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Abstract 

Carbon dioxide and methane emissions from estuaries are reviewed in  
relation with biogeochemical processes and carbon cycling. In estuaries, 
carbon dioxide and methane emissions show a large spatial and temporal 
variability, which results from a complex interaction of river carbon  
inputs, sedimentation and resuspension processes, microbial processes  
in waters and sediments, tidal exchanges with marshes and flats and  
gas exchange with the atmosphere. The net mineralization of land- and 
marsh-derived organic carbon leads to high CO2 atmospheric emissions 
(10-1000 mmol•m-2

•d-1 i.e. 44-44 000 mg•m-2
•d-1) from inner estuarine wa-

ters and tidal flats and marsh sediments. Estuarine plumes at sea are sites 
of intense primary production and show large seasonal variations of pCO2 
from undersaturation to oversaturation; on an annual basis, some plumes 
behave as net sinks of atmospheric CO2 and some others as net sources; 
CO2 atmospheric fluxes in plumes are usually one order of magnitude 
lower than in inner estuaries. Methane emissions to the atmosphere are 
moderate in estuaries (0.02-0.5 mmol•m-2

•d-1 i.e. 0.32-8 mg•m-2
•d-1), except 

in vegetated tidal flats and marshes, particularly those at freshwater sites, 
where sediments may be CH4-saturated. CH4 emissions from subtidal es-
tuarine waters are the result of lateral inputs from river and marshes fol-
lowed by physical ventilation, rather than intense in-situ production in the 
sediments, where oxic and suboxic conditions dominate. Microbial oxida-
tion significantly reduces the CH4 emissions at low salinity (<10) only.  
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7.1 Introduction 

At the land-ocean interface, estuaries receive large amounts of dissolved 
and particulate material carried by rivers, including carbon and nutrients. 
They are highly dynamic systems, characterized by strong physico-
chemical gradients, enhanced biological activity (both autotrophic and het-
erotrophic) and intense sedimentation and resuspension. For twenty years 
it has been well known that riverine material undergoes profound trans-
formations in estuaries before being transferred to the adjacent coastal 
zone (Wollast 1983). Although such intense biogeochemical processes in 
estuaries suggested a potential for high gas emissions, very little was 
known until recently about estuaries and their atmospheric coupling. Inten-
sive gas emissions studies in estuaries started in the 80s in tidal marshes of 
the US Eastern coast, then in the 90s in various estuarine channels. Re-
cently, the BIOGEST project (BIOGas transfer in ESTuaries, 1996-1999), 
supported by the European Union, aimed to describe the distributions, cy-
cling and emissions of several biogenic gases in European tidal estuaries 
(Frankignoulle and Middelburg 2002). The aim of the present paper is to 
synthesize the recent advances in our understanding of carbon dioxide and 
methane emissions from estuarine systems. An effort is made to describe 
the factors controlling the variability of these emissions and to relate them 
to the carbon cycling in estuaries.  

7.2 Estuaries: Some Useful Definitions for Describing 
Carbon Cycling and Gas Emissions 

The most exhaustive definition of an estuary was first given by Cameron 
and Pritchard (1963): “a semi-enclosed coastal body of water, which has 
free connection with the open sea, and within which seawater is measura-
bly diluted with freshwater derived from land drainage”. However, this 
definition includes many coastal systems with different morphologies. This 
paper will focus on estuaries classified by Perillo (1995) in two categories: 
(1) former fluvial valleys, which include coastal plain estuaries and (2) ri-
ver dominated estuaries. These cases correspond to the majority of large 
world rivers (Fjords and coastal lagoons will not be considered). Within 
this definition, the estuary has a channelled or funnelled shape and can be 
divided in several regions with distinct biogeochemical properties 
(Fig. 7.1).  
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Fig.7.1. Schematic representation of an idealized estuary, with the geographic 

definitions used in this chapter 

 
Upstream, the inner estuary starts at the limit of the tidal influence, 

where currents and sedimentary processes become drastically different 
from those in the river, and stops at the geographic limit of the coast (es-
tuarine or river mouth). The surface of the inner estuary divides into the 
subtidal area that includes the main channels and tidal flats, that are peri-
odically emerged and in direct contact with the atmosphere due to the tide 
oscillations. The surface of tidal flats varies with tidal amplitude, estuarine 
morphology and human transformations (e.g. damming-up). Tidal marshes 
are wetlands influenced by the tide oscillations and sometimes occupy an 
important surface all around the inner estuary, as in the case of the US Eas-
tern coast (Cai et al. 1999). The region of the inner estuary, submitted to 
the tide but containing only freshwater is generally called the tidal river, 
and may include freshwater tidal flats and marshes. Downstream, the mix-
ing of freshwater with seawater starts inside the geographical limit of the 
coast, a region that also comprises tidal flats and saltmarshes, and contin-
ues at sea, in an area called the plume (Ketchum 1983). The surface of this 
plume is commonly defined on the basis of salinity in surface waters, a 
value of 1 lower than the adjacent oceanic basin being arbitrary used as the 
offshore boundary (e.g. Borges and Frankignoulle 2002). Although the 
surface of the inner estuary is easy to evaluate, the one of the plume is 
highly variable, both in a given system (seasonal variability) and from one 
system to another. River-dominated estuaries like the Amazon, (Brazil), 
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the Mississippi (US) and the Rhine (The Netherlands) have an extended 
plume, salinity at the mouth being relatively low. By contrast, in coastal 
plain estuaries with moderate river discharge like the Gironde (France), the 
Scheldt (Belgium/Netherlands) and the Thames (UK), a large part of the 
salinity gradient is located within the inner estuary.  

The residence time of freshwaters in an estuary may vary from days to 
months, depending on the river discharge -that lowers it- and the tidal am-
plitude -that increases it-. Estuaries are sites of intense sedimentation in 
particular of fine material eroded from land. Due to the asymmetry of the 
tide, to density gradients and to flocculation processes when freshwater 
mixes with seawater, an estuarine turbidity maximum (ETM) is commonly 
found, often most concentrated at low salinities (Allen et al. 1980; Uncles 
2002). The high currents (sometimes exceeding 2 m•s-1) and their rapid 
change at the tidal and fortnightly timescales result in intense sedimenta-
tion and resuspension cycles in ETMs, where residence time of suspended 
matter may exceed several years before being definitively sedimented or 
exported to the adjacent shelf (Allen et al. 1980; Uncles 2002). Tidal flats 
and marshes exchange sediment, water and porewater with the adjacent 
subtidal estuary, at the tidal, fortnightly and seasonal times scales.  

7.3 Organic Carbon Sources and Mineralization in 
Estuaries 

Both aquatic and terrestrial organic matter are found in estuaries. Rivers 
carry terrestrial soil particles, humic substances and litters from land, but 
also freshwater phytoplankton and domestic loads (sewage) (Wollast 1983; 
Meybeck 1993; Veyssy et al. 1999; Abril et al. 2002). A large part the riv-
erine particulate organic carbon is lost during its transit in estuaries (Ittek-
kot and Laane 1991; Keil et al. 1996; Abril et al. 2002). Indeed, on an an-
nual basis, total respiration exceeds gross primary production in estuaries 
that are net heterotrophic ecosystems (Smith and Hollibaugh 1993; Gattuso 
et al. 1998). Mineralization affects in priority the most labile material 
(phytoplankton and sewage) but also a significant fraction of terrestrial or-
ganic matter (Keil et al. 1997; Veyssy et al. 1999). Estuarine sedimentary 
environments like ETMs and deltaic muds are characterized by frequent 
sedimentation/erosion events, which induce redox oscillations and particle 
mixing and favor particulate organic matter decomposition and recycling 
(Aller 1998; Abril et al. 1999).  

In tidal flats and marshes, like in many wetlands worldwide, primary 
production by microphytobenthos and periodically submerged plants 
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(rooted macrophytes) is intense (Nienhuis 1992). It constitutes a major 
source of organic matter to the flat and marsh sediments (Goni and Tho-
mas 2000; Delaune and Pezeshki 2003), but also to the adjacent estuarine 
waters and sediments, tidal flushing resulting in an outwelling process of 
carbon and nutrients (Dame et al. 1986). Consequently, heterotrophic ac-
tivity in the adjacent estuary is also partly fueled by tidal inputs from flats 
and marshes. Inversely, intertidal sediments trap estuarine suspended parti-
cles, especially when they are colonized by plants (Widdows et al. 2000). 
This leads to high organic carbon sedimentation rates of a mixture of rela-
tively organic-poor particles from the ETM and highly reactive plant de-
bris (Goni and Thomas 2000). Globally, tidal marshes appear to be slightly 
autotrophic (Gattuso et al. 1998), meaning that more organic matter is pro-
duced by plants than is remineralized in the sediment and exported to adja-
cent waters. Little is known about the net metabolism of tidal flats, which 
is probably different from marshes, owing to greater carbon exchanges 
with the estuarine channel.  

In riverine plumes, turbidity is much lower than in inner estuaries. In 
many sites, like in the Gironde and Loire estuaries in France, depending on 
river discharge, light starts seasonally to penetrate deeper into the water 
upstream the estuarine mouth (Fig. 7.1), and the lower part of the inner 
estuary has similar characteristics as the plume at sea. This availability of 
light, together with the input of nutrients from the river and the stratifica-
tion of waters due to vertical salinity gradients, create favorable conditions 
for phytoplankton blooms (Cloern 1996). In addition, enrichment in nutri-
ents by agricultural practices in watershed has significantly modified the 
intensity and community structure of these blooms as exemplified by the 
Mississippi plume (Justic et al. 1995) and the Southern North Sea coast 
(Reid et al 1990). However, in macrotidal tidal systems and especially 
those with large ETMs, phytoplankton biomass in estuarine plumes repre-
sents a seasonal carbon stock one to two orders of magnitude lower than 
the terrestrial organic matter in the ETM (Abril et al. 2002). 

7.4 Estuarine Specificity for Gas Transfer 

The flux of a gas across the air-water interface is governed by the follow-
ing equation:  

F = kα∆p (7.1) 

where α is the solubility coefficient of the gas, ∆p is the air-water gradi-
ent of the gas partial pressure and k is the gas transfer velocity. For spar-
ingly soluble gases such as carbon dioxide and methane, k mainly depends 
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on turbulence in the liquid phase (Wanninkhof 1992) that is affected by a 
number of forcings in estuarine environments. As in the ocean and in 
lakes, wind stress is the main generator of water turbulence. For that rea-
son, a parameterization of k as a function of wind speed is generally used 
to calculate gas fluxes from ∆p in estuaries (Marino and Howard 1993; 
Raymond and Cole 2001). However, tidal currents may also contribute to 
water turbulence, especially in inner estuaries with shallow waters and 
high frictions on the bottom (rugosity). In streams, the generation of turbu-
lence by friction due to flow over the bottom dominates. Therefore, k is pa-
rameterized as function of the ratio between water velocity and water 
depth (O'Connor and Dobbins 1958). In a recent review that compiles 
measurements in various systems, Raymond and Cole (2001) suggested 
that k could be significantly higher in estuaries than in open oceanic waters 
at the same wind speed. Borges et al. (2004a) calculated k from CO2 flux 
measurements with a floating chamber in three European estuaries. They 
found very different relationships between k and wind speed, with signifi-
cantly higher values in the two macrotidal systems than in the microtidal 
system (Fig. 7.2). In addition, using low to moderate wind speed data, they 
calculated a contribution of water current, consistent with the formulation 
of O'Connor and Dobbins (1958) in streams. In the macrotidal Scheldt es-
tuary, the tidally and yearly integrated contribution of water currents was 
estimated to account for 24% of the total gas transfer velocity, the remain-
ing part being attributed to wind (Borges et al. 2004b). Zappa et al. (2003) 
carried out concomitant measurements of k with the gradient flux tech-
nique and of water turbulence in the aqueous boundary layer in a 
macrotidal estuary (Plum Island Sound) over a tidal cycle during a low 
wind day (1.9 m•s-1). They found a large variation of k from 2.2 to 
12.0 cm•h-1 that correlated well with tidal speed and turbulence. The tidal 
averaged k was 6.2±0.4, that is 1.6 times higher than the one calculated 
from wind speeds with the Raymond and Cole (2001) relationship. The 
comparison of all these different k – wind relationships (Fig. 7.2) clearly 
suggests the occurrence of another controlling factor besides tidal currents, 
which is site-specific. Fetch (diameter of the inner estuary in the direction 
of the prevailing wind) is probably a good candidate (Borges et al. 2004a 
submitted manuscript). A long fetch favors the formation of waves, even-
tually forming whitecaps and enhances the potential for wind to favor gas 
transfer. An interesting result was obtained recently by Kauppila et al. 
(2003), who analysed a database of chemical, meteorological and mor-
phometric parameters from 19 microtidal Finnish estuaries. They con-
cluded that fetch could explain 30% of the variation in oxygen concentra-
tions, being the second variable after a function of mean water depth and 
the percentage of watershed under agriculture (55%).  
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Fig. 7.2. Relationships between the gas transfer velocity k 600 (normalized to a 
Schmidt number of 600) and the wind speed at 10 m height obtained in estuaries 
with different tidal range (TR) and average depth (AD).  

The relationships are from the following references: W1992: Wanninkhof (1992) 
for the ocean; R&C2001: Raymond and Cole (2001) who compiled data in various 
estuaries with different techniques; M&H1993: Marino and Howard (1993) based 
on floating chamber oxygen flux measurements in the Hudson estuary (US-New 
York, TR 1.3 m, AD 15 m) and various rivers; Parker estuary (US-Massachussets, 
TR 2.9 m, AD 4 m): Carini et al. (1996) based on a SF6 experiment; Randers Fjord 
estuary (Denmark, TR 0.2, AD 2 m), Scheldt estuary (Belgium/Netherlands, TR 
3.8 m, AD 10 m) and Thames estuary (UK, TR 4.5 m, AD 8 m): Borges et al. 
(2004a), based on floating chamber CO2 flux measurements; Gironde (France, TR 
4 m, AD 10 m), Elbe (Germany, TR 3 m, AD 9 m) and Rhine (The Netherlands, 
TR 2.5 m, AD 11 m) are based on floating chamber CO2 flux measurements (data 
were averaged over wind speed bins of 1 m•s-1) (Borges et al. unpublished data). 
Sinnamary estuary (French Guiana, TR 1.8 m, AD 3.5 m) are some preliminary 
results derived from 5 individual methane flux measurements at low wind speeds 
(Guérin, Abril et al. unpublished data). 
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Kremer et al. (2003) and Borges et al. (2004a) concluded that a simple 
parameterization of k as a function of wind speed is still appropriate for es-
tuaries, but it is site-specific, each relation integrating a combination of 
current, depth and fetch effects. They added that the floating chamber 
method, when used cautiously (Lagrangian measurements in a drifting boat 
and at moderate wind speed) provides a convenient and inexpensive ap-
proach for quantifying these cross-system differences. Anyhow, there is an 
evident need for techniques of gas exchange flux measurements adapted to 
the physical characteristics of estuaries. Classic natural or released tracer 
techniques provide gas transfer velocity estimates at time scales (>1 d) that 
do not allow to adequately describe the short term variability (min to h) of 
k in these very dynamic environments. Direct techniques as those used by 
Zappa et al (2004) (gradient flux, dissipation rate and controlled flux) ap-
pear promising if they can be adapted to highly dynamic environments 
with high currents, wind and waves.  

Nevertheless, all these recent advances in our understanding of gas ex-
change processes converge to the idea that gas transfer velocities in estuar-
ies are higher than in lakes and in the ocean at a same wind speed. In addi-
tion to temporal variations, k is highly variable spatially. Indeed, tidal 
currents, depth and wind are geographically highly variable inducing large 
differences k (Borges et al. 2004b). Dissolved gases can consequently be 
advected from less dynamic regions (e.g. from tidal marshes) and get fur-
ther ventilated in more dynamics regions (e.g. the main channel and the 
plume). This is of major importance when interpreting the spatial distribu-
tions of gases in estuarine waters, and when calculating carbon budgets 
that include input from the river, exchanges with tidal flats and marsch, 
and outputs to the atmosphere and the ocean. 

7.5 Carbon Dioxide Emissions 

As heterotrophic ecosystems, estuaries are a source of CO2 to the atmos-
phere (Frankignoulle et al. 1996; 1998). Indeed, oxygen deficits and CO2 
supersaturations are common features in estuaries. Examples of classical 
distribution of pCO2, oxygen and CO2 fluxes to the atmosphere are shown 
in Fig. 7.3. River waters entering estuaries have pCO2 generally higher 
than the atmosphere, due to organic carbon mineralization in soils, river 
waters and sediments (Jones and Mulholland 1998a; Neal et al. 1998; Cole 
and Caraco 2001; Richey et al. 2002). Nevertheless, pCO2 further in-
creases in estuaries, especially in the tidal river and at low salinities 
(Fig. 7.3). This region often corresponds to the location of the ETM where  
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Fig. 7.3. Typical distributions versus salinity of: A. pCO2 (black squares in µatm) 
and Oxygen (open squares%Saturation) in surface waters, showing the net anti-
parallelism between the two parameters. B. water-air CO2 fluxes (floating cham-
ber method) measured in three European estuaries studied during the BIOGEST 
project (Frankignoulle et al. 1998; Abril et al. 2003). Dotted lines are the atmos-
pheric pCO2 value of 365 µatm. Note the different scale for the Scheldt estuary 

Fi
g.

 7
.3

.T
yp

ic
al

 d
is

tri
bu

tio
ns

 v
er

su
s s

al
in

ity
 o

f: 
A

. p
C

O
2

(b
la

ck
 sq

ua
re

s i
n 

µa
tm

) a
nd

 O
xy

ge
n 

(o
pe

n 
sq

ua
re

s%
Sa

tu
ra

tio
n)

 in
 su

rf
ac

e 
w

at
er

s, 
sh

ow
in

g 
th

e 
ne

t a
nt

i-p
ar

al
le

lis
m

 b
et

w
ee

n 
th

e 
tw

o 
pa

ra
m

et
er

s. 
B

. w
at

er
-a

ir 
C

O
2

flu
xe

s (
flo

at
in

g 
ch

am
be

r m
et

ho
d)

 m
ea

su
re

d 
in

 th
re

e 
Eu

ro
pe

an
 e

st
ua

rie
s s

tu
di

ed
 d

ur
in

g 
th

e 
B

IO
G

ES
T 

pr
oj

ec
t (

Fr
an

ki
gn

ou
lle

et
 a

l. 
19

98
; A

br
il

et
 a

l. 
20

03
). 

D
ot

te
d 

lin
es

 a
re

 th
e 

at
m

os
ph

er
ic

 p
C

O
2

va
lu

e 
of

 3
65

 µ
at

m
. N

ot
e 

th
e 

di
ff

er
en

t s
ca

le
 fo

r t
he

 S
ch

el
dt

es
tu

ar
y

�
�
��
	

 
�-
��
�
,�
��

�
��

-"����.	���

�
��

	�
��

�
��
%,
��
�

��
�

�
�
�


	�
/
�,
��
	�

�

�
��

�0
1����2�	��

 
	!
)�
)�


/!�0����%!�������
�

�

�

��
��

�

'�
�


�
��


'
��

��
��

�

�

��
��

�

'�
�


�
��


'
��

��
��

�

�

��
��

�

'�
�


�
��


'
��

��
��

�

�

��
��

�

��
��

��
��

��
��

��
��

��''�3'
�
�

�

�

��
��

�

��
��

��
��

��
��

��
��

��''�3'
�
�

�
0

1�
�

-"
�
�

�

�

��
��

�


�
��

��
��

��
��

��
��

��''�3'
�
�

 
	!
)�
)�


 
	!
)�
)�


� �



196      7 Carbon Dioxide and Methane Emissions from Estuaries 

heterotrophy is intense as revealed by important oxygen depletions. In-
deed, in ETM, steep light extinction inhibits photosynthesis, whereas high 
suspended matter enhance respiration, heterotrophic bacteria occurring in 
majority attached to the particles (Crump et al. 1998; Goosen et al. 1999).  

Table 7.1 summarizes pCO2 and CO2 fluxes measured so far in inner es-
tuaries. Besides some differences from one site to another, it can be seen 
that a large oversaturation is the general situation and that CO2 fluxes to 
the atmosphere can occasionally reach one mol•m-2

•d-1 (Fig. 7.3). Based on 
fluxes measured with the floating chamber method in nine European estu-
aries and during 26 cruises, Frankignoulle et al. (1998) proposed a realistic 
average CO2 flux of 170 mmol•m-2

•d-1 (i.e. 7500 mg•m-2
•d-1) for inner estu-

aries.  
Tidal marshes are generally a net sink of atmospheric CO2 leading to a 

net burial of organic matter in the sediment (Gattuso et al. 1998; Delaune 
and Pezeshki 2003). However, due to an intense recycling of sedimentary 
organic matter, sediments and soils from tidal flats and marshes emit large 
amounts of CO2, directly to the atmosphere at low tide and across a water 
column of variable height when submerged. It can be seen in Table 7.2 that 
direct sediment-atmosphere fluxes measured at low tide in flats and 
marshes fit well within the range of water-atmosphere fluxes measured in 
subtidal inner estuaries (Table 7.1).  

Lateral transport of CO2 from tidal flats and marshes can also signifi-
cantly contribute to the high pCO2 in adjacent estuarine waters. In the 
freshwater intertidal marshes complex of five rivers in the southeastern 
U.S., Cai et al. (1999) found that respiratory activity in estuarine waters 
and sediments was not sufficient to account for the observed oxygen con-
centrations and pCO2. In their system, advection of excess CO2 from 
marshes with tidal flushing largely contributes to the CO2 flux in the main 
channel. This in due to the conjunction of two facts: high respiratory activ-
ity in marsh sediments; and lower gas exchange rates in the marsh than in 
the channel.  

Another important process for carbon cycling in inner estuaries is a net 
production of alkalinity at low to moderate salinities, observed in several 
systems (Abril et al. 1999; 2003; Cai et al. 2000; Raymond et al. 2000; 
Bouillon et al. 2003). Production of alkalinity from dissolved CO2 gener-
ated during respiration represents a long term sink for atmospheric CO2. 
Basically, there are two potential processes (Stumm and Morgan 1996) 
that can result in a long term alkalinity production in estuaries: 1) carbon-
ate dissolution, when dissolved CO2 reacts with calcium carbonate parti-
cles to produce two bicarbonate anions and dissolved calcium; this process 
is responsible for large alkalinity generations in the Loire (Abril et al.  
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Table 7.1. pCO2 ranges and fluxes reported in inner estuaries 
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Table 7.2. CO2 emission from tidal marshes and flats soils and sediments at vari-
ous salinities 

Site Salinity CO2 emission 
[mmol•m-2

•d-1] 
Reference 

Oyster Landing salt marsh 
(US-South Carolina) 

5-7 50-75 1 

Dipper Harbour salt marsh  
(Canada-New Brunswick) 

20.6-23.5 40 2 

 31-35 60 2 
Scheldt estuary, tidal flats  
(Belgium/the Netherlands) 

1 375 3 

 25 50 3 
Mississipi deltaic coastal marshes 
(US-Louisiana) 

3-5 100-140 4 

 

1 Morris and Whiting (1986); 2 Magenheimer et al. (1996); 3 Middelburg et al. 
(1996); 4 Delaune and Pezeshki (2003). 

 
2003) and in the Godavari estuary in India (Bouillon et al. 2003). In the 

Loire ETM, carbonate dissolution is enhanced by the presence of authi-
genic carbonate carried by the eutrophic river and increases by ~30% the 
summer alkalinity export to the ocean (Abril et al. 2003); 2) diagenetic 
processes in anoxic sediments; primary diagenetic reactions (nitrate, man-
ganese, iron or sulfate reductions) consume protons and produce alkalinity, 
whereas secondary reactions (ammonia, manganese, iron and sulfide oxi-
dations) release protons and decrease the alkalinity. If primary reactions 
are incompletely compensated by secondary reactions (e.g. if iron-sulfides 
precipitate and get buried), a net release of alkalinity occurs. In addition, 
anaerobic fermentative processes (e.g. decarboxilation) may spontaneously 
generate alkalinity. For that reason, significant amounts of alkalinity were 
found to be outwelled from tidal marshes anoxic sediments (Cai et al. 
2000; Raymond et al. 2000). There is a need today for a better understand-
ing of the alkalinity generation by these two kinds of processes in estuar-
ies.  

The outer estuary has substantial different properties with respect to car-
bon dioxide, intense phytoplanktonic blooms consuming significant 
amounts of dissolved CO2. pCO2 in estuarine plume depends on its pri-
mary production/respiration balance but also on the quantity of excess dis-
solved CO2 advected from the inner estuary. Thus, CO2 atmospheric ex-
changes in plumes are affected by a large number of parameters, among 
which, the river discharge, the degree of heterotrophy in the inner estuary, 
the availability of nutrients and light and the stratification of the water col-
umn are the most important. Consequently, pCO2 is highly variable in 
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plumes both seasonally in a given system and from one system to another. 
During 13 cruises in 7 European Atlantic and North Sea estuarine plumes 
Frankignoulle et al. (1998) observed pCO2 variations from 240 µatm in the 
Scheldt plume at salinity 34 in March 1997 to 1330 µatm at the mouth of 
the Douro (salinity 9) in September 1997. Borges and Frankignoulle 
(2002) carried out intensive pCO2 measurements during three years in the 
Scheldt plume, a highly eutrophic region of the Southern North Sea. They 
could observe important CO2 undersaturation (pCO2 down to 90 µatm) in 
April and May, associated with a high algal biomass. However, oversatura-
tion (pCO2 up to 700 µatm) was the general situation the rest of the year, 
CO2 advection from the inner Scheldt and mineralization of phytoplank-
tonic carbon being very important. They concluded that the Scheldt plume 
behaves as a source of CO2 with an annually integrated water-air flux of 
+4 mmol•m-2

•d-1. Brasse et al. (2002) carried out similar measurements in 
the Elbe plume (German Bight, southern North Sea) and found undersatu-
ration (down to 140 µatm) was predominant. However, their dataset was 
restricted to the spring and summer period, and pCO2 higher than 
500 µatm occurred during their only cruise with high river runoff. Finally, 
Ternon et al. (2000) showed that the plume of the Amazon, that may ex-
tend up to 2000 km northwestward along the coast of Brazil, French 
Guiana and Surinam, behaves as a large sink of atmospheric CO2 with 
pCO2 values ranging between 200 and 400 µatm. Körtzinger (2003) ob-
served similar pCO2 values and using sea surface salinity data, calculated 
an average integrated flux for the Amazon river plume of -1.4 mmol•m-2

•d-1. 
The significance of CO2 fluxes in estuarine plumes in the overall estuarine 
system is difficult to apprehend because few studies have investigated both 
inner and outer estuaries. Borges and Frankignoulle (2002) showed that the 
CO2 emission from the Scheldt plume represents 17 to 29% of the estimate 
for the Scheldt inner estuary. On the other hand, Körtzinger (2003) esti-
mated the sink of CO2 in the Amazon plume to 0.014 1015

•g•C•yr-1 that is 
more than one order of magnitude smaller than the total CO2 source of 
0.5 1015

•g•C•yr-1 from Amazonian rivers and wetlands (Richey et al. 2002). 
All these studies reveal the variable properties of estuarine plumes with re-
spect to air-sea CO2 exchange. They also illustrate the high temporal vari-
ability in each site and the necessity of sustained investigation in order to 
adequately quantify the CO2 exchanges between estuarine plumes and the 
atmosphere, at the regional and global scale. 
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7.6 Methane Emissions 

Methane emissions from estuarine surfaces vary over a wide range of spa-
tial and temporal scales. The processes of methane production, transport, 
oxidation and emission are complex and very different in tidal flats and 
marshes compared to estuarine main channels. However, these processes 
have been studied in several systems worldwide so it becomes possible 
nowadays to give a general picture of methane cycling and emissions in es-
tuaries. 

Similarly to continental wetlands (Richey et al. 1988), methane emis-
sions from tidal flats and marshes are high (Bartlett et al. 1987; Chanton et 
al. 1989; Kelley et al. 1995; Middelburg et al. 1996), with annual averages 
typically in the range of few mmol•m-2

•d-1 (Table 7.3). Methane production 
is particularly intense in tidal flats and marshes because of large inputs of 
organic matter at anoxic depths by plants rooted in the sediments (Kelley 
et al. 1995; Van der Nat and Middelburg 2000). Methane emissions vary 
seasonally, closely following the growing, maturing and dying cycle of 
plants (Bartlett et al. 1987; Kelley et al. 1995). Another crucial parameter 
is the availability of sulfate that increases with salinity. Sulfate availability 
allows sulfate-reducing bacteria to outcompete methanogenic bacteria in 
anoxic sediments (Capone and Kiene 1988). For that reason, methane 
emissions from estuarine tidal flats (Middelburg et al. 1996) and marshes 
(Bartlett et al. 1987) decrease by two orders of magnitude from fresh-water 
sites to saltwater sites (Table 7.3). Methane in tidal flats and marshes is 
emitted to the atmosphere by diffusion, ebullition (Chanton et al. 1989) 
and possibly transport through plants (Kelley 1995). In freshwater tidal 
marshes and flats, ebullition may equal diffusion and the variations in hy-
drostatic pressure induced by the diurnal tidal cycle control the ebullition 
rate (Chanton et al. 1989; Kelley et al. 1995; Middelburg et al. 1996). Fi-
nally, the tidal flushing of flats and marshes may export laterally large 
quantities of methane to the adjacent estuarine waters (Bartlett et al. 1985; 
Kelley et al. 1995).  

Methane concentrations in estuarine waters vary over a wide range but 
are almost always higher than the atmospheric equilibrium (2-3 nmol•l-1) 
and generally show a decrease from fresh to salt waters (De Angelis and 
Lilley 1987; Scranton and McShane 1991; De Angelis and Scranton 1993; 
Bange et al. 1998; Sansone et al. 1998 and 1999; Upstill-Goddard et al. 
2000; Jayakumar et al. 2001; Middelburg et al. 2002; Abril and Iversen 
2002). This general pattern is due to river inputs which are a major con-
tributor to the methane found in estuarine waters. In river main streams,  
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Table 7.3. Methane fluxes from estuarine regions 
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Table 7.3. (cont.) 
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the lowest methane concentration reported so far was 5 nmol•l-1 (200% 
saturation relative to the atmosphere) in the McKenzie River (De Angelis 
and Lilley 1987) and the highest was 2.4 µmol•l-1 (90 000% saturation) in 
the Picassic River (Sansone et al. 1999), both systems also showing large 
temporal variations (for recent compilations of river concentrations refer to 
Upstill-Goddard et al. 2000 and Middelburg et al. 2002). This supersatura-
tion is mostly due to inputs of methane-rich waters from surrounding an-
oxic environments rather than important production in the river system it-
self. In particular, groundwater inputs (Jones and Mulholland 1998b) and 
transport of river waters over wetlands and floodplains (Richey et al. 1988) 
are major mechanisms that contribute to the high methane concentrations 
in rivers.  

As discussed previously, due to tidal currents and exposure to wind, gas 
exchange rates are generally much higher in estuarine main channels and 
plumes than in rivers and in tidal marshes. This results in a physical venti-
lation of a large part of the methane carried by rivers or advected from 
tidal marshes, both in inner estuaries (Upstill-Goddard et al. 2000; Middel-
burg et al. 2002) and in plumes at sea (Scranton and McShane 1991, Bange 
et al. 1994). Among the methane distributions observed during the 
BIOGEST project, the one in the Thames estuary (Fig. 7.4) is typical of a 
dominant river input followed by an emission (and oxidation, see below) in 
the upper part of the estuary. By contrast, in the Scheldt and Sado estuaries 
(Fig. 7.4), the increases in concentrations observed at salinities 20-30 are 
examples of significant input from tidal flats, highly extended at these sa-
linities in both estuaries (Middelburg et al. 2002).  

Methane fluxes in inner estuaries and plumes in Table 7.2 are around 
0.2 mmol•m-2

•d-1. A simple calculation that considers this flux value and a 
concentration of 200 nmol•l-1 in an inner estuary with a 10 m depth, leads 
to a turnover time of methane in the water column of 10 days, relative to 
atmospheric emission alone. This is shorter than the residence time of wa-
ters in many macrotidal inner estuaries. It means that due to atmospheric 
emission alone, very little methane from rivers or freshwater marshes 
reaches the estuarine mouth in long residence time systems like the Hud-
son (US-New York), Gironde and Loire (France), Scheldt (Bel-
gium/Netherlands), etc. Thus, more methane needs to be produced in the 
inner estuary in order to export methane to the plume (De Angelis and 
Scranton 1993; Middelburg et al. 2002). By contrast, in the case of the 
Rhine (The Netherlands), a river-dominated system with high methane 
concentrations in freshwater and a short residence time (2-7 days) in the 
inner estuary, riverine methane can be tracked over long a distance off-
shore (Scranton and McShane 1991). 
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Fig. 7.4. Some examples of non-conservative methane (black squares) and oxygen 
(open circles) distributions versus salinity measured in European estuaries 

Studied during the BIOGEST project (Middelburg et al. 2002). Gironde (France) 
October 1996; Thames (UK) February 1999; Scheldt (Belgium/the Netherlands) 
December 1996, the line is from continuous measurements with an equilibrator; 
Sado (Portugal) September 1997. 
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Together with gas evasion, aerobic oxidation is also a significant sink 
for methane in estuarine waters and sediments, particularly at low salini-
ties. In the Hudson estuary, De Angelis and Scanton (1993) found that 
methane oxidation in waters could turnover the methane pool in 1.4 to 
9 days, but only at salinities below 6, oxidation rates at higher salinities be-
ing 1-2 orders of magnitude lower. Adding salt and filtered seawater to 
their freshwater samples resulted in a strong inhibition of methane oxida-
tion. In the Columbia river and estuary, similar oxidation rates were meas-
ured by Lilley et al. (1996), consistent with a net shift in δ13C-CH4 at low 
to intermediate salinities (Sansone et al. 1999). In the low salinity (3-7) re-
gion of the Randers Fjord, a microtidal and shallow estuary in Denmark, 
Abril and Iversen (2002) observed intense methane oxidation at the sedi-
ment surface, which resulted in a net uptake of riverine methane by the es-
tuarine sediment (downward methane flux through the sediment-water in-
terface). They could not detect any methanotrophic activity at ambient 
concentrations in sediments at salinities 17-23. The relative contribution of 
microbial oxidation and atmospheric emission as sinks for dissolved meth-
ane was estimated in these three systems. The methane emission/oxidation 
ratio was on average 4 in the Columbia river and estuary (Lilley et al. 
1996), ranged between 0.4 and 23 in the Hudson estuary (De Angelis and 
Scranton 1993) and between 0.8 and 5.1 in the low salinity regions of the 
Randers fjord (Abril and Iversen 2002). Ratios lower than one were re-
stricted to summer periods, low salinities and high methane concentrations. 
Abril and Iversen (2002) discussed that wind speed has a multiplicative ef-
fect on this ratio: at low wind, methane builds-up in the water, enhancing 
microbial oxidation (typically a first order process), whereas at high wind, 
methane is stripped out the water to the atmosphere, decreasing water con-
centrations and inhibiting oxidation. 

When considering the moderate emissions rates from estuarine channels 
and plumes in Table 7.2, the large contribution to this flux of methane in-
puts from rivers, tidal flats and marshes, the modest (though significant) 
contribution of oxidation, it appears that sub-tidal regions of estuaries are 
environments where methane production is relatively low. Unlike tidal 
flats and marshes, submerged estuarine sediments have no rooted macro-
phytes to inject labile organic matter at depths were methanogenesis oc-
curs. In the freshwater area of the White Oak river estuary, Kelley et al 
(1995) found lower methane production rates in submerged sediments 
compared to tidal flat sediments. The organic matter undergoes several 
phases of degradation in the water column and at the sediment surface and 
looses most of its labile fraction before being incorporated into the 
methanogenic active zone of the sediment. In ETMs, periodic resuspen-
sions of surface sediments with tidal currents make oxic and suboxic proc-
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esses (nitrate, manganese and iron reductions) dominate the oxidation of 
organic matter (Abril et al. 1999). In addition, as soon as salinity and sul-
fate increase, sedimentary carbon remineralization generates in majority 
dissolved inorganic carbon and little methane (Martens and Goldhaber 
1978; Kelley et al. 1990). Nevertheless, biogenic methane production oc-
curs in estuarine channels, as evidenced by the more negative values of 
δ13C-CH4 in the Great Bay estuary (US-New Hampshire) (Sansone et al. 
1999). Methane production is also responsible for net methane inputs at 
very low salinities, observed in macrotidal systems like the Tyne and 
Humber estuaries (UK) (Upstill-Goddard et al. 2000), and the Gironde and 
Scheldt estuaries (Fig. 7.4). These regions correspond to the entrance of 
ETMs, a zone very active for mineralization of riverine organic matter and 
generally showing the maximum hypoxia. 

7.7 Significance at the Global Scale  

Owing to this large spatial heterogeneity, estimations of carbon dioxide 
and methane emissions at the global scale suffer from large uncertainties. 
In addition, there is also a large uncertainty on the surface of world estuar-
ies. To our best knowledge, the only estimation of world estuarine surface 
available is the one by Woodwell et al. (1973), i.e. 1400.103 km2. They es-
timated an inner estuarine surface/coast length ratio in the US which varied 
between 0.12 km2

•km-1 in the North Atlantic coast and 5.97 km2
•km-1 in the 

Gulf of Mexico with an average of 0.78 km2
•km-1 for the entire US. Then, 

Woodwell et al. (1973) extrapolated the latter average value to the entire 
world coastline but added that: "It would be surprising if estimates derived 
in this way were accurate within ±50%". Nevertheless, almost all gas 
emission budgets at the global scale were calculated with this estuarine 
surface. An average CO2 flux of 100 mmol•m-2

•d-1 (Table 7.1) integrated 
over this surface gives a global flux of ~600.1012 gC•y-1. This first order es-
timates is however higher than the total organic carbon transported by 
world rivers (~400.1012 gC•y-1 Ludwig et al. 1996). Owing to the fact that 
only about one half of the particulate organic carbon (representing 
170.1012 gC•y-1; Ludwig et al. 1996) is generally lost in estuaries (Abril et 
al. 2002) the overestimation is around a factor 3 to 5. This might be due to 
an overestimation of the estuarine surface, rather than an overestimation of 
the flux density from Table 7.1. However, it should also be noted that the 
estimate of Ludwig et al. (1996) only accounts for fluvial carbon inputs 
and does not account for lateral inputs (in particular from marshes and 
flats). No global estimates are at present time available for these, but local 
studies show they are significant (Cai et al. 1999). Most of the CO2 fluxes 
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in estuaries have been reported so far in temperate latitudes, despite the 
fact that about 60% of the fresh water discharge and organic carbon inputs 
occurs at tropical latitudes (Ludwig et al. 1996). Anyhow, the carbon diox-
ide source from inner estuaries and sources or sinks from riverine plumes 
represent significant components of the global carbon cycle, which need to 
be further investigated both in terms of magnitude and in terms of proc-
esses involved. Methane emissions from estuaries (excluding tidal 
marshes) have been recently integrated at the global scale by several au-
thors, using the same estuarine surface from Woodwell et al. (1973). Esti-
mates are 0.8-1.3.1012 gCH4.y-1 (Bange et al. 1994); 0.9-1.7.1012 gCH4.y-1 
(Upstill-Goddard et al. 2000) and 1.8-3.0.1012 gCH4.y-1 (Middelburg et al. 
2002). This is less than 10% of the global oceanic emission, which itself 
represents only 1-10% of all natural and anthropogenic sources (Bange et 
al. 1994). Thus, estuaries are a very minor contributor to the global meth-
ane emissions. 
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