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Abstract

The hypothesis of nutrient-rich pore-waters seeping at low tide through sediments to channel waters, which drain tidal flats
during ebb, was evaluated in the Arcachon lagoon. The back of the bay is affected by freshwater inputs and underground
freshwater discharges. The upper part of tidal flat consists of permeable sandy sediments, which are covered by a muddy sediment
layer on the lower part. Permeable sediments outcrop in the bed of channel web. Surface water chemistry and early diagenesis
processes in sediment were estimated by collecting channel web waters and cores on a tidal flat and in channels at different seasons
and time scales. Waters from tidal creeks are under-oxygenated, and enriched in reduced solutes. Muddy sediments showed
evidences of strong organic matter mineralization and bioturbation. Underlying permeable sandy sediments revealed as well
evidences of an enrichment of inorganic nutrients, and dilution with fresh continental groundwater. During ebb, tidal creek waters
stem from mudflats by seeping of anoxic pore-waters, and from permeable sediments by advection of reduced waters. A rough
estimation shows that the yearly contribution of this tidal pump of pore-waters for dissolved inorganic phosphorus (DIP) and
ammonia inputs is of the same order of magnitude than river inputs for the studied part of the bay. Extrapolated to the whole
Arcachon lagoon, pore-water discharge at low tide supplies to water column at least 556 kmol yr−1 and 18300 kmol yr−1 of DIP
and NH4

+, respectively. Tidal drainage at low tide represents therefore a minimal contribution of recycled nutrient of 55% for DIP
and 15% for dissolved inorganic nitrogen to the lagoon.
© 2008 Elsevier B.V. All rights reserved.
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1. Introduction

Lagoon environments are highly dynamic systems
controlled by physical processes and subjected to marine
and continental influences. They play a key role as
spawning grounds for fish and shellfish, and have been
extensively exploited for aquaculture, fishing, tourism …
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Eutrophication is a naturally occurring process in most
lagoons because of their function as a sink for nutrient
inputs from land and sea (De Wit et al., 2001). Thus,
processes controlling nutrient levels and distributions in
lagoon environments must be understood to assess the
impact of human activities and global natural change on the
chemical cycling and ecology of these coastal ecosystems.

In lagoon ecosystems, where depth is low and
intertidal zone is extended, the sediment becomes the
central unit of biogeochemical nutrient cycles and
rient cycling in a temperate lagoon (Arcachon Bay, France), Marine
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intense biological productivity. During immersion,
numerous studies demonstrated complex interactions
and high exchanges between sediment and overlying
water occurring in tidal environments (Falcao and Vale,
1995; Rocha et al., 1995; Rocha, 1998; Morin and
Morse, 1999; Mortimer et al., 1999; Welsh et al., 2000;
Sakamaki et al., 2006). The coupling between benthic
processes and exchanges with water is linked to benthic
production and deposition of organic matter, subsequent
remineralization of organic matter with release of
inorganic nutrients to pore-waters, and transport of
dissolved nutrients back into overlying water column
(Jahnke et al., 2003; Sakamaki et al., 2006). Thus,
sediments are either sinks or sources of nutrients derived
from external inputs and internal recycling processes.
Early diagenesis products are transported to the water
column through several processes. In addition to
spontaneous molecular diffusion at the sediment water
interface, transport of solute by bioturbation (irrigation
from burrows and biodiffusion) and discharge of
Fig. 1. Map of Arcachon Bay (France). Location of the study site (black circle
square). Grey areas indicate intertidal flats.
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advective groundwater or seawater from bottom perme-
able sediment layers take place (Simmons, 1992;
Huettel et al., 1998; Moore, 1999; Koretsky et al.,
2002; Charette et al., 2005; Grigg et al., 2005; Meysman
et al., 2006). During ebb, a large channel web drains
intertidal flats. Sediment-channel water exchanges can
be an important pathway for nutrient cycles and budget
for lagoons (Agosta, 1985).

The present study focuses on the chemical composi-
tion of tidal creek waters that drain intertidal mudflats
during ebb in a mesotidal coastal lagoon. We observed
first that most of these creeks were not connected to
surface flowing continental waters. Second, at low tide,
and before flood tide reached the creeks, the runoff of
flowing waters could not be explained by surface water
eluviation. These observations suggested that waters
flowing in tidal creeks originated partly from nutrient-
rich pore-waters. Our objective was to verify this
hypothesis, and to estimate the impact of these waters
on the global nutrient cycle of the lagoon. Tidal creek
), biweekly monitoring (black triangle), and tidal cycle sampling (black

rient cycling in a temperate lagoon (Arcachon Bay, France), Marine
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waters were compared to samples collected in a channel
connected to a river and to waters collected at high tide
and during tide cycles. The connection between tidal
creek waters and pore-water was evaluated by studying
early diagenesis products in sediment cores collected on
the tidal flat and in permeable channel sediment.

2. Study site, materials and methods

2.1. Arcachon Bay

Arcachon Bay is a mesotidal shallow lagoon of
180 km2 located on the French Atlantic coast (44°40′ N,
1°10′ W; Fig. 1). It is a major centre for oyster farming,
and recreational activities. It is connected to the Atlantic
Ocean by a 2–3 km wide and about 12 km long channel,
that enables important seawater exchanges, estimated at
up to 384×106 m3 for each tidal cycle (Plus et al.,
2006). The tide is semi-diurnal and the tidal amplitude
ranges from 1.1 m to 4.9 m (Gassiat, 1989). At low tide,
in the inner lagoon (156 km2), tidal channels drain large
tidal flats (115 km2). The maximum water depth of main
channels is 20 m. About 70 km2 of tidal flats are covered
by Zostera noltii meadows (Auby and Labourg, 1996;
Blanchet et al., 2005). At high tide, surface water
temperature fluctuates annually between 1 and 30 °C,
and surface water salinity between 22 and 32. The
intertidal area is exposed to atmosphere for several hours,
over each semi-diurnal tidal period. The back of the bay is
affected by moderate river inputs and underground
freshwater discharges, with a major part coming from
Fig. 2. Schematic representation of the studied site viewed from the continent
estuarine channel (black crosses), in the major tidal creek web, and tidal pool
samples (black dots). The aquiclude influences the free aquifer by fresh u
decreasing salinity gradient in sandy sediments. In the bed of creeks (called re
of underground water seeping.
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the Leyre River, the remaining is provided by secondary
streams (Rimmelin et al., 1998). The lower part of the
intertidal zone consists of muddy sediments (grain size:
15–40 μm), and some upper parts are constituted with
permeable sandy sediments (grain size: ~ 250 μm).
Permeable sandy sediments also outcrop in the bed of the
largest channels.

2.2. Study site

The studied site consists of a mud flat exposed to the
atmosphere 12 h/day at minimum. About 20% of the
surface area is covered by macrophyte meadows
(Zostera noltii and Spartina anglica). The upper part
of the tidal flat is covered by more permeable sandy
sediments. The study site is cut at southern side by a
main channel connected to a small river, which annual
mean discharge ranges from 0.120 to 0.160 m3 s−1

(Fig. 2). The channel represents a small-scale estuary
with a salinity gradient from 0 (in the small river) to 15–
27, depending on season. Subsequently, we named this
channel the estuarine channel. This channel is also the
effluent of a web of tidal creeks (called regionally
“estey”), which are not connected to surface continental
water flows (Fig. 2). These creeks drain the mud flat at
low tide. In the studied area, the main tidal creek was at
low tide 400 m in length, between 0.5 and 3 m large,
with a mean depth of 20 cm. Permeable sandy sediments
outcrop in the bed of main branches of creeks and
constitute a potential exchange area with underground
water. Some portions of the sandy bed were red
toward the lagoon. Locations of different water samples collected in the
(open dots), in the minor tidal creek (open square), and sediment core
nderground water inputs, which generate a mixing zone. It forms a
gionally “Estey”), a red sand zone (dotted area) is observed at the level

rient cycling in a temperate lagoon (Arcachon Bay, France), Marine
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coloured, suggesting that sand grains were coated with
iron oxides. The tidal creek water discharge was
measured using a current-meter at several low tide
periods, and was between 100 and 120 l s−1 depending
on phreatic level (wet–dry season) and tide (neap–
spring). At low tide, upper parts of muddy intertidal flat
present 1 to 10 m large and about 10 cm deep tidal pools,
where macro algae accumulate (Monostroma obscurum,
Enteromorpha sp.).

2.3. Water sampling

Table 1 summarises the sampling strategy. Monthly
averaged nutrient concentrations at high tide (HT) were
measured biweekly in a main channel of the lagoon
(Teychan channel, Fig. 1) located close to the study site,
from December 2002 to January 2004. From March
2005 to September 2006, water samples were collected
bimonthly in the estuarine channel along the salinity
gradient and in the major tidal creek web (Fig. 2). The
tidal creek web located at north of the estuarine channel
was sampled at several points. A minor tidal creek, at
south of the estuarine channel, was also sampled at its
mouth (Fig. 2). Sampling was performed 1 h after slack
tide, during ebb tide. Days of sampling were chosen
when the low tide (LT) was about at twelve noon. Water
samples were also collected in a tidal creek downstream
the study site during whole tide cycles at the occasion of
a previous investigation in year 1992–1993 (Fig. 1).
Sampling was performed at spring tide, when low tide
Table 1
Sampling procedures implemented during field work

Sampling date Sampling station Sample Freque

Summer 1992 6-h tidal cycle Surface water 15–30
Fall 1992 6-h tidal cycle Surface water 15–30
Winter 1993 6-h tidal cycle Surface water 15–30
Spring 1993 24-h tidal cycle Surface water 15–30
Dec. 2002 to Jan. 2004 Lagoon water

(high tide)
Surface water biweek

Mar. 2005 to Sep. 2006 Freshwater
river

Surface water bimont

Mar. 2005 to Sep. 2006 Estuarine
channel (ebb)

Surface water bimont

Mar. 2005 to Sep. 2006 Tidal creeks
(ebb)

Surface water bimont

May 2005 Tidal mudflat Porewater and
particulate fraction

July 2005 Tidal mudflat Porewater and
particulate fraction

January 2006 Tidal mudflat Porewater and
particulate fraction

Please cite this article as: Deborde, J., et al., Role of tidal pumping on nut
Chemistry (2008), doi:10.1016/j.marchem.2007.12.007
drainage was maximal. Water samples were collected
every 15–30 min, from HT + 3 h to LT + 1 h in winter,
spring, summer and fall periods (Auby et al., 1994).
During spring collection, the sampling was extended to
the nocturnal low tide. Water samples were collected
using a 50 ml syringe and were immediately filtered
through a 0.2 μm cellulose acetate syringe-filter, and
kept at 4 °C for nutrient analysis. Nutrient analyses (N, P
and Si dissolved species) were performed back in the
laboratory, the same day. An aliquot was acidified
(HNO3) for dissolved metal analysis. Salinity, pH, O2

saturation, and water temperature were measured during
the different sample collections.

2.4. Sediment sample processing

In May 2005, July 2005 and February 2006, we
collected at low tide two 20 cm long cores at the level of
red sand zone: one in sandy bed of the creek, the other
on the mud flat, on edge of the creek (Fig. 2 and
Table 1). Sub-samples were taken with 1 cm resolution
from surface to 10 cm, and with 2 cm resolution for the
rest of the core. For each level, another sub-sample was
immediately sealed in a preweighed vial and frozen
under inert atmosphere for further analyses of solid
fraction and water content determination. Pore-waters
were extracted by centrifuge at 4000 rpm for 20 min
under inert N2-atmosphere. For impermeable sediments,
the supernatant was immediately filtered (0.2 μm
cellulose acetate syringe-filter). For sandy sediments,
ncy Geochimical analysis

min ΣNO3
−, NH4

+, PO4
3−

min ΣNO3
−, NH4

+, PO4
3−

min ΣNO3
−, NH4
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min ΣNO3
−, NH4
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3−

ly ΣNO3
−, NH4

+, PO4
3−
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−, NH4
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we used centrifuge 0.2 μm filter-vials. An aliquot of
filtered interstitial waters was acidified with HNO3 for
dissolved Fe and Mn analysis. A second aliquot was
frozen at −25 °C for nutrient analysis. The possibility
that traces of oxygen have affected concentrations of
reduced elements during slicing and filtration can not be
excluded.

2.5. Laboratory analysis

Dissolved nitrate (ΣNO3
−=NO3

− + NO2
−), ammonia

and ΣCO2 were analysed by Flow Injection Analysis
(FIA) according to standard methods (Anderson, 1979;
Hall and Aller, 1992). Precisions are ±10% for ΣNO3

−

and ±5% for NH4
+ and ΣCO2. Dissolved silicate,

phosphate (DIP), and iron were measured by colori-
metric procedures (Mullin and Riley, 1955; Murphy and
Riley, 1962; Stookey, 1970; Strickland and Parsons,
1972). The precision for these methods are ±5%.
Dissolved silicate concentrations of sediment pore-
waters, but not surface waters, may have been affected
by the conditioning of samples by deep-freezing before
analyses. Sulphate was analysed according to a
nephelometric method adapted from Rodier (1976)
with a precision of about 5%. Dissolved manganese
was measured by flame atomic adsorption spectrometry
(Perkin Elmer AA 300) with ±5% precision. Additional
data of water flow for the major river of Arcachon Bay
watershed were provided by the Direction Régionale de
l'Environnement-Service de la Gironde (DIREN).

Sediment was freeze-dried and the weight loss was
used to calculate water content. The dried solid was
homogenized for solid-phase analysis. An ascorbate
reagent was used to remove from the sediment the most
reactive Fe (III) phases (Feasc), all Mn (III,IV) oxides
and oxihydroxides (Mnasc), and associated phosphorus
Fig. 3. Monthly averaged nutrient concentrations (μM) of high tide water in T
(○); NH4

+ (Δ); PO4
3− (□). Error bars represent Deviation Standard (n=4 to 8
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(Pasc) (Kostka et al., 1994; Anschutz et al., 1998;
Deborde et al., 2007). A separate extraction was carried
out with 1 M HCl to determine acid-soluble Mn and Fe
(FeHCl, MnHCl). This reagent was used to dissolve
amorphous and crystalline Fe andMn oxides, carbonates,
hydrous aluminium silicates, and associated phosphorus
(PHCl) (Kostka et al., 1994). The precision estimated from
replicates was ±5% for Mn and P, and ±7% for Fe.
Particulate organic carbon (Corg), total carbon (Ctot), and
total sulphur (Stot) weremeasured on freeze-dried samples
by infrared spectroscopy using a LECO C-S 125.
Particulate organic carbon was measured after removal
of carbonates with 2 M HCl during 24 h from 50 mg of
powdered sample. Inorganic carbon is the difference
between total carbon and particulate organic carbon. The
precision of these analyses was ±0.02 wt%.

3. Results

3.1. Nutrient concentrations of high tide water

Averaged nutrient concentrations, measured at high
tide in an adjacent main channel (Teychan), ranged from
0.2 to 26 μM (mean: 7 μM) for NO3

−, from 0.5 to 3.5 μM
(mean: 1.8 μM) for NH4

+, and from 0.2 to 0.4 μM (mean:
0.2 μM) for DIP (Fig. 3). Maximum concentrations of
nitrogen species were measured in winter and decreased
during productive period, while DIP concentrations did
not show significant seasonal trends.

3.2. Geochemical composition of tidal creek waters

Oxygen saturation, pH and concentrations of studied
dissolved species, measured during ebb tide in estuarine
and tidal creek waters, are represented versus salinity in
Fig. 4. For each sampling, creek waters were usually
eychan channel from December 2002 to January 2004: Σ(NO3
−+NO2

−)
).

rient cycling in a temperate lagoon (Arcachon Bay, France), Marine
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Fig. 4. Solute concentrations of water samples collected at low tide fromMarch 2005 to September 2006 vs. salinity: pH, Fe2+ (+); O2 saturation, SO4
2− (□); PO4

3−, NH4
+ (×);Σ(NO3

−+NO2
−) (♦);ΣCO2

(●); H4SiO4, Mn2+ (○). The grey areas represent the tidal creek water samples. The other points refer to estuarine channel water samples. The encircled point represents the minor tidal creek sample.
The dotted lines represent the dilution line for nitrate or sulfate Full data set of solute concentration values of these water samples is available in Appendix A.
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Table 2
Water sample characteristics: temperature, O2 saturation, pH and
salinity

Site and date T(°C) O2 (%) pH Salinity

Mar. 2005
River 13.0 82.4 6.8 0.0
Estuarine channel 18.4 (2.2) 85.0 (5.2) 7.4 (0.6) b6.6
Major tidal creek 24.1 (2.3) 75.0 (9.8) 7.5 (0.1) 25.0 (1.7)
Minor tidal creek 23.1 74.0 7.5 23.0
Tidalpool – – – –

Apr. 2005
River 15.1 84.8 6.7 0.0
Estuarine channel 20.0 (1.7) 87.0 (6.4) 7.3 (0.3) b7.3
Major tidal creek 25.0 (4.1) 50.0 (7.4) 7.5 (0.2) 22.2 (1.6)
Minor tidal creek 25.8 47.2 7.7 24.2
Tidalpool 25.2 180.0 9.2 25.9

Jul. 2005
River 17.3 – 5.8 0.0
Estuarine channel 27.5 (4.4) – 7.4 (0.2) b27
Major tidal creek 31.1 (2.6) – 6.9 (0.3) 29.9 (2.6)
Minor tidal creek 30.0 – 7.4 33.0
Tidalpool 30.2 – 7.2 33.8

Nov. 2005
River 14.6 68.0 6.0 0.0
Estuarine channel 16.8 (0.3) 91.8 (0.2) 7.3 (0.1) b26.5
Major tidal creek 20.0 (1.1) 100.1 (10.8) 7.8 (0.1) 29.2 (1.3)
Minor tidal creek 18.4 86.1 7.7 28.6
Tidalpool 20.2 302.6 8.7 32.0

Jan. 2006
River 9.2 68.0 6.0 0.0
Estuarine channel 8.3 (0.2) 86.2 (4.7) 6.9 (0.2) b8.6
Major tidal creek 7.5 (0.2) 80.1 (7.2) 6.6 (0.2) 25.0 (1.2)
Minor tidal creek 7.8 64.4 7.5 27.4
Tidalpool 7.5 147.0 8.6 27.0

Mar. 2006
River 13.6 107.0 6.9 0.0
Estuarine channel 17.0 (2.1) 100.0 (2.1) 7.1 (0.2) b23.5
Major tidal creek 24.5 (1.4) 85.0 (3.1) 7.4 (0.2) 19.8 (1.2)
Minor tidal creek 24.3 78.5 6.9 20.5
Tidalpool 25.0 260.0 8.9 22.7

May 2006
River 12.0 89.0 6.0 0.0
Estuarine channel 20.0 (2.0) 86.0 (1.8) 7.0 (0.2) b15.2
Major tidal creek 28.7 (0.9) 32.0 (2.7) 7.1 (0.2) 28.5 (1.3)
Minor tidal creek 26.6 38.5 6.9 27.5
Tidalpool 31.1 – – 22.3

Jul. 2006
River 16.4 44.5 6.2 0.0
Estuarine channel 29.1 (2.2) 100.0 (1.9) 7.2 (0.2) b14.6
Major tidal creek 31.8 (0.8) 57.4 (7.9) 7.5 (0.2) 29.0 (2.3)
Minor tidal creek 32.4 32.0 7.3 31.2
Tidalpool 33.2 117.0 8.2 33.8

Table 2 (continued)

Site and date T(°C) O2 (%) pH Salinity

Sep. 2006
River 22.3 108.0 6.1 0.0
Estuarine channel 23.7 (1.2) 97.0 (1.3) 7.5 (0.2) b28.3
Major tidal creek 25.5 (0.8) 32.0 (2.4) 7.8 (0.1) 28.5 (1.2)
Minor tidal creek 24.9 46.1 7.9 30.4
Tidalpool 27.3 260.0 9.1 33.2

For estuarine and major tidal creek samples, an average value is
indicated with standard deviation in parentheses (n=5 to 8).
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warmer and saltier probably because of shallower depth
than estuarine channel, no connection with a river, and
higher influence of evaporation processes (Table 2).
These characteristics were naturally more pronounced in
summer. In summer, the temperature of creek waters
reached 32 °C, whereas river water was at about 17 °C.
Concentrations of dissolved oxygen were lower in creek
waters. Nitrate and sulphate concentrations were aligned
on a dilution line in estuarine waters, whereas waters from
tidal creekswere generally depleted in sulphate and nitrate
relative to a mixing line (Fig. 4). The mean ΣNO3

−

concentration of tidal creek was 1.8 μM, and the
concentration never exceeded 6 μM. At each season,
creek waters which drain the tidal flat also were
characterized by a high enrichment in reduced solutes
and ΣCO2 (see Appendix A). Average ΣCO2 and NH4

+

concentrations were respectively up to eight and four
times higher than in the estuarine channel. Maximum
NH4

+ concentrations were observed in March 2005,
reaching 300 μM and 50 μM in the tidal creeks and
estuarine channel, respectively. The mean NH4

+ concen-
tration was about 100μM in tidal creeks. Same tendencies
were noted for dissolved iron, manganese and DIP, with
average concentrations twice, three times, and four times
higher in creek waters, respectively. The averaged DIP
concentration was 1.6 μM, and the highest concentrations
reached 7 μM. Dissolved siliceous concentrations did not
show clear differences between both creek systems.
Waters from tidal pools sampled in upper parts of the tidal
flat were characterized by a very high O2 saturation
(ranges: 180 and 305%), associated with a pH values
higher than 8 (Table 1). They were generally depleted in
nutrients and reduced dissolved compounds during the
daytime period.

3.3. Variations of creek water geochemistry during tide
cycles

In Arcachon bay, ΣNO3
− are principally supplied by

rivers, and concentrations increase with freshwater
discharge (Rimmelin et al., 1998; De Wit et al., 2005).
rient cycling in a temperate lagoon (Arcachon Bay, France), Marine
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Fig. 6. Evolution of nutrient concentrations in the tidal creek at spring
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Thus,ΣNO3
− concentrations were maximal in tidal creek

during wet periods (fall and winter, Fig. 5). On a tide
cycle scale, increase of ΣNO3

− in fall corresponded to
decrease of salinity, i.e. dilution with river waters during
ebb. NH4

+ and DIP concentrations always gradually
increased in creek water during end of ebb to reach a
maximum at low tide. Values were higher during
nocturnal ebb (Fig. 6). This increase of concentration
was independent of salinity. Measurements of dissolved
iron and manganese concentrations were below detec-
tion limit (data not shown).

3.4. Diagenetic profiles in sediment cores

Dissolved and particulate species profiles measured
on sediment cores collected on muddy edge of the creek
and in the red sand zone of the creek bed are shown in
Fig. 7a and b, respectively. The creek edge cores were
characterized by a decimetre thick mud layer (mean
grain size: 15 to 40 μm), which covered a permeable
sandy sediment layer (mean grain size: 270 μm)
(Fig. 7a). The mud layer was black. We noted a strong
smell of sulphide during sampling and core processing.
Previous studies (De Wit et al., 2001), and our own
unpublished data showed that the oxic layer was limited
to the upper 1 or 2 mm on the Arcachon Bay mud flat.
Salinity and sulphate concentrations in muddy and
sandy layers showed a decreasing gradient from the
surface to the bottom core for the sampling times.
Fig. 5. Evolution of nutrient concentrations in the tidal creek during
ebb at the four seasons; HT: High Tide; LT: Low Tide.
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Salinity decrease was less marked in summer. In muddy
sediments, early diagenesis recycled products, such as
ΣCO2, NH4

+, DIP, dissolved iron and manganese
increase directly below the surface. ΣCO2 and NH4

+

concentrations exceeded 3 mM and 200 μM below 2 cm
depth, respectively, and gradually increased below. DIP,
dissolved iron and manganese showed high concentra-
tions in muddy layer, in comparison to underlying
sands, where concentrations never exceeded 3 μM,
5 μM and 1 μM, respectively. Nitrate concentrations
were lower than 5 μM in the muddy anoxic sediment.
Profiles of Pasc, PHCl, Feasc, and FeHCl showed the same
pattern, with maxima in muddy layer of about 12, 22,
240 and 500 μmol g−1, respectively. In sands, they
decreased to reach values close to 0.5, 2, 10, 20 μmol
g−1, respectively. The mud layer generally presented
high contents of particulate sulphur (N1.5%) and
organic carbon (N3%), which represented the major
part of total particulate carbon. The core collected in
January 2006 showed lower values of particulate
phosphorus, iron, manganese, carbon and sulphur in
the muddy layer. This change may be explained by a
rient cycling in a temperate lagoon (Arcachon Bay, France), Marine
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modification of the studied sediment. In January 2006,
the mud was enriched in sandy particles, and the mean
grain size was 50 μm. This observation reveals the high
heterogeneity and the seasonal evolution of the surface
sedimentation on tidal flat. Cores collected on the bed of
Fig. 7. a Vertical profiles of dissolved and particulate species of cores collected
collected in January 2006 showed a porosity and particulate carbon content d
b Vertical profiles of dissolved and particulate species of cores collected in
surface to 4 cm depth, permeable sediments were characterized by a red col
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the creek consisted of permeable sandy sediments with a
4 cm surface layer of red sands (Fig. 7b). This layer
corresponded to the high values of Feasc and FeHCl
profiles (about 25 and 50 μmol g−1, respectively).
Concentrations decreased rapidly below 4 cm depth to
on the creek edge in May 2005, July 2005 and January 2006. The core
ifferent to the other cores, which was due to a higher mean grain size.
the bed of creek in May 2005, July 2005 and January 2006. From the
or corresponding to maxima of particulate iron concentrations.

rient cycling in a temperate lagoon (Arcachon Bay, France), Marine
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reach about 10 and 15 μmol g− 1, respectively.
Comparable vertical distributions were observed for
Pasc and PHCl. For the three sampling times, DIP
concentrations were low and nearly constant with depth,
close to 1.0 μM. Dissolved iron also was constant with
depth, around 6.0 μM, and higher than measured in
surface waters (3.2 μM). In January 2006, dissolved iron
Please cite this article as: Deborde, J., et al., Role of tidal pumping on nut
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concentration drastically increased from 33 μM in
surface water to about 670 μM two cm below
sediment–water interface. Profiles of Mn2+, MnASC
and MnHCl remained constant at values close to zero,
except for the July 2005 core, where dissolved
manganese increased with depth below the red sand
layer. Sandy sediments Corg, Ctot, and Stot contents were
rient cycling in a temperate lagoon (Arcachon Bay, France), Marine
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in the range of 0.1–0.2%. Concentrations of nitrate were
generally higher just below sediment water interface
than in overlying creek water. At depth, nitrate
concentrations decreased. Ammonia increased rapidly
in the red sand layer, and then it remained constant close
to 160 μM, which was higher than surface water
concentrations. We also measured a decreasing gradient
of salinity and sulphate in winter and spring.

4. Discussion

4.1. Sedimentology and consequences on pore-water
seeping

Sedimentology of the study site strongly influences
water fluxes across sediment-water interface during low
tide. During immersion, permeable sediments of upper
parts of the intertidal zone (Fig. 2) become saturated
with seawater by infiltration. Permeability of sand
makes possible advective pore-water transport. At low
tide, when pore-water table in upper sandy beach
decreases, sands become unsaturated with water in the
upper centimetres below the sediment surface. We
observed in sands of studied cores that dilution of pore-
waters with desalted waters increased during wet
seasons. Therefore, underlying sands were probably
affected by underground freshwater discharges, suggest-
ing existence of a subterranean estuary more or less
efficient, depending both on tide situation and season, as
observed on other tidal beaches (Huettel et al., 1998;
Huettel and Rusch, 2000; Charette et al., 2005).
Underlying sands outcrop in the bed of studied
channels. During ebb, i.e. during our sampling time,
as pore-water table level drops slower than seawater
level, a hydraulic gradient occurs (Nielsen, 1990). This
pressure gradient causes an advective flux of pore-
waters from upper sandy parts to lower parts of the flat
below muddy layer. The intensity of this flux depends
on hypsometric gradient. Finally, pore-waters can feed
the tidal creek web at resurgence zones. Future studies
on this site with geochemical tracers would enable us to
estimate by modelling mean water residence time during
this underground run.

Downstream, where the flat consists of impermeable
muddy sediments overlaying permeable sandy sedi-
ments, we noticed important bioturbation activity driven
by numerous burrows of annelida, bivalves, gasteropo-
dan, and crabs (Blanchet et al., 2004; Blanchet et al.,
2005; Cottet et al., 2007). In this area, density of
annelids and bivalves burrows exceeds more than 20
000 ind m−2 (Blanchet et al., 2004). Consequently,
profiles of reactive particulate and aqueous species in
Please cite this article as: Deborde, J., et al., Role of tidal pumping on nut
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muddy sediments are controlled by early diagenetic
reaction and transport by molecular diffusion, but also
by advective bioturbation (Berner and Westrich, 1985;
Wang and Van Cappellen, 1996). Due to cohesive nature
of sediment and its low permeability, the mud remains
saturated with seawater at low tide. During emersion,
the tidal flat is exposed to atmosphere for several hours,
and we observed that burrows became ideal ducts for
pore-water seeping. Our sampling of water at low tide
took place always around noon time. Uncovered mud
flat was exposed to light before sampling, and it was
thus heated. Consequently, most of the year, temperature
of exposed mud flat was higher at low tide, in contact
with atmosphere, than at high tide in contact with
usually cooler flood water (data not shown). Except in
winter, the temperature we measured in sampled creeks
was higher than the temperature of water at high tide.
Salinity of creek waters also was higher than salinity
measured down core, in sandy sediments. The salinity
was close to what we measured in the upper part of
muddy sediments. Temperature and salinity suggest that
evaporation occurs at each low tide and that the slow
drainage of remaining standing water on surface mud
flat is an important source of water for tidal creeks.
Therefore, tidal creek waters are the sum of slow run off
of standing water, pore-water seeping from muddy
sediments, and to a lesser extent, seeping through
permeable sediments.

4.2. The tidal pump

Surface water chemistry shows that there are two
hydrous systems with distinct physical and chemical
properties at low tide. The main channel is fed by a river
and consequently acts as a small scale estuary. The river
represents a well oxygenated source of nitrate for the
system. Nitrate and sulphate concentrations are aligned
on a classical mixing line relative to salinity. On the
contrary, the creek waters are under-saturated in oxygen,
enriched in reduced and recycled solutes, and globally
depleted in sulphate and nitrate relative to a mixing line
vs. salinity at low tide (Fig. 4). Creek waters are
obviously different from waters collected at high tide
(Fig. 3).

Sediment cores were collected without replicates
(n=1, for each season), and thus could not be used to
quantitatively estimate properties such as fluxes or
stocks of chemical species. Cores are however con-
sidered to be representative of pore-water nature and of
occurrence of early diagenetic processes because
lithology of the studied zone is homogeneous. Muddy
sediment core chemistry suggests that sub-oxic and
rient cycling in a temperate lagoon (Arcachon Bay, France), Marine
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anoxic processes of organic matter mineralization occur
(Fig. 7a). Underlying permeable sandy sediments show
as well evidences of an enrichment of inorganic
nutrients. Dilution of pore waters with fresh continental
groundwater (Fig. 7b) cannot explain high nutrient
concentrations in sandy sediments, because salinity
profiles and nutrient profiles are uncorrelated. Thus,
reduced solutes and inorganic nutrients can be trans-
ferred from muddy sediments to permeable sandy
sediments by molecular diffusion at the sand-mud
boundary, or by burrows that cross this boundary.
Additionally, organic matter mineralization can occur
also within permeable sediments located on the bed of
the creek. Indeed, during flood, fresh organic matter can
be introduced to the sediment by advective infiltration in
upper sands, as observed elsewhere (Huettel and Rusch,
2000; Rusch et al., 2000). Previous studies have also
shown that during low tide, intertidal sand flats lead
accumulation of metabolic products (Rocha, 1998;
Kuwae et al., 2003; Billerbeck et al., 2006a; Billerbeck
et al., 2006b). Thus, tidal creek waters show an
enrichment in products of early diagenesis processes,
especially in ammonium and phosphate. This enrich-
ment occurs at end of ebb whatsoever the season, due to
increased influence of sediment–water exchanges on
channel water chemical composition (Figs. 5 and 6).
Actually, at low tide, creek water consists of sediment
pore-waters originating from slow muddy sediment run
off, from molecular diffusion, and from advective
seeping of anoxic nutrient-rich pore-waters through
numerous burrows and permeable sediments, induced
by tidal pumping. The small creek sampled on the south
side of the estuarine channel drains only a muddy tidal
flat. Sandy permeable sediment does not outcrop on the
bottom of this creek. The larger tidal creek sampled on
the north side drains both mud flat and sandy sediments.
Chemical composition of these two creeks is similar,
which suggests that muddy sediment pore-waters
contribute dominantly to chemical characteristics of
creek waters at low tide. Creek waters enter in estuarine
waters and despite dilution, they can supply at each ebb
tide the reduced species measured in the estuarine
channel and in the rest of the lagoon. Similar
observations were recently revealed in another tidal
bay, where tidal flushing of bottom water at low tide was
evidenced by high concentrations of reduced solutes,
such as sulphide, Fe2+ and Mn2+ (Lewis et al., 2007).

Permeable sediments at the bottom of the creek are
enriched in ascorbate extractable iron oxides (Fig. 7b).
The enriched layer probably originate from (re-)
oxidation of dissolved Fe(II) present in reduced pore-
waters in contact with overlying oxic waters, as
Please cite this article as: Deborde, J., et al., Role of tidal pumping on nut
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observed on sandy flats by Huettel et al. (1996). The
advective transit of reduced groundwater to more
oxygenated environment causes a partial active re-
oxidation of dissolved iron, and also manganese, which
explains the 4 cm red sand layer noticed at the level of
the groundwater resurgence. Phosphorus extracted by
the ascorbate solution shows maximum values in this
layer. It is well known that iron oxides have a great
efficiency for dissolved phosphate adsorption (Krom
and Berner, 1980; Sundby et al., 1992; Anschutz et al.,
1998). Therefore, formation of iron oxides in sandy
sediments represents a trap for dissolved P that is
advected from pore-waters. In the studied creek, we
observe that some dissolved Fe(II) escape the sediment,
which shows that the surface sediment is not a definite
barrier for dissolved Fe. Large concentrations of
dissolved Fe(II) were measured in pore-water during
wet periods, when the discharge of fresh ground water
was significant. During these periods the bottom of
sandy sediment was more red-coloured than previous
periods and inputs of DIP to tidal creek waters were
apparently lower than during summer period (Fig. 5).
Flushing of reduced pore-waters and possibly precipita-
tion of authigenic Fe-oxides is probably enhanced in
winter, inducing a higher adsorption of phosphorus.

During nocturnal tides, nutrient inputs by tidal
pumping seem to be higher than during diurnal tides
(Fig. 6). This is probably due to a strengthening of
anoxic processes and a drop of photosynthetic activity
during night. Actually, ammonium and DIP are essential
nutrients for benthic primary producers, especially
seagrasses. Assimilation of these nutrients under day-
light and during productive periods (Touchette and
Burkholder, 2000; Welsh et al., 2000) explain the
relative lower values of diurnal tides.

4.3. Estimation of nutrient inputs by the tidal pump

Waters that flow at low tide in creeks are advected
from sandy and muddy sediment pore-waters. A rough
estimation of nutrient fluxes during each low tide
triggered by this process can be calculated. During ebb,
the mean discharge runoff measured at the outlet of the
studied tidal creek web ranges between 0.100–
0.120 m3 s−1. The surface of drained tidal flat is
estimated at about 0.114 km2 with satellite images. The
mean time during which the mudflat is exposed to air,
and during which water outflows downstream in the
tidal channel corresponds to 4 h per tide cycle, i.e. 8 h/
day. Therefore, a total of 2880–3450 m3 of water
enriched in recycled products is drained by creeks each
day through tidal pumping. This tidal creek water
rient cycling in a temperate lagoon (Arcachon Bay, France), Marine
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showed mean concentrations of DIP, NH4
+ and ΣNO3

−

ranging from 1.4 to 2.3, 46.1 to 200.4 and 0.5 to 6.2 μM,
respectively according to season. It represents a
contribution of 1.5–2.9 kmol yr−1, 58–250 kmol yr−1,
and 0.6–7.8 kmol yr−1, respectively. The neighbouring
river which provides fresh water to the studied small
estuary, supplies 0.1 to 0.3, 0.9 to 29.6 and 14.8 to
138.2 μM of DIP, NH4

+ and ΣNO3
−, respectively. The

mean freshwater flow was evaluated at 0.120 to
0.160 m3 s−1 from a two year monitoring at the river
mouth (M. Canton, pers. comm.). The river drains a
surface area of 18 km2. A maximum yearly flux of
nutrients was estimated at 1.5 kmol yr−1 for DIP,
149 kmol yr−1 for NH4

+, and 697 kmol yr−1 for ΣNO3
−.

River remains a major source of nitrate, due to land use
in the catchment area, but the tidal pump on the
0.114 km2 studied tidal zone contributes yearly to a DIP
and an ammonia source of the same order of magnitude
as the river. Therefore, the tidal flat acts as an
independent major recycled nutrient source to the
ecosystem through pore-water seeping and tidal flat
draining. A given surface area of tidal flat supplies as
much dissolved N and P as a hundred times larger river
catchment area.
Fig. 8. Schematic sediment–water exchange diagram in Arcachon Bay during
communications. These values are given for an arithmetic mean between inpu
urban wells. Tidal pump inputs are calculated for a mean minimal tidal pumpi
a biweekly monitoring on surface waters (Fig. 3).
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Our data set allows us to attempt an upscaling
exercise in order to estimate the recycled nutrient flux to
water column by tidal pumping mechanism for the
whole Arcachon Bay. To extrapolate data from the
0.114 km2 studied part of the tidal flat to the whole
intertidal zone of the lagoon (115 km2) we attempt to
estimate minimal values. For that, we consider a
minimal time during which the tidal pumping takes
place during emersion phase, and we take into account
the range of average concentrations of recycled nutrient.
The time during which intertidal zone is exposed to air,
and during which water flows downstream in tidal
channels is 4 h or less per tide cycle, depending on tidal
flat location. For the following calculations, we use 1 h
30 min per tide cycle for the whole bay, i.e. 3 h d−1 (2
tide cycles per day). Thus, the pore-water discharge by the
tidal pumping represents about 398–478×106 m3 yr−1. It
supplies about 556–1100 kmol yr− 1, 18,300–
95,800 kmol yr−1, and 200–2900 kmol yr−1 of DIP,
NH4

+ and ΣNO3
−, respectively. These values are under-

estimations, because the selected emersion time is a
minimal value. We can compare these values with river
inputs. For the whole Arcachon lagoon, freshwater inputs
are dominated by rainfalls (8%), the Leyre River (73%)
ebb. Rainfall and groundwater data come from literature and personal
ts during dry and wet period, and between those from forest wells and
ng of 1 h30 min per tidal cycle. Seawater concentration data come from
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and small streams (18%), that represent about 1044
106 m3 yr−1 from a 4000 km2 catchment area (Auby and
Labourg, 1996; Rimmelin et al., 1998). Freshwater
discharges correspond to a contribution of 460 kmol
yr−1, 4 500 kmol yr−1, and 99 000 kmol yr−1 for DIP,
NH4

+ and ΣNO3
−, respectively (Fig. 8; Rimmelin et al.,

1998.). Therefore, according to the above rough estima-
tion, at least 55% of DIP and 80% of NH4

+ could stem
from tidal drainage at low tide due to the tidal pump
process (Fig. 8). This mechanism contributes for 15–47%
of recycled dissolved inorganic N intoArcachonBay. The
nutrient mass balance of the whole lagoon includes also
high sediment–water exchanges during immersion (De
Wit, 1999). This part of N and P balance is not examined
in this study.Welsh et al. (2000) showed that the sediment
of the Arcachon Bay was a net sink for N during
immersion, especially because of high seagrass uptake (N
and P) during productive period. Nevertheless, the release
of recycled nutrients through tidal pumping is a perennial
mechanism and almost constant whatsoever the season.
Thus, during periods of low nutrient inputs by freshwaters
in summer, this process can support a fast primary
production of phytoplankton or macroalgae, such as En-
teromorpha sp. and Monostroma sp.

5. Conclusion

Billerbeck et al. (2006a,b) showed that the under-
ground drainage mechanism through permeable sedi-
ments of tidal flat was an important nutrient source to
coastal waters during ebb. Actually, they explained that
water infiltration supplied solutes and particles to sands
during inundation, which enhanced organic matter
mineralization into sediment surface layer. The authors
demonstrated that the sand flat acted as a buffer system
for nutrient according a filtration cycle, due to the long
residence time of pore-water. In Arcachon Bay, miner-
alization processes are intense, because surface sedi-
ment on the intertidal flat consists mostly of muddy and
organic matter-rich sediment, thereby yielding pore-
water with higher recycled nutrient concentrations than
pore-water derived from sands. At low tide, seeping by
percolation, diffusion or bioirrigation of these pore-
waters feed a large creek web in whole lagoon. The
process is extremely important in controlling the
nutrient levels of the lagoon, because the flux out of
the creek web integrates compounds of organic matter
mineralization produced over a wide area of tidal flat.
According to rough estimations on one year, nutrient
exports to the pelagic system by this tidal pump provide
about twice and 5 times more DIP and ammonia inputs,
respectively, in comparison with river freshwater fluxes.
Please cite this article as: Deborde, J., et al., Role of tidal pumping on nut
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These findings suggest that tidal flats contribute to
enhance the eutrophication phenomena in the lagoon,
especially in the studied system, where continental N
inputs are controlled by human activities (Rimmelin
et al., 1998; De Wit et al., 2005),. However, although
these estimations seem to be very significant, it is
essential to remind that for a nutrient mass balance,
differentiation between allochthonous inputs and these
recycled inputs is impossible. For that reason, both
inputs cannot be added together for the calculation of
total available nutrient quantity in the whole lagoon.
More detailed studies are necessary to evaluate the
residence time of pore-water within the intertidal flat, in
order to estimate the delaying time of mineralization
product feedback to the ecosystem.
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