:1 ratio between organic carbon 112 
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remineralization and oxygen consumption. The reaction rates of O2 in sediments (Rs-O2) 113 
can then be described using a first-order kinetic model: 114 

𝑅634! =
()+",
(+

= −𝑘6𝐶63;                                             Eq.S7  115 

Here, Cs-C and ks are the concentration and reactivity of organic carbon in the sediment, 116 
respectively. The solution of Eq.S7 is 117 
𝐶63; = 𝐶63;5 𝑒3<++                              Eq.S8 118 

where 𝐶63;5  is organic carbon concentration at the sediment-water interface; t is the age 119 
of the sediment layer reference to its initial deposition on the seafloor, which is also the 120 
time for sediment to be buried from the sediment surface to its current depth (zs) with a 121 
sediment burial velocity of us. Therefore,  122 

𝑡 = %+
=+

                                                   Eq.S9 123 

and Eq.S8 becomes 124 

𝐶63; = 𝐶63;5 𝑒3<+	(
.+
/+
) = 𝐶63;5 𝑒3(

0+	
/+
)%+                            Eq. S10 125 

Combining Eqs. S4, 5, and 10,   126 

𝐹634! = ∫ 𝑅634!
7µ
5 d𝑧6 = −∫ 𝑘6	𝐶63;5 	𝑒3>

0+	
/+
?%+7µ

5 d𝑧6 = −	𝐶63;5 	𝑢6           Eq. S11  127 

Intuitively, oxygen is consumed due to the downward flux of organic carbon into the 128 
sediments (𝐶63;5 	𝑢6), which is also the flux from the water column (𝐶23;- 	𝑢2) considering 129 
the mass balance:  130 

𝐹634! = −	𝐶63;5 	𝑢6 = −	𝐶23;@ 	𝑢2	           Eq. S12  131 
Here, 𝐶23;- 	is the organic carbon concentration in the water column at the seafloor 132 
(zw=H) and	𝑢2 is the particle settling velocity in the water column. However, Eqs. S11 133 
and S12 assume a constant reactivity of the organic matter in the sediments (ks), and all 134 
the organic carbon can be eventually decomposed. In reality, reactivity should decrease 135 
as the organic matter becomes older (Li et al., 2012; Middelburg, 1989), and at a certain 136 
depth, the organic matter would be too old and refractory (ks becomes too small). For 137 
simplicity, Eqs. S11 and S12 can be corrected using an efficiency (e) of organic carbon 138 
remineralization in the sediments: 139 
𝐹634! = −𝜀𝐶63;5 𝑢6 = −𝜀𝐶23;- 	𝑢2	                               Eq.S13 140 

S2.3 Oxygen consumption and flux in the water column  141 
Similarly, in the water column, if we assume the decay of organic matter follows a first-142 
order model as in the sediments:  143 

𝑅234! =
()!",
(+

= −𝑘2𝐶23;                                 Eq.S14 144 

Here, Cw-C and kw are the concentration and reactivity of organic carbon in the water 145 
column, respectively. The concentration of organic carbon can then be described 146 
similarly to Eq. S10:  147 

𝐶23; = 𝐶23;5 𝑒3<!	(
.!
/!

) = 𝐶23;5 𝑒3(
0!	
/!

)%!                            Eq.S15 148 
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where 𝐶23;5  is the organic carbon concentration in the surface water (zw=0). The 149 
concentration of organic matter on the seafloor (𝐶23;- ) is  150 

𝐶23;- = 𝐶23;5 𝑒3(
0!	
/!

)-                           Eq.S16 151 
Therefore, combining Eqs.S3, S14, S15, and S16 yields the oxygen reaction flux in the 152 
water column:  153 

𝐹234! = ∫ −𝑘2𝐶23;
-
5 d𝑧2 = ∫ −𝑘2𝐶23;5 𝑒3<!	(

.!
/!

)-
5 d𝑧2 = 𝐶23;5 𝑢2(𝑒

3>0!	/!
?- − 1)    Eq.S17 154 

Combining Eqs.S13 and 16 yields 155 

𝐹634! = −	𝜀𝐶23;- 	𝑢2 = −𝜀𝐶23;5 𝑒3(
0!	
/!

)-𝑢2                                                          Eq.S18  156 
Therefore, from Eqs. S17 and S18, the oxygen flux in the water column and sediments 157 
has an intrinsic relationship:  158 

𝐹234! =
A
B
(𝑒(

0!
/!

)- − 1)𝐹634!                                                       Eq.S19  159 

For simplicity, we introduce a rate parameter termed spatial reactivity (𝑓, or spatial 160 
frequency) to characterize the reaction of oxygen in the water column, by normalizing 161 
the temporal frequency (temporal reactivity kw, in the unit of d-1) to the particles settling 162 
velocity (uw):	163 

𝑓 = <!
=!

                             Eq. S20 164 

Similar to temporal reactivity (kw) that refers to the reaction proceeded per unit of time 165 
(see Eq. S14), the spatial frequency (𝑓; in unit of m-1) describes the reaction proceeded 166 
per unit distance the particles settle downwards. In other words, Eq. S14 becomes 167 

𝑅234! =
()!",
(%!

= −𝑓𝐶23;               Eq. S21  168 

Eq. S19 can then be simplified as  169 

𝐹234! =
A
B
(𝑒C- − 1)𝐹634!           Eq. S22    170 

S2.4 Apparent oxygen utilization (AOU) in the water column 171 
Now consider the water column experiencing oxygen loss from its equilibrium saturation 172 
concentration to the current state over a period of T. From Eq. S6,  173 

∫ ()̅!"#$
(+

D
5 d𝑡 = ∫ 6,%&'"#$

-
+	,+"#$

-
+ ,!"#$

-
	7 d𝑡	D

5                 Eq. S23  174 

Assuming the fluxes (FAWI-O2, Fs-O2, and Fw-O2) do not change significantly during this 175 
period (pseudo steady state), Eq. S23 becomes  176 

𝐶̅234! − 𝐶̅234!6EF = (,%&'"#$
-

+ ,+"#$
-

+ ,!"#$
-

)𝑇							               Eq. S24    177 

Where 𝐶̅234!6EF  is the average saturation oxygen concentration in the water column at in-178 
situ temperatures. Thus, the LHS of Eq. S24 equals the negative average water column 179 
apparent oxygen utilization (AOU):  180 

(𝐶̅234! − 𝐶̅234!6EF ) = (∫ −AOU-
5 d𝑧2)/𝐻 = −AOU??????                        Eq. S25 181 

Eqs. S24, S25 and S22 can then be combined:  182 
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−AOU?????? × 𝐻 = 𝐹G9:34!𝑇 + 𝑇 61 +
A
B
(𝑒C- − 1)7 𝐹634!                       Eq. S26  183 

and 184 

AOU?????? × 𝐻 = 𝐹G9:34!𝑇 + 𝑇 61 +
A
B
(𝑒C- − 1)7 SOU                            Eq. S27  185 

S2.5 Oxygen mass balance in the bottom boundary layer (BBL) 186 
Similar to the oxygen mass balance in the whole water column (Eq. S6), the changes in 187 
O2 concentrations in the BBL is contributed by fluxes from the upper water column, 188 
sediments, and consumption within the BBL:  189 
()̅112"#$

(+
= ,1'"#$

H
+ ,+"#$

H
+ ,112"#$

H
                 Eq. S28 190 

Here,`CBBL-O2 is the integrated oxygen concentration in the BBL divided by the thickness 191 
the BBL (h): 𝐶̅''("#$ = (∫ 𝐶''("#$

)
%") d𝑧w)/ℎ, which is also the average O2 concentration in 192 

the BBL. FBI-O2 is the flux of O2 across the interface (boundary) between the BBL and the 193 
upper waters (positive means downward flux, and oxygen enters the BBL); FBBL-O2 is the 194 
oxygen reaction flux in the BBL, defined as the integrated O2 rate in the BBL. 195 
Similar to Eq. S15, by using the upper boundary of the BBL (zw= H-h) as the reference, 196 
the concentration of organic matter in the BBL is  197 

𝐶23; = 𝐶23;-3H𝑒3<!	(
.!"()"4)

/!
) = 𝐶23;-3H𝑒3(

0!	
/!

)(%!3(-3H))                 Eq. S29       198 

where 𝐶23;-3H is the concentration of organic carbon at depth H-h (the boundary of the 199 
upper boundary of the BBL). Organic carbon concentration at the SWI is  200 

𝐶23;- = 𝐶23;-3H𝑒3>
0!	
/!

?H                            Eq. S30 201 
Therefore, by combining Eq. S13 and Eq. S30, the sediment oxygen flux becomes 202 

𝐹634! = −𝜀𝐶23;- 	𝑢2 = −𝜀𝐶23;-3H𝑒3>
0!	
/!

?H𝑢2                               Eq. S31 203 
Similar to Eq. S17, O2 reaction flux in the BBL is defined as  204 

𝐹IIJ34! = ∫ −𝑘2𝐶23;
-
-3H d𝑧2                     Eq. S32 205 

By combining Eqs. S32 and S29,  206 

𝐹IIJ34! = ∫ −𝑘2𝐶23;-3H𝑒3(
0!	
/!

)(%!3(-3H))-
-3H d𝑧2 = 𝐶23;-3H𝑢2(𝑒

3>0!	/!
?H − 1)             Eq. S33 207 

Therefore, combining Eqs. S33 and S31 we can get the relationship between the flux of 208 
oxygen in the BBL and the sediments:   209 

𝐹IIJ34! =
A
B B𝑒

>0!/!
?H − 1C𝐹634! =

A
B
D𝑒CH − 1E𝐹634!           Eq. S34 210 

Similar to Eq. S26, we can obtain the O2 budget for the BBL the loss of O2 from 211 
saturation concentration to the current state over a period of T :  212 

−AOU??????IIJ × ℎ = 𝐹I:34!𝑇 + 𝑇 61 +
A
B
(𝑒CH − 1)7𝐹634!                       Eq. S35 213 

and 214 
AOU??????IIJ × ℎ = 𝐹I:34!𝑇 + 𝑇 61 +

A
B
(𝑒CH − 1)7 SOU	                 Eq. S36 215 

    216 
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In summary, the oxygen mass balance in the whole water column can be simplified as:  217 

AOU?????? × 𝐻 = 𝐹G9:34!𝑇 + 𝑇 61 +
A
B
(𝑒C- − 1)7 SOU		                          Eq. S27  218 

The oxygen mass balance in the bottom boundary layer can be simplified as:  219 

AOU??????IIJ × ℎ = 𝐹I:34!𝑇 + 𝑇 61 +
A
B
(𝑒CH − 1)7 SOU	                     Eq. S36    220 

Where T is the time needed to develop the current AOU; ε is the efficiency of organic 221 
matter remineralization in sediments; 𝑓 is the spatial frequency of organic matter 222 
remineralization in the water column.  223 

S3. Spatial reactivity (f) of organic matter in the water column 224 
The spatial reactivity (f = kw/uw) describes the reaction proceeded per-unit distance 225 

the particles settle downwards. By fitting the observation (Fs-O2, h, H, and AOU 226 
calculated) to the model (Eqs. S27 and S36) using a sediment recycling efficiency of 𝜀= 227 
0.5 and a reaction time (also time for stratification to sustain) of T = 15 d, we obtain an 228 
organic matter spatial reactivity of f = 0.026 m-1 for the PRE region. During our sampling 229 
period, there was a typhoon that had potentially disrupts the water column stratification. 230 
Therefore, the water column CTD data obtained right after the typhoon were excluded 231 
when fitting the model. A comparison of observation and model is shown in Figure S7.  232 

We can check the order of magnitude of f using a separate estimation of the rate of 233 
organic matter remineralization in the water column. For an organic matter production 234 
rate of 66 mmol m-2 d-1 in the region (Cai et al., 2004) and an average SOU of 41.1±16.3 235 
mmol m-2 d-1, about 28% of the organic matter remineralization occurs in the water 236 
column (100%- 41.1/66*100% = 28%). Therefore, from Eq. S21,  237 
𝑓 = 3()!",

)!",	(%!
                      Eq. S37 238 

For water column total depth (H = dzw) of 10-20 m, the spatial reactivity is f=0.28/H = 239 
0.014-0.028 m-1. This is an order of magnitude consistent with the model fitting results.  240 
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 241 
Figure S1 Vertical distributions of temperature, salinity, sigma density (𝝈𝚹), chlorophyl a 242 
(chl-a), and oxygen concentrations in the water column. 243 
 244 
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 251 
 252 
Figure S2 Vertical distributions of buoyance frequency (N2) and oxygen concentrations 253 
in the water column. Horizontal dash lines represent the seafloor.  254 
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 255 
 256 
Figure S3 Oxygen profiles in the sediments.  257 
 258 
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 260 
 261 
Figure S4 a) Spatial distribution of sediment oxygen penetration depth (OPD) in the 262 
Pearl River Estuary and adjacent shelf; b) OPD vs total water depth in the PRE region; 263 
c) OPD vs total water depth in the global ocean (Glud, 2008); d) Sediment oxygen 264 
uptake in the PRE region compared to that of global marine sediments (Glud, 2008).  265 
 266 

 267 
Figure S5 Bottom oxygen concentration vs sediment oxygen uptake from PRE region, 268 
northern Gulf of Mexico (McCarthy et al., 2013a), and the Changjiang Estuary region 269 
(Zhang et al., 2017).  270 

OPD (mm)

A03

A05

A08

A11

PM7

F702
F601

F6032A01

2A01b

2A02

2P03

2P02

F301
F201F101

P101

J103
J203P204

F204 A16
F103

Front17

10
20

30

10
20

30

50

70

10 100 1000 10000
Depth (m)

0.01

0.1

1

10

100

Se
di

m
en

t T
O

U 
(m

m
ol

 m
-2

 d
-1

)

Data from Glud 2008
Our data

0 10 20 30 40 50 60 70
Depth (m)

0.1

0.2

0.3
0.4

0.6
0.8

1

O
PD

 (c
m

)

log(OPD) = 0.0092*Depth- 0.7639

0 1000 2000 3000 4000 5000
Depth (m)

0.1

1

10

100

O
PD

 (c
m

)

log(OPD) = 0.0003*Depth- 0.2147

Data from Glud 2008
Our data

0 10 20 30 40 50 60 70
Depth (m)

0.1

0.2

0.3
0.4

0.6
0.8

1
O

PD
 (c

m
)

log(OPD) = 0.0092*Depth- 0.7639

0 1000 2000 3000 4000 5000
Depth (m)

0.1

1

10

100

O
PD

 (c
m

)

log(OPD) = 0.0003*Depth- 0.2147

Data from Glud 2008
Our data

a b

c d

SO
U 

(m
m

ol
 m

-2
 d
-1

)

0 20 40 60 80 100
SOU (mmol m-2 d-1)

0

50

100

150

200

250

300

Bo
tto

m
 O

2 (m
m

ol
 m

-3
)

Pearl River Estuary region
Northern Gulf of Mexico
Changjiang Estuary region



 
 

12 
 

 271 
Figure S6 a) Average oxygen concentration and B) integrated O2 concentrations in the 272 
whole water column vs SOU normalized to total water depth (SOU/Depth) in the Pearl 273 
River Estuary region, northern Gulf of Mexico (McCarthy et al., 2013a), and the 274 
Changjiang Estuary region (Zhang et al., 2017).  275 
 276 
 277 

   278 
Figure S7 Model apparent oxygen utilizations (AOU) compared to measured AOU for 279 
the BBL and the whole water column.  280 
 281 

 282 
Figure S8 Modeled bottom O2 level under different spatial reactivity of organic matter (f). 283 
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Table S1. Sampling locations, water depth, thickness of the BBL, bottom water O2, oxygen penetration depth (OPD), sediment 284 
oxygen uptake (SOU), apparent oxygen utilization in the water column and BBL (AOU and AOUBBL). 285 

Date 
(mm/dd/yy) 

Station Latitude 
(°N) 

Longitude 
(°E) 

Depth 
(m) 

BBL 
thickness 

(m) 

Bottom 
O2 (𝜇mol 

L-1) 

Average 
O2 

(𝜇mol L-1) 

AOU 
(mmol m-3) 

AOUBBL 

(mmol m-3) 
OPD 
(mm) 

SOU 
(mmol m-2 

d-1) 
04/09/2021* PM7 114.211 22.340 19      2.0  
06/03/2021* A03 113.741 22.602 15 6.8 97.3 102.0 125.5 120.1 1.0 70.5 
06/03/2021* A05 113.765 22.463 14 8.0 105.0 118.7 107.1 113.2 2.5 45.8 
06/04/2021* A08 113.788 22.266 9 3.9 87.9 110.6 103.8 122.9 2.0 41.0 
06/21/2021 113.78 22.279 8 2.8 59.7 115.9 93.8 149.3   
06/04/2021* A11 113.866 22.093 21 15.8 83.3 85.0 123.8 134.1 3.0 70.4 
06/21/2021 113.866 22.095 21 15.9 82.5 99.7 109.7 127.2   
06/04/2021* A16 113.99 21.752 43 39.9 139.3 155.6 54.7 50.7 3.5 49.0 
06/22/2021 113.99 21.752 43 23.0 173.6 176.6 32.5 42.6   
06/05/2021* P101 112.488 21.581 16 3.4 62.7 128.3 74.6 121.7 3.0 20.9 
06/19/2021 112.581 21.584 15 8.2 92.2 136.3 66.6 109.7   
06/07/2021* F103 113.189 21.694 29 21.3     3.0 35.9 
06/19/2021 113.189 22.694 29 24.3 140.2 150.8 63.3 72.8   
06/07/2021* F101 113.129 21.937 13 5.6     2.0 39.4 
06/19/2021 113.128 21.806 15 7.6 31.6 70.0 130.9 168.4   
06/08/2021* F201 113.389 21.914 12 3.9 9.1 147.1 65.4 199.9 2.0 55.4 
06/20/2021 113.388 21.912 12 10.0 77.4 90.0 124.7 140.2   
06/15/2021* F301 113.548 21.990 11 3.8 8.9 126.3 87.6 197.5 1.8 59.0 
06/21/2021 113.547 21.991 10 7.2 70.5 128.4 76.3 88.6   
06/06/2021 J203 112.913 21.551 34 30.3 108.2 118.6 91.1 94.2   
06/17/2021* 112.919 21.551 34 19.7 147.8 144.1 63.8 77.5 5.5  
06/17/2021* Front17 113.150 21.390 30 16.0 120.6 143.8 65.6 94.4 5.0 29.2 
06/06/2021 J103 112.740 21.430 36 21.4 117.0 120.4 87.6 100.6   
06/18/2021* 112.738 21.431 36 29.8 160.3 179.1 31.6 34.1 4.5 63.5 
06/06/2021 P204 113.052 21.592 33 20.9 100.0 123.0 77.8 93.4   
06/19/2021* 113.052 21.584 33 21.3 108.8 172.7 32.9 36.9 3.0 30.0 
06/08/2021 F204 113.463 21.746 33 23.2 115.6 113.1 94.2 115.1   
06/20/2021* 

 
113.456 21.744 33 28.6 153.1 163.9 48.4 54.4 4.0 26.3 

06/11/2021 F603 114.084 22.038 31 10.5 113.1 132.5 77.2 100.3   
06/22/2021* 114.085 22.037 31 26.7 161.3 169.4 36.7 43.4 2.5 29.7 
06/11/2021 F702 114.213 22.070 31 12.0 100.0 143.8     
06/22/2021* 114.124 22.412 31 26.5 156.3 168.8     
06/11/2021 F601 114.050 22.159 21 20.0 173.0 173.0 30.2 30.2   
06/22/2021* 114.050 22.159 21 14.7 93.8 124.7 85.6 105.3 4.0  
07/01/2021* 2A01 113.998 22.001 33 26.5 131.0 157.6 48.5 71.0 2.5 36.4 
07/04/2021* 2A02 114.252 21.501 63 63 166.9 191.3 10.2 36.3 4.5 14.0 
07/06/2021* 2P03 113.851 21.997 24 13.3 50.3 112.8 86.3 70.0 3.0 47.4 
07/06/2021* 2P02 113.698 21.994 16 6.5 1.4 97.2 112.0 221.9 1.0 33.4 
07/08/2021* 2A01b 114.123 21.751 41 41 184.5 196.4 8.6 13.6 7.0 24.4 

286 
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Table S2 List parameters and variables 287 
H Total depth of the water column [m] 
zw The vertical displacement in the water column with the sea surface as zero 

and positive going downward [m] 
zs The vertical displacement in the sediment column with the sediment-water 

interface as zero and positive going downward [m]. 
Cw-O2 O2 concentration in the water column [mmol m-3] 

𝐶!̅"#$ = $% 𝐶!"#$
%

&
d𝑧!( /𝐻 

Average O2 concentration in the water column [mmol m-3], defined as Cw-O2 
integrated along the entire water column divided by the total depth H. 

𝐶!̅"#$'() = $% 𝐶!"#$'()
%

&
d𝑧!( /𝐻 

Average saturation O2 concentration in the water column at in-situ 
temperature [mmol m-3], defined as the saturation O2 concentration Cw-O2 
integrated along the entire water column divided by the total depth H. 

Cs-O2 O2 concentration in the sediment [mmol m-3] 
Rw-O2 Reaction rate of O2 in the water column [mmol m-3 d-1] 
Rs-O2 Reaction rate of O2 in sediments [mmol m-3 d-1] 
FAWI-O2 O2 fluxes at the air-water interface [mmol m-2 d-1] 
FSWI-O2 O2 fluxes at the sediment-water interface [mmol m-2 d-1], positive 

downwards, also defined as sediment oxygen uptake (SOU) 
Fw-O2=∫ 𝑅!"#$

%
& d𝑧! O2 reaction flux in the water column [mmol m-2 d-1], defined as the 

integration of the O2 rate (Rw-O2) over the entire water column 
Fs-O2=∫ 𝑅'"#$

*∝
& d𝑧' O2 reaction flux in the sediment [mmol m-2 d-1], defined as the integration of 

the O2 rate (Rs-O2) over the entire sediment column 
Cs-C Organic carbon concentration in the sediment [mmol m-3] 
C0s-C Organic carbon concentration in the sediments at the sediment-water 

interface (zs=0) [mmol m-3] 
Cw-C Organic carbon concentration in the water column [mmol m-3] 
C0w-C Organic carbon concentration in the surface water (zw=0) [mmol m-3] 
CHw-C Organic carbon concentration in the sediments at the sediment-water 

interface (zw=H) [mmol m-3] 
ks Reactivity of organic carbon in sediments [d-1] 
kw Reactivity of organic carbon in the water column [d-1] 
us Burial velocity of sediments [m d-1] 
uw Settling velocity of particles in the water column [m d-1] 
f = kw/uw  Spatial frequency [m-1], defined as the temporal frequency (rates kw) divided 

by the settling velocity uw. 
t Time (d) 
e The efficiency of organic carbon remineralization in sediments 
T The time needed for the water column to reach the current level of oxygen 

from an oxygen-saturated condition.  
AOU=𝐶!"#$'() − 𝐶!"#$ Apparent oxygen utilization in the water column [mmol m-3], defined as the 

difference between oxygen concentration at saturation and the measured 
oxygen concentration in the water. 

AOU111111 =
∫ (𝐶!"#$'() − 𝐶!"#$)
%
& d𝑧!

𝐻
 

= 𝐶̅!"#$'() − 𝐶!̅"#$  

Average AOU in the water column [mmol m-3], defined as AOU integrated 
over the entire water column divided by the total depth H. 
  

h The thickness of the bottom boundary layer [m].  

𝐶,̅,-"#$ = $% 𝐶!"#$
.

%".
d𝑧!( /ℎ 

Average O2 concentration in BBL [mmol m-3], defined as O2 concentration 
(Cw-O2) integrated over the BBL divided by the thickness of the BBL h.  

FBI-O2 The flux of O2 across the interface (boundary) between the BBL and the 
upper waters (positive means downward flux, and oxygen enters the BBL) 
[mmol m-2 d-1]. 

𝐹,,-"#$ = % 𝑅!"#$
%

%".
d𝑧! the oxygen reaction flux in the BBL, defined as the integrated O2 rate in the 

BBL. 

−AOU111111,,-

=
∫ (𝐶!"#$'() − 𝐶!"#$)
%
%". d𝑧!

𝐻
= 𝐶̅,,-"#$'() − 𝐶,̅,-"#$ 

Average AOU in the BBL [mmol m-3], defined as AOU integrated over the 
BBL divided by the thickness of the layer h. 

 288 
 289 
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Table S3 Water column oxygen and sediment oxygen uptake from other coastal 290 
systems  291 

Region Site ID Depth 
(m) 

BBL*/hypoxia+/
pycnocline^  
thickness (m) 

Bot. 
O2 
(mg/L) 

Aver. 
O2  
(mg/L) 

SOU 
(mmol 
m-2 d-1) 

Ref 

Changjiang Estuary region H18_Aug 58 35.7* 2.40 3.59 24.0 a 
Changjiang Estuary region H19_Jun 58 35.0* 4.60 5.48 13.5 a 
Changjiang Estuary region H9_Aug 34 15.9* 1.96 4.70 23.2 a 
Changjiang Estuary region H9_Jun 34 14.0* 4.57 6.08 18.2 a 
Changjiang Estuary region H15_Aug 57 29.0* 2.40 2.56 62.5 a 
Changjiang Estuary region H15_Jun 57 27.7* 5.30 6.03 28.6 a 
Northern Gulf of Mexico C6_Aug09 19 8.3* 0.10 3.62 26.1 b 
Northern Gulf of Mexico CT2_Aug09 28 14.6* 4.52 5.96 18.7 b 
Northern Gulf of Mexico F5_Aug09 29 9.7* 3.44 5.64 19.3 b 
Northern Gulf of Mexico F5_Aug09 29 16.9* 3.44 5.64 19.3 b 
Northern Gulf of Mexico MRM_Aug09 10 5.8* 3.09 4.49 21.3 b 
Northern Gulf of Mexico MRM_Aug09 10 1.9* 0.76 4.49 21.3 b 
Northern Gulf of Mexico MRM_Aug09 10 3.4* 2.30 4.49 21.3 b 
Northern Gulf of Mexico C6_May10 18 10.7* 2.27 5.60 43.2 b 
Northern Gulf of Mexico CT2_May10 28 8.5* 1.22 4.13 20.4 b 
Northern Gulf of Mexico F5_May10 29 9.0* 1.93 5.03 21.2 b 
Northern Gulf of Mexico MRM_May10 10 1.3* 1.11 4.09 34.3 b 
Northern Gulf of Mexico C6_May11 19 3.3* 1.15 5.15 15.0 b 
Northern Gulf of Mexico CT2_May11 33 28.0* 4.74 5.58 26.4 b 
Northern Gulf of Mexico F5_May11 29 12.7* 5.43 6.35 21.4 b 
Northern Gulf of Mexico C6_Sep08 19 19.0* 4.70 5.55 11.5 b 
Northern Gulf of Mexico CT2_Sep08 29 19.0* 5.69 5.33 9.9 b 
Northern Gulf of Mexico F5_Sep08 28 28.0* 6.10 6.28 11.0 b 
Northern Gulf of Mexico B7_Jan09 21 21.0* 4.86 7.24 18.5 b 
Northern Gulf of Mexico C6_Jan09 18 6.0* 4.31 6.62 16.5 b 
Northern Gulf of Mexico CT2_Jan09 25 18.7* 6.70 6.87 20.4 b 
Northern Gulf of Mexico CT2_Jan09 25 25.3* 6.70 6.87 20.4 b 
Northern Gulf of Mexico F5_Jan09 30 30.0* 6.98 6.70 9.8 b 
Northern Gulf of Mexico MRM_May11 10 2.5* 1.28 5.15 34.3 b 
Middle Chesapeake Bay CB3.2C 13 7.0^ 0.80  61.4 c 
Middle Chesapeake Bay CB4.1C 32 11.5^ 0.10  25.7 c 
Middle Chesapeake Bay CB4.3C 27 12.4^ 0.23  14.3 c 
Middle Chesapeake Bay CB5.1 28 16.5^ 0.90  21.4 c 
Middle Chesapeake Bay CB5.2 30 15.1^ 1.01  15.8 c 
Gulf of St Lawrence   100+ < 2.0  9.7 d 
Long Island Sound   12+ < 2.0  19 e 
Northwestern Black Sea   9+ < 2.0  6.8 f  
Baltic Sea   125+ < 2.0  8 g 

Note: 292 
a) Sediment oxygen uptake (SOU) are from Zhang et al., (2017) and the water column 293 

parameters are calculated from CTD profiles provided by the author H. Zhang.  294 
b) SOU data are from McCarthy et al., (2013) and water column parameters are calculated 295 

from CTD profiles provide by the author M. J. McCarthy.  296 
c) SOU data are from Boynton et al., (2022); water column data for the corresponding sites are 297 

from the Chesapeake Bay Program (CBP, https://datahub.chesapeakebay.net).  298 
d) Fennel and Testa 2019 (originally from Lehmann et al., (2009)) 299 
e) Fennel and Testa 2019 (originally from Welsh & Eller, (1991)) 300 
f) Fennel and Testa 2019 (originally from Cannaby et al., (2015), Capet et al., (2013), and 301 

Capet et al., (2016)) 302 
g) Fennel and Testa 2019 (originally from Noffke et al., (2016) and Wulff & Stigebrandt (1989)) 303 
 304 
  305 
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