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Abstract

The distribution of inorganic carbon and the CO2 exchange between atmosphere and water along the Guadalquivir Estuary
(SW Iberian Peninsula) have been evaluated, on the basis of field observation performed from 2000 to 2003. The study consisted
of the measurement of Total Alkalinity (TAlk), pH, continuous underway CO2 partial pressure (pCO2), dissolved oxygen and
chlorophyll. The Guadalquivir river water is rich in TAlk and DIC and its behaviour is mainly conservative along the salinity gradient.
Estuarine waters were CO2 oversaturated in all the samplings in space and time. It has been suggested some biogeochemical processes
affecting the water pCO2 such as the CO2 flux to the atmosphere, aerobic respiration of organic matter, and carbonate dissolution. The
average CO2 flux to the atmosphere is 85.2 mmol m−2 d−1 and the total CO2 emission to the atmosphere is 3.2 mol C 106 d−1.
Ventilation of riverine CO2 can contribute to the emission of CO2 from inner estuaries although this factor seems highly variable
among European estuaries. It has been estimated that, in the Guadalquivir Estuary, 34% of the total inorganic carbon exported is
emitted to the atmosphere.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

The difference between the sources (7.1±0.9 Pg C
yr−1, fossil fuel combustion and cement production) and
sinks (5.1±0.5 Pg C yr−1, atmosphere and ocean) of
2 Pg C yr−1 for anthropogenic CO2 is of the same order
of magnitude as the overall uncertainty (±1.4 Pg C yr−1)
of estimation. The missing carbon sink could be the
combined result of uncertainty in flux estimates and the
terrestrial biosphere uptake (Sabine et al., 2004). Until
recent times, the coastal ocean has been largely ignored
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in global budgeting efforts, even though the related
flows of carbon and nutrients are disproportionately
high in comparison with its surface area (Smith and
Hollibaugh, 1993; Wollast, 1998). Estuaries play a sig-
nificant role in the global CO2 cycle, as they could emit
around 0.43 Pg C yr−1, roughly balancing the amount of
CO2 absorbed (−0.32 Pg C yr−1) by all the other coastal
ecosystems combined (Borges, 2005). Although high
pCO2 in all the rivers and estuaries is ubiquitous, the
factors controlling pCO2 within estuaries may vary
among systems according to environmental conditions,
as is the case of the Scheldt or the Amazon. Hence,
simple extrapolation from these well-studied river and
estuarine ecosystems to the global scale may result in
inaccurate global estimates (Zhai et al., 2005). In this
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Fig. 1. Salinity profiles at different tidal stages for the anchoring
sampling on June-10th 2002.
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context, some investigators conclude the need for a
better mapping of coastal surface CO2, including rive-
rine areas.

Diverse and intense mechanisms are responsible for
such high levels of pCO2 in estuaries. For instance, the
residence time of the water in the estuary is the balance
between the tidal effect and the river discharge,
particularly in macrotidal estuaries. Increased residence
time of the water in the estuary optimizes the conditions
for organic matter degradation, as well as carbonate
dissolution processes.

The CO2 flux to the atmosphere is a function of the
CO2 partial pressure air–water gradient (ΔpCO2) and
the gas transfer velocity (k). Despite the availability of
highly accurate and precise methods for determining
ΔpCO2, the largest source of uncertainty in the calcu-
lation of gas flux arises from the rate term k in both open
ocean and coastal environment processes (Borges et al.,
2004b). The ability to measure and predict atmospheric
exchange accurately is limited by a lack of understand-
ing of the mechanisms controlling k. Rivers and estua-
ries are systems were wind and boundary friction act as
sources of turbulent energy. Laboratory experiments on
transfer rates in rivers for combined wind and bottom
shear-induced turbulence suggest that the processes
within each regime are cumulative (Zappa et al., 2003).

Limited numbers of specific studies have been
carried out on the gas transfer velocity in estuaries
using methods such as dual tracer addition (Clark et al.,
1995; Carini et al., 1996), natural gas tracer (Clark et al.,
1992) or floating dome technique (Marino and Howarth,
1993; Borges et al., 2004a). The tracer methods involve
long term measurement of the gas transfer velocity over
the entire estuary, while the floating dome is a short term
measurement affected by system heterogeneity typical
in estuaries. The floating dome technique yields higher
values compared to the other methods (Raymond and
Cole, 2001) which may yield higher flux values than
those actually present. In any case, the selection of a
particular value for k will affect the overall representa-
tion of the net ecosystem metabolism.

In addition to the high CO2 ventilation of riverine
DIC, the fluvial export of terrestrial alkalinity is also the
predominant source of oceanic alkalinity and is a key
regulator of the CaCO3 saturation state in the ocean,
according to Raymond and Cole (2003). In this context,
Huertas et al. (2006) carried out a previous study of the
pCO2 in the surface water in the north-eastern shelf of
the Gulf of Cadiz, and observed a phytoplankton bloom
in spring and autumn, induced by the nutrients exported
from the Guadalquivir estuary. It was observed that
based on annual data, the continental shelf adjacent to
the Guadalquivir mouth behaves as a net sink for at-
mospheric CO2.

The BIOGEST and EUROTROPH projects are
among several European Union initiatives in the last
decade which set out to further our understanding of
trophic status in European estuaries and coastal waters,
and of the mechanism involved. Until now, no study of
inorganic carbon dynamics has been performed in the
Guadalquivir Estuary, although the Guadalquivir is one
of the largest rivers of the Iberian Peninsula as well as
being the southernmost in Europe. In this study, pCO2

and inorganic carbon distribution have been measured
for the first time in the Guadalquivir estuary. Biochem-
ical processes involved in the pCO2 variability in time
and space have been studied in relation to organic matter
degradation and carbonate dissolution processes. Lastly,
the air–water CO2 fluxes and the amount of riverine
carbon ventilated over the length of the estuary have
been estimated.

2. Materials and methods

2.1. Study site

The 108 km long Guadalquivir estuary is located in
the south-west of the Iberian Peninsula. The drainage
basin of the Guadalquivir river covers an approximate
area of 58,000 km2, and the total length of the river is
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about 560 km, flowing across the south of Spain from
east to west and draining into the Atlantic Ocean. The
geology of the drainage basin can be divided into two
parts: one of siliceous origin to the north, and a carbo-
nate part to the south. This composition contributes to
the high concentration of suspended solids and dis-
solved carbonates characteristic of the Guadalquivir
river water.

With respect to the mixing regime and according to
the classification proposed by Beer (1983), the Gua-
dalquivir estuary is a completely mixed or vertically
homogeneous estuary (see Fig. 1). Although it is sur-
rounded by inter-tidal salt marshes, the volume of water
exchange between the river and these areas is minimal in
comparison to the total water volume of the estuary;
owing to the regular dredging of the main channel of the
river (6 m depth) to facilitate ship navigation to Seville;
the estuary has an integrated cross section depth of 3 m.
The Guadalquivir Estuary is characterized by an irre-
gular river discharge, this means low discharge rates for
most times of the year and extremely high rates during
rainy season of February–March. The tidal velocity of
around 1 m s−1 is 20 times the freshwater velocity,
which makes the tide the main factor influencing the
Fig. 2. Map of the Guadalquivir estuary. The 8 fixed sampling stations (•)
indicated.
hydrodynamics of the estuary. The Suspended Particu-
late Matter (SPM) distribution along the estuary shows
that the maximum turbidity zone is located around
salinity 5 in the summer; nevertheless the position of
this maximum is highly variable, being dependent on
the tidal regime and the river discharge. The residence
time of the water in the estuary, calculated from the most
frequent freshwater flow (36 m3 s−1) was 18 days.

2.2. Sampling strategy

8 fixed sampling stations were selected along a
38 km stretch of the most marine part of the Guadal-
quivir estuary (Fig. 2, Table 1). The surveys were
performed on board the R/V Mytilus in the summers of
2002 and 2003, as well as in a small vessel for the
transects carried out in 2000 and 2001. In order to
characterize the spatial pattern in the estuary, five tran-
sects along the salinity gradients were performed. Fur-
thermore, to study the effects of the tidal exchange on
the estuarine carbon system, continuous monitoring of
the selected parameters was performed at 3 anchor
stations. This tidal exchange sampling was carried out
for intervals of 13 to 24 h and discrete water surface and
and the locations for the tidal exchange sampling ( ) have been



Table 1
Range for physicochemical and chemical properties of surface water for each sampling

Sampling date Salinity Temperature Freshwater flow
(m3 s−1)

SPM
(mg L−1)

DIC
(mmol kg−1)

pH
(NBS)

fCO2

(μatm)
Total Alkalinity
(mmol kg−1)

19 Dec 00 Long. 2.24–32.98 15.0 13.5 33.3–171.2 2.30–4.89 7.78–8.13 518–3606 2.48–4.76
14 Nov 01 Long. 2.46–22.73 15.0 25.9 12.5–433.1 2.53–4.03 7.78–8.16 538–2640 2.70–4.01
8 Jun 02 Long. 9.79–31.67 21.0 35.1 –. 2.31–2.99 7.99–8.13 627–1027 2.51–3.09
10 Jun 02 Long. 6.81–32.11 20.9 32.1 33.3–146.0 2.26–3.09 7.97–8.17 638–1029 2.44–3.16
20 Jun 03 Long. 8.50–30.91 25.0 44.7 – 2.52–3.33 7.67–7.84 823 1617 2.58–3.34
7 Jun 02 Outer St. 19.64–36.29 21.2 43.9 65.8–543.7 2.25–2.75 7.93–8.01 581–951 2.44–2.85
8 Jun 02 Middle St. 9.74–20.52 21.3 35.1 65.8–405.8 2.66–3.04 8.00–8.18 925–1065 2.81–3.13
10 Jun 02 Inner St. 2.48–13.61 21.8 32.1 121.0–846.6 2.90–3.18 8.00–8.20 922–1165 3.00–3.20

The longitudinal samplings are indicated as Long while the Outer, Middle and Inner Station are reflected in Fig. 1 as the sites for tidal exchange
sampling.
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bottom samples were collected at 1 h intervals. Never-
theless, it would be desirable to have more information
available for high rainwater runoff events (in February–
March), which can considerably increase the river dis-
charge in those months.

The underway ship's pump supplies water for the
continuous measurement of salinity, temperature (Sea-
Bird thermosalinometer) and CO2 partial pressure,
(sample frequency of 1 min). The oxygen was fixed
in a sealed flask and stored in darkness during 24 h as
described by the Winkler method, for later analysis by
potentiometric titration (Metrohm 670 Titroprocessor).
The samples for Dissolved Organic Carbon (DOC)
were fixed with phosphoric acid and measured with a
TOC-5050-A analyser (Shimatzu). Chlorophyll a (Chla)
was determined in a glass fibre filter by fluorescence
after extraction in 90% acetone (Turner Designs-10
fluorometer).

The alkalinity and pH measurements of the filtered
samples were carried out on the ship. The pH was
measured with a glass combined electrode (Metrohm)
calibrated in the NBS scale with pH 4 and 7 buffers. The
alkalinity analysis was performed by the potentiometric
titration methods (Metrohm 716 DMS). The alkalinity
computation was made from the titration curve by
means of the Gran Function and taking into account the
correction for sulphate and fluoride interaction, using
the constants proposed by Khoo et al. (1977) and by
Perez and Fraga (1987) respectively. For the dissocia-
tion of inorganic carbon, the K1 and K2 acidity con-
stants proposed for the NBS scale by Cai and Wang
(1998), specially adapted for estuaries, as well as the K0
proposed by Weiss (1974), were selected. The method
was validated with reference standards obtained from
A. Dickson (Scripps Institution of Oceanography, San
Diego, USA) to an accuracy of ±2 μmol kg−1.

The equilibration technique was used to measure the
continuous surface water pCO2. The equilibration pro-
cess was a mixture of laminar-flow and bubble types
connected to an infrared analyser (Li-Cor 6262) accord-
ing to the design of Körtzinger et al. (1996).

The wind speed data for the flux calculation were
supplied from the meteorological station of the ship and
daily river discharge data were provided by the Confe-
deracion Hidrográfica del Guadalquivir (see Table 1).
The water current speed was measured by means of two
Aanderaa (RCM7) Current Meters, one located at the
water surface and the other near the bottom.

The CO2 gas exchange across the air–water interface
can be described as a function of the gas concentration
gradient and a gas exchange coefficient (k) as stated
below:

Flux CO2 ¼ kð½CO2�water−½CO2�airÞ

where the CO2 gradient is the driving force, and differ-
ent wind speed parameterizations (which are discussed
in more detail in Section 3.3) have been employed for
the k calculation. The excess CO2 is defined as the
departure of free dissolved CO2 from atmospheric con-
centration and is calculated as the in situ CO2 concentra-
tion (μmol L−1) minus a theoretical CO2 concentration
at equilibrium with the atmosphere at 370 μatm. The
Apparent Oxygen utilization (AOU) is defined as depar-
ture of oxygen from an O2 concentration in equilibrium
with the atmosphere calculated from the Benson and
Krause (1984) solubility equation.

3. Results and discussion

3.1. Longitudinal variation

In Table 1 the results for physicochemical variables
obtained between 2000 and 2003 are shown. The first
two transects correspond to winter and the next three to
summer. The longitudinal distribution for Dissolved
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Inorganic Carbon (DIC) and Total Alkalinity (TAlk)
along the estuary are presented in Fig. 3. TAlk and DIC
decreased as salinity increased, in relation to freshwater
and seawater mixing within the estuary. The DIC and
TAlk concentrations at low salinities varied within a
wide range: from 3.0 mmol kg−1 in June 2002 to
4.9 mmol kg−1 in December 2000 for DIC and from 3.1
to 4.8 mmol kg−1 for TAlk, on the same sample dates.
The higher values on TAlk and DIC in the river end-
member are observed in winter. This temporal pattern
was not present in the seawater endmember where less
variability was found (from 2.3 to 2.5 mmol kg−1 in
DIC).

The high TAlk concentration in the Guadalquivir
river water are due to the carbonated composition of the
drainage basin. The effect of this is to make the Guadal-
quivir River a significant source of TAlk to the adjacent
Fig. 3. Longitudinal variation of Total Alkalinity (TAlk), Dissolved Inorganic
in the Guadalquivir estuary. It should be noted that no samples were gathered
2000 and June-8th, 2002.
zone of the Atlantic Ocean. In addition, the calcite and
aragonite saturation solubility product and therefore the
carbonate dissolution level increases as temperature
decreases (Mucci, 1983). This explains why the higher
TAlk concentration in the river endmember occurs in
winter when the average temperature is 15 °C. Cai
(2003) found similar values for TAlk and DIC in the
near-zero salinity zone of the Mississippi River because
of the high weathering rate of the drainage basin.

This is contrary to the positive slope reported in other
estuaries for TAlk vs. salinity, indicating a higher sea-
water concentration than in the river (e.g. Devol et al.,
1987; Cai and Wang, 1998; Brasse et al., 2002).

DIC is greater in the riverine part of the estuary than
in the marine part; as is common in estuaries, the values
being similar to those found in the Loire (Abril et al.,
2003), and the Scheldt (Hellings et al., 2001), although
Carbon (DIC), pH and CO2 fugacity (fCO2) along the salinity gradient
for stations GL7 and GL8, for transects performed on November-14th,
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the origin of the DIC estuarine values there is different
from those of the Guadalquivir River. These estuaries
are characterized by high anthropogenic input of organic
matter and nutrients that are responsible for intense
remineralisation processes, mainly in the maximum
turbidity zone.

The variation of pH (NBS) with salinity was not the
same for all transects. While pH was more acid in
November and December and increased with salinity
(from 7.8 to 8.1/8.2), in June, upstream samples were
more basic (8.0) than downstream. These seasonal vari-
ations in the pH of the river endmember are thought to
be due to the change in ratios of the river source,
coupled to changes in biological activity (Howland
et al., 2000). During winter, the river waters are derived
of the runoff, which is relatively acidic, whereas in
summer, the primary production activity takes place
upstream and increases the pH (accompanied by a Chla
maximum at low salinity, see Fig. 6).

The values of water CO2 fugacity ( fCO2) with res-
pect to the atmosphere were largely in excess of equi-
librium values, throughout the estuary (Table 1, Fig. 3).
In the case of fCO2, a linear relationship vs. salinity was
found in most of the longitudinal samplings. The river
water presented elevated fCO2 values, related to the
high levels of DIC found in the Guadalquivir River. The
maximum value for fCO2 of 3605 μatm was observed
upstream in December 2000 with the minimum being
recorded in June 2002 with a value of 1029 μatm. For
the summer samplings, the slight differences amongst
the 2002 transects are due to variations in the river
discharge and tidal coefficient. The Guadalquivir estu-
ary follows common trends and presents a similar range
of fCO2 values when compared to other European
estuaries, such as the Elbe (Brasse et al., 2002), Rhine
and Gironde (Frankignoulle et al., 1998) and Loire
(Abril et al., 2003).

Assuming salinity is a satisfactory mixing indicator,
then for any dissolved constituent subject only to phy-
sical mixing processes, the resultant plot will be linear,
with a negative slope for components which are more
concentrated in freshwater than in seawater (Liss, 1976).
Table 2
Parameters of the linear fittings of DIC vs. salinity; the river DIC concentrati
(C0 ·Q) have been included

Date Slope (mmol kg−1 psu−1) C0 (mmol kg−1) r2

19 Dec 00 −0.081 4.91 0.9
14 Nov 01 −0.068 4.18 0.8
08 Jun 02 −0.032 3.36 0.9
10 Jun 02 −0.034 3.34 0.9
20 Jun 03 −0.037 3.70 0.9
Table 2 represents the linear regression equation for DIC
vs. salinity, where C0 is the DIC concentration in fresh-
water, calculated from the equation at zero salinity. It
can be deduced that the behaviour of DIC is conserva-
tive and that the main source of DIC to the estuary is
from the freshwater; hence there is no apparent net
reaction. The DIC export from the river to the adjacent
coastal areas is the product of the freshwater discharge
and the freshwater DIC concentration. The DIC export
obtained varied from 5.7×106 mol d−1 in December
2000 to 14,2×106 mol d−1 in June 2003. In the Gua-
dalquivir estuary, the high DIC export is due mainly to
the high TAlk concentration in the river and not to
internal addition as in the case of the Scheldt (Hellings
et al., 2001) or the Loire (Abril et al., 2003) estuaries.

3.2. Tidal variations

Semi-tidal cycles were performed at three different
sites in the estuary in order to study the tidal influence
on the inorganic carbon system. These sites were located
to cover the maximum salinity range associated with
tidal variation. The Outer Estuary Station was the most
marine site (near GL2, see Fig. 2) with the salinity
ranging from 19.6 to 36.3 (Table 1); salinity at the
Middle Estuary Station (near GL6) varied between 9.7
and 20.5; and at the more fluvial anchoring station
referred to as the Inner Estuary Station (between GL7
and GL8) salinity ranged from 2.5 to 13.6.

In this context previous research has been done to
study the tidal effect on the inorganic carbon cycle in
estuaries (Raymond et al., 1997), marshes (Neubauer
andAnderson, 2003) or mangroves (Biswas et al., 2004),
as well as in laboratory simulations (García-Luque et al.,
2005).

Fig. 4 shows tidal cycle effects and illustrates the
marine and freshwater mixing within the estuary. The
friction phenomenon along the estuary combined with
the river discharge means that the tidal wave does not
behave symmetrically. As a result, there is a slight
disphase between the salinity maximum and the high
tide.
on (C0), freshwater flow (Q) and the calculated DIC export defined as

Freshwater flow (m3 s−1) Export of DIC 106 (mol d−1)

7 13.51 5.72
6 25.86 9.33
9 35.12 10.17
5 32.14 9.26
9 44.69 14.23



Fig. 4. Tidal variation of tidal height, salinity, Total Alkalinity (TAlk), Dissolved Inorganic Carbon (DIC), Apparent Oxygen utilization (AOU) and
CO2 fugacity (fCO2).

271M. de la Paz et al. / Journal of Marine Systems 68 (2007) 265–277
As is the case for the salinity gradient distribution,
maximum salinities are linked to minimum TAlk, DIC,
AOU and fCO2. There were no significant differences
found between the surface and bottom concentrations,
which corroborates the theory that the Guadalquivir is
vertically homogeneous (or a completelymixed estuary).
Minimum values of TAlk were found in the Outer
Station (2.47 to 2.85 mmol kg−1) and higher values
were found upstream due to the increase in the influence
of fluvial water, while the tidal variability decreased.
Variations for TAlk were 0.38 mmol kg−1 at the Outer
Station, 0.26 mmol kg−1 at the Middle and 0.18 mmol



Fig. 5. Excess CO2 vs. Apparent Oxygen utilization (AOU). The
equations for the regression lines are: Inner station ( y=0.24x+10.925,
r2=0.5), Middle station ( y=0.28x+12.86, r2=0.65), Outer station
( y=0.62x+0.81, r2=0.89).

272 M. de la Paz et al. / Journal of Marine Systems 68 (2007) 265–277
kg−1 TAlk at the Inner Station. For DIC the variations
were 0.46 mmol kg−1 at the Outer Station, 0.32 mmol
kg−1 at the Middle Station and 0.26 mmol kg−1 at the
Middle Station.

The fCO2 of the surface water at the Outer Station
presented a minimum at high tide of 580 μatm, and
reached 950 μatm at low tide. At theMiddle Station, high
tide to low tide values varied from 925 to 1065 μatm, and
Inner Station values ranged from 922 to 1165 μatm.
Anchor monitoring revealed that tidal variability is no-
ticeably higher in the most marine station when com-
pared with the more fluvial estuary, and water advection
is the key factor controlling the TAlk, DIC and AOU
(Apparent Oxygen utilization) variability.

Diurnal changes accounted for an insignificant
amount of the total change as indicated by the minimal
difference in fCO2, DIC and TAlk values between simi-
lar tidal phases. It can be deduced that the river dis-
charge is more efficient than the tidal effect in the net
transport of TAlk and DIC to offshore waters, and that
the main factor, especially for macro-tidal estuaries, is
the residence time of both water and suspended matter in
the estuary (Wang and Cai, 2004).

Different biogeochemical processes may be associ-
ated with the surface water pCO2 in the Guadalquivir
estuary. The main processes involved are inorganic
carbon respiration, carbonate dissolution and gas ex-
change with the atmosphere. Apart from in highly re-
duced waters, it can be considered that oxygen depletion
is close to the fraction of excess CO2 produced by
heterotrophic processes (Abril et al., 2000). Previous
work in estuaries has applied the relationship between
excess CO2 and AOU in a quantitative approach of the
stoicheiometry of the organic matter respiration pro-
cesses (Ballester et al., 1999; Zhai et al., 2005).

The excess CO2 vs. AOU relationship was plotted
(Fig. 5) for the combined set of surface anchoring data.
Excess CO2 was calculated using the measurement taken
from the equilibrator.

It can be observed that there is an increase in excess
CO2 with the AOU. Excess CO2 varied from 6.85 to
27.81 μmol kg−1 while AOU values ranged between
8.01 and 66.49 μmol kg−1, the higher values corres-
ponding to the upper estuary. The values found in the
Guadalquivir estuary for excess CO2 and AOU are re-
latively low compared to the amounts found in other
estuaries, like the Piracacaba River, Brasil (Ballester
et al., 1999) or the Perl River, China (Zhai et al., 2005),
characterized by high organic matter inputs.

The slope of the plot for excess CO2 vs. AOU at the
Outer Station is 0.62. Analogous values are found in Zhai
et al. (2005), which also contains references to the
elemental composition of the organic matter in estuaries.
However, the slopes for the Inner and Middle Stations
decrease to 0.28 and 0.24 respectively, suggesting the
occurrence of other non-metabolic processes that remove
CO2 from the water column in this zone of the estuary.

Due to the high levels of HCO3
− present in the

estuary, it is possible to estimate the excess CO2 in the
free gas form (Ballester et al., 1999; Zhai et al., 2005)
rather than the DIC form (DeGrandpre et al., 1997; Abril
et al., 2003), under the assumption that the contribution
of CO2 dissolved from the organic matter respiration is
negligible when the predominant effect of the bicarbon-
ate buffer HCO3

− is taken into account.
The entire set of data points of the 3 anchoring

samplings are displayed together vs. salinity in order to
portray the space–time variability in the concentration
of Chla, DOC and Suspended Particulate Matter (SPM)
(Fig. 6).The Dissolved Organic Carbon (DOC) concen-
tration vs. salinity curve (Fig. 6) shows an increase in
DOC towards the fluvial section, and a much more
scattered pattern within the maximum turbidity zone.
This may be due to internal or lateral contributions from
the adjacent rice fields and salt marshes, since the
average Chlorophyll a concentration in the Guadalqui-
vir of 6.7 μg L−1 is not sufficient to sustain such levels
of DOC through exudation. Abril et al. (2002) develop a
cross comparison of organic carbon origin in estuaries,
arguing that two major variables control the intensity of
the organic carbon mineralisation: the lability/origin of
the organic carbon, and the residence time of the particle
in the estuary. The case of the Guadalquivir is com-
parable to that of the Sado and Ems estuaries whose
DOC concentrations range from 1.9 to 9.6 mg·L−1

(Abril et al., 2002). The distribution of DOC may
support in part the increase in the respiration processes



Fig. 6. Dissolved Organic Carbon (DOC), Chlorophyll (Chla) and
Suspended Particulate Matter (SPM) vs. salinity for the three tidal
exchange sampling data in 2002. Vertical dashed line shows the
location of the maximum turbidity zone.

273M. de la Paz et al. / Journal of Marine Systems 68 (2007) 265–277
toward the upper estuary, although it is not an intense
process in the estuary.

Another possible mechanism responsible for buff-
ering the increased pCO2 values caused by the re-
mineralisation of organic carbon is carbonate mineral
dissolution, which can be represented by the following
equation:

CO2 þ H2O þ CaCO3 ¼ Ca2þ þ 2HCO−
3

The calcite and aragonite solubility product (Ksp)
(Mucci, 1983) for the Guadalquivir can be calculated as
a function of the salinity and temperature as well as the
saturation index. Despite the water column being over-
saturated in calcite and aragonite, CaCO3 dissolution is
able to take place. This dissolution is more significant at
the bottom and in the maximum turbidity zone (dis-
solved suspended matter N400 mg L−1), where the
resuspension of the particulate material provides suf-
ficient time and so increases the probability of reaction.
Jahnke and Jahnke (2000) observed that, although the
bottom water was significantly supersaturated with res-
pect to calcite and aragonite, CaCO3 dissolution was
found to occur in the pore water of the superficial
sediment, as a result of acidification related to organic
matter oxidation.

It was hypothesized that the mechanism involved in
the departure from the expected CO2 concentration in
the water was due to carbonate dissolution. Additional
information regarding the Ca2+ distribution along the
estuary as well as sediment DIC and TAlk fluxes would
assist in properly accounting for these processes.
Detailed studies of this carbonate dissolution mecha-
nism in the Loire (Abril et al., 2003), Gironde (Abril
et al., 1999) and Seine (Roy et al., 1999) estuaries, have
each taken into account the dissolution/precipitation
processes in carrying out a carbon balance over the
entire estuary.

3.3. Estuary-atmosphere CO2 exchange

Fluxes for the Guadalquivir Estuary are calculated
using various estuarine gas transfer parameterizations:
a) O'Connor and Dobbins (1958) proposed an oxygen
re-aereation rate as a function of the water current
velocity and water column depth; b) Borges et al.
(2004b) constructed an empirical relationship based on
floating dome measurement in the Scheldt estuary that
accounted for the wind stress effect and the current
speed, using the relationship from O'Connor and
Dobbins (1958); c) Carini et al. (1996) studied the
gas transfer velocity in Parker River Estuary using SF6
addition; and d) Clark et al. (1995) derived an
expression based on SF6 tracer measurement in the
Hudson River and 222R mass balance in San Francisco
Bay. After estimating the k using different algorithms,
it has been converted to in situ temperature and density
assuming a dependency of k proportional to Sc−0.5. Sc
was computed for in situ conditions using the
Wanninkhof (1992) relationship and assuming that Sc
varies linearly with salinity.

The estuary has been divided into three sections for
the CO2 flux calculation using the data from the an-
choring sampling. The result for the CO2 gas transfer



Table 4
Area, average air–water pCO2 gradient, air–water CO2 flux and CO2

emission at each estuarine station in summer time

Outer Station Middle Station Inner Station

Area (km2) 26.24 7.39 4.95
ΔpCO2 (μatm) 362.3±116.2 601.1±32.2 673.0±59
Air–water CO2 Flux
(mmol m2 d−1)

68.9 114.3 128

CO2 emission
(106 mol C d−1)

18.1 8.45 6.33

An average gas transfer velocity for the entire estuary of k=22.5 cm
h−1 has been used.
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velocities within the estuary, as well as the wind speed
and tidal current, are shown in Table 3. The daily wind
velocity was highly random and variable oscillating
between 5.0 m s−1 and 9.8 m s−1. The maximum tidal
current (from 60 cm s−1 to 99 cm s−1) is explained by
bathymetry and seawater/freshwater mixing values. The
use of different parameterization can provide informa-
tion on the spatial variability of k along the estuary
because the relationship is strongly affected by the
processes dominant at each station. The parameteriza-
tion proposed by Borges et al. (2004b) gave the highest
values throughout the estuary, followed by kClark for
high wind speed and by kCarini for lower wind speed.
This is because the kClark relationship with wind speed is
quadratic while for kCarini the relationship is linear. The
maximum k values correspond to the Middle Station,
where the wind speed computed that day was especially
high. The expression of O'Connor and Dobbins (1958)
produced the minimum k values since it considers water
current alone. The values for kO'Connor are in the same
range as those found by Zappa et al. (2003), who
described a daily variability in k from 2.2 to 12 cm h−1

for a low wind day in the Hudson estuary. The water
current effect is estimated by applying the ratio as the
ratio kO'Connor/kO'Connor+kCarini,, representing around
30% of the gas transfer velocity along the estuary
which is rather high yet comparable to other European
macro-tidal estuaries such as the Scheldt (Borges et al.,
2004b). The maximum contribution of the water current
corresponds to the Inner Station owing to the reduced
cross-section which creates higher friction, but in no
case is it comparable to the wind speed effect.

Following the consideration of Borges et al. (2004b)
that the water current and wind speed have an additive
Table 3
Daily average wind speed, maximum tidal current speed, air–water
CO2 concentration gradient and different parameterization for CO2 gas
transfer velocity in the three sections of the Guadalquivir estuary

Outer
Station

Middle
Station

Inner
Station

Wind speed (m s−1) 7.9±2.0 9.8±3.2 5.0±1.9
Maximum tidal current speed
(cm s−1)

84±9 60±6 99±14

ΔpCO2 (μatm) 362.3±116.2 601.1±32.2 673±59
kBorges (cm h−1) 27.2±4.8 32.6±8 22.1±3.5
kClark (cm h−1) 17.6±7.6 27.6±13.6 8.6±3.5
kCarinni (cm h−1) 15.8±3.9 17.3±6.5 10.4±2.8
kO'Connor (cm h−1) 7.1±1.9 6.1±1.9 8.0±2.4
Water current contribution % 30±8 28±15 41±12

Gas transfer velocity relationship: kBorges (wind+water current ), kClark
(wind), kCarini (wind) and kO'Connor (water current). The water current
contribution (%) was calculated as the ratio kO'Connor/kO'Connor+kCarini.
effect on the gas transfer velocity, it was decided to
select a combination of a) the wind speed parameteri-
zation proposed by Carini et al. (1996) based on tracer
addition technique which gives a best estimate for long
term spatial and temporal scales, and also because of the
morphological similarities between the Park River and
Guadalquivir River estuaries; and b) the water current
expression from O'Connor and Dobbins (1958). The
additive result will be k=kO'Connor+kCarini.

An average gas transfer velocity has been calculated
to avoid the high spatial and temporal heterogeneities
associated with wind speed measurement and tidal
current velocity. The average wind speed for the
sampling period was 7.35 m s−1 with an average tidal
velocity reported of 0.54 m s−1, and an integrative depth
value for all the estuary of 3 m. The resultant gas
exchange velocity (k) for the Guadalquivir Estuary is
22.5 cm h−1.

CO2 flux to the atmosphere in the distinct sections of
the Guadalquivir estuary evaluated using k were:
68.9 mmol m−2 d−1 at the Outer Station, 114.3 mmol
m−2 d−1 at the Middle Station and 128 mmol m−2 d−1 at
the Inner Station. The air–water CO2 flux data has been
summarized in Table 4. The daily flux to the atmosphere
can be calculated by multiplying the CO2 flux value by
the area in question, with the result that CO2 emissions
at the Outer Station were 1.8 106 mol C d−1, 0.85
106 mol C d−1 at the Middle Station and 0.63 106 mol C
d−1 at the Inner Station. It should be pointed out that the
estuary has been divided according to the salinity range
and not the area-width distribution. This may explain the
apparently disproportionate range of emission values in
the different stations. To calculate the average daily flux
over the entire estuary, CO2 emission for the entire
estuary (the sum of the emissions calculated for each
area) was divided by the total estimated area of the
Guadalquivir estuary. The average daily flux in the
Guadalquivir is 85.2 mmol m−2 d−1 and the total CO2

emission is 3.2 106 mol C d−1.
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Opposite distribution between flux and emission is
the common pattern found in estuaries. Several recent
compilations are found about CO2 emission in European
inner estuaries (Frankignoulle et al., 1998; Abril and
Borges, 2004; Borges, 2005) but no data up to this time
has been available for the Guadalquivir Estuary. The
average daily flux in the Guadalquivir estuary is
analogous to the data found in Borges (2005) for the
Sado (Portugal), Gironde (France) and Rhine (Nether-
land). Huertas et al. (2006) estimated that CO2 fluxes in
the continental shelf adjacent to the Guadalquivir
estuary oscillated between a CO2 source of 0.8 mmol
m2 d−1 in summer and a net uptake in October of
2 mmol m2 d−1. It is worth noting the intensity of the
fluxes in the inner estuary compared to the continental
shelf.

3.4. Carbon balance in the Guadalquivir Estuary

This study deals with the summer inorganic carbon
balance which includes the fluvial DIC input, the DIC
output to the Atlantic Ocean and the air–water flux of
CO2. In this case, the conservative DIC distribution
along the estuary implies that river input and DIC
export balance out. This does not mean that no proces-
ses affect the DIC as it passes along the estuary; rather
that the CO2 flux to the atmosphere must be balanced
by net CO2 production processes in the water column or
sediment. These processes are organic matter degra-
dation and calcium carbonate dissolution, the former
producing CO2 and the latter consuming CO2. Never-
theless, for the average CO2 flux to the atmosphere and
average DIC concentration (85 mmol m−2 d−1 and
3 mmol kg−1 respectively) the one day emission to the
atmosphere represents 0.9% of the total water column
DIC budget. This is not significant compared to the
high longitudinal DIC gradient in the Guadalquivir
estuary.

DIC exported includes flux to the atmosphere, which
reaches 3.2 106 mol C d−1, compared with export to the
Atlantic Ocean of 9.7 106 mol C d−1. It can be con-
cluded that 25% of the DIC exported from the Guadal-
quivir Estuary is emitted to the atmosphere, and 30% of
the riverine DIC is ventilated. The percentage of riverine
DIC ventilated to the atmosphere is highly variable from
one estuary to another. Among European estuaries, the
Douro and the Randers Fjord currently represent the
highest and lowest reported levels of air–sea flux, res-
pectively (Borges et al., 2006). Abril et al. (2000) esti-
mated that in the Scheldt the riverine origin of CO2

emission is about 10% while in the Randers Fjord the
river contribution reaches 50%.
4. Conclusions

The results presented in this study provide a de-
scription of the inorganic carbon distribution along the
Guadalquivir estuary. The fluvial water is rich in TAlk
and the estuary acts as a net exporter of TAlk and DIC to
the adjacent coastal water. The TAlk river concentration
presents a seasonal variability with higher concentra-
tions in winter than in summer. The average DIC export
from the Guadalquivir is 9.7 106 mol C d−1. Although
the behaviour of the TAlk and inorganic carbon is
mainly conservative along the estuary, some biogeo-
chemical processes can co-occur, such as the aerobic
respiration processes in organic matter which produce
CO2 in the water column, and the carbonate dissolution
process that causes a slight decrease in CO2 concentra-
tion in the water, even when it is originated by the
superficial sediment. Moreover, CO2 efflux has been
estimated from the CO2 air–water gradients and gas
transfer coefficients that take into account the tidal cur-
rent and the wind speed effects. Comparison of the
different parameterization available was carried out.

Neither the organic matter respiration nor the carbo-
nate dissolution reaction play the major role, as is the
case for many European estuaries, where internal DIC
production is significant, such as in the Scheldt and
Loire. In this case study, these aforementioned processes
have been proposed to balance the CO2 flux to the
atmosphere.

The average CO2 flux to the atmosphere was 85mmol
m−2 d−1 while the total CO2 emission to the atmosphere
was 3.2 106 mol C d−1. Ventilation of riverine CO2 can
contribute to the emission of CO2 from inner estuaries
although it seems highly variable. In the Guadalquivir
25% of the carbon exported is emitted to the atmosphere.
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