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ABSTRACT: Fluxes of d~ssolved inorganic N, P and S1 from the sediments were calculated using pore 
water gradient concentration measured using the peeper technique at 8 stations in the lagoon of Tike- 
hau Atoll, French Polynesia. Nutrient concentrations of pore water reached maximum values of 130 p M  
NH,, 7 p M  PO, and 30 p M  S102. Fluxes calculated from concentration gradients were positive at all sta- 
tions. N and P fluxes represented 6 and 4 % of the N and P deposition rates and between 0.1 and 6.8 % 
of the N requirements and between 0.1 and 1.7 % of the P requirements of lagoonal primary produc- 
tion. Study of geochernical processes and stoichiometry of the organic matter shows that a great part of 
deposited organic matter is oxidized in the water column. The amount of organic matter oxidized inside 
the sediment is estimated to 2.5 mg kg-' in the upper centimeter and 5.2 mg kg" below. Pore water was  
supersaturated with respect to aragonite and calcite, and the kinetics of carbonate dissolution were 
faster than the reverse reaction. The dissolution/precipitation of carbonate plays an  important role in 
the composition of the pore water 
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INTRODUCTION 

Nutrient fluxes on coral reef environments have 
been extensively studied (see reviews of Lewis 1977, 
Crossland 1983, Kinsey 1985, Atkinson 1989, Boucher 
& Clavier 1990, Hatcher 1990, Capone et  al. 1992). At 
the level of the whole reef ecosystem (reef flat + 
lagoon), net community productivity appears to be but 
a tiny fraction of the gross production rate, implying 
that reef ecosystems accumulate biomass slowly and 
export little of it (Hatcher 1990). Atkinson (1989) asked 
the question: 'Is the rate of nutrient supply greater than 
the rate of nutrient uptake?'. The answer is more 
accessible in ecosystems with high water residence 
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times: weeks, months or years. For example, the 
lagoon of Tikehau Atoll, French Polynesia, has a n  
average water residence time estimated at 176 d 
(Lenhardt 1991). Its phosphorus budget is largely bal- 
anced by phosphate input from oceanic waters 
(Charpy-Roubaud et al. 1990). If we compare the phos- 
phate input (from oceanic waters) per m2 of lagoon, 
60 pm01 m-2 d-l (calculated from Charpy-Roubaud et 
al. 1990). to the phosphate uptake by the phytoplank- 
ton + phytobenthos, 600 pm01 m-2 d-' (calculated from 
Charpy & Charpy-Roubaud 1989), it is apparent that 
90% of the lagoonal phosphate requirements must be  
supplied by remineralization and recycling processes. 

Nutrient mineralization may occur in the water col- 
umn (excretion and bacterial metabolism), at  the sedi- 
ment-water interface (SWI) or within the sediments. 
The importance of the recycling of autochthonous 
material at the SW1 and within the sediments can be 
estimated by measuring nutrient fluxes at  the SWI. 
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We calculated these fluxes based on measurements 
of chemical gradients close to the SWI. This approach 
requires pore water analysis and has been used by 
many authors since the pioneer work of Hesslein 
(19761, e.g. Devol & Ahmed (1981), Gaillard et al. 
(1 989). 

In this paper we estimate nutrient fluxes at the SW1 
to compare Tikehau's fluxes with fluxes in other coral 
reef lagoons and with the deposition of organic matter 
and nutrient requirements of primary production in 
Tikehau lagoon (data in Charpy & Charpy-Roubaud 
1991 and Charpy-Roubaud et al. 1989). 

MATERIAL AND METHODS 

Location of experimental sites. The main geograph- 
ical and geomorphological features of Tikehau Atoll 
are described in Harmelin-Vivien (1985). Three sta- 
tions tvere surveyed in 1987 (1, 4 and 8) and 6 in 1993 
(2, 3, 5. 6, 7 and 8) (Fig. 1). Stn 1 was located close to 
the interior reef flat. Stns 2 and 3 were chosen because 
of their leeward and windward locations (with respect 
to the prevailing wind direction) relative to a pinnacle. 
Stns 4,  5 and 6 exhibited depths similar to the average 
depth of the lagoon (25 m), while Stns 7 and 8 were 
located in the deepest part of the lagoon. 

Sediment cores from these stations exhibited a gen- 
eral similarity in appearance: all were of fine- to very 

fine-grained coral sand (c400 pm) as was observed in 
the other parts of the lagoon (Intes & Arnaudin 1987). 
At all stations, the superficial sediment showed specta- 
cular marks of bioturbation (cones and burrows), 
mainly due to Callianacea (Crustacean). Sea grass 
mats of Halophila ovata were commonly observed. The 
sand community was mainly composed of diatoms, 
cyanobacteria and foraminifera embedded in coral 
debris. 

Pore water sampling and analytical methods. We 
used the in situ peeper sampling method described by 
Hesselein (1976). The peepers were inserted in the 
sediment and left on the site for at least 15 d in order to 
equilibrate the initial pore water with the interstitial 
medium. According to the size of the peeper chambers 
(3 or 10 ml), the spatial resolution was either 1 cm or 
2.5 cm. These chambers were covered with a 
Biodyne A membrane (pore size 0.2 pm). 

In the field. The pore water was collected from the 
chambers with disposable syringes which were quickly 
punched in a rubber stopper to prevent any exchange 
with the atmosphere. An aliquot for sulfide analysis was 
transferred into a blood-collecting vacuum tube which 
contained 1 m1 of a solution prepared by dissolving 0.2 g 
ZnC12 and 2 g gelatin 1-l. This procedure prevents H2S 
outgassing and further oxidation by converting the initial 
soluble sulfide species into an homogeneous suspension 
of ZnS. Aliquots to be used in Ca analysis tvere acidified 
with 100 p1 of ultrapure concentrated hydrochloric acid 

(10 M) while 100 p1 of ultrapure cadmium 
acetate solution (1 M) was added to subsamples 
to be used in SO4 analysis in order to prevent 
reoxidation of sulfide into sulfate. All the sam- 
ples were kept in an icebox (0°C) on the way 
back to the laboratory. 

In the laboratory. The pH was determined at 
room temperature (22°C) on submicrosamples 
(500 p1) using an Ingold micro-electrode and 
the Hansson's calibration method described 
by Almgren et al. (1975) with a precision of 
k0.01. pH unit. Gran's potentiometric titration 
was used for alkalinity measurements (Stumm 
& Morgan 1981). The accuracy was +0.5%. 
Standard colorimetric procedures, adapted for 
submicrosamples (Merck Spectroquant meth- 
ods; sample volume 0.5 or 1 ml, precision 
r 4 % )  were used for nutrient analysis (SiOz, 
NH4 and PO,) and total dissolved sulfide. 

A known volume of the ZnS suspension was 
used in colorimetric analysis of H2S using the 
conventional methylene-blue method with a 
precision of 3%. The first step of the colori- 

148O18W 148O15W 148'12W 148°09W 14g006W 148°03W metric analysis was a strong acidification of the 
standard or sample solution, which completely 

Fig. 1. Locatlon of sampling stations, Tikehau Atoll, French Polynesia dissolved the ZnS suspension. Ca was ana- 
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lyzed by conventional AAS procedures with a preci- 
sion of t 5 % .  

Flux calculation. Rates of efflux of N, P and S1 from 
the sediments were calculated using the equations of 
Rutgers van der Loeff et al. (1984) (Fick's first law of 
diffusion): 

where F is the rate of efflux (pmol m-2 d-l), $ is sedi- 
ment porosity (dimensionless), D, is the effective diffu- 
sion coefficient (in m-2 d-l), and dC/dz is the concen- 
tration gradient across the SW1 (pmol m-,). 

The measured porosity ($) of coral sand sediment 
was the same from one station to another: 0.63 t 0.01. 
The apparent diffusion coefficients in deionized water 
(D,), taken from Manheim (1970) and Li & Gregory 
(1974) for a water temperature of 25"C, were corrected 
for tortuosity using a porosity of 0.63 and porosity-tor- 
tuosity relationships reported by Sweerts et al. (1991). 
The apparent diffusion coefficients for the flux across 
the SW1 (Ds) thus calculated for NH,, PO, and Si were 
respectively 9.85, 3.72 and 5.01 m2 d-' 

Since the evaluations of Ds, $ and dC/dz are inde- 
pendent, the cumulative error on the flux calculation 
can be estimated at t 4 0 % .  

Sfl l  S v 

RESULTS 

Nutrient concentration profiles 

The pore water nutrient profiles showed significant 
concentration gradients with depth. These gradients 
were at a maximum within the upper few centimeters. 
H,S (Fig. 2) appeared at a few mm and at 2 cm below 
the SW1 at Stns 5 and 8,  while this redox limit was lo- 
cated between 3 and 5 cm below the SW1 at Stns 1, 2 
and 4. An SO, concentration profile was available only 
at Stn 8 (Fig. 2). The PO, profiles (Fig. 3) exhibited 2 
major patterns: an increasing concentration from the 
interface, with maxima ranging from 2 to 6 PM, be- 
tween 4 and 6 cm below the surface (Stns 2, 3, 6 and 8),  
and an  increasing concentration, with maxima ranging 
from 2 to 5 pM, between 10 and 25 cm below the sur- 
face (Stns 1, 4 ,  5 and 7) The dissolved silica profiles 

Fig. 2 Pore water profiles of H,S (PM; Stns 1, 2 ,  4 ,  5, 8) and 
SO, (mM; Stn 8) concentrat~ons. Dashed lines are 1987 data,  

sohd lines are 1993 data No data for Stns 3,G and 7 
Fig 3 Pore water proflles of PO, concentratlons (PM) Dashed 

lines a l e  1987 data,  s o l ~ d  lines dre 1993 data 
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Fig. 4 .  Pore water profiles of SiO, concentrat~ons (FM) from 
1993 data. No data for Stns 1 and 4 

(Fig. 4)  also exhibited 2 major patterns: a regular but 
minor increase of concentration with depth along the 
sediment core (Stns 2 and 8 ) ,  and an increasing concen- 
tration going through a maximum followed by a regular 
decrease (Stns 3 , 5 , 6  and 7), the highest concentrations 
being observed at Stns 5 (59 PM) and 7 (32 PM). Am- 
monium profiles (Fig. 5) show either a regular increase 
as observed at Stns 1, 2 and 6 or a mid-depth maximum 
concentrations as seen at Stns 5 (102 and 180 FM) and 7 
(101 FM).  

Fig 5. Pore water profiles of NH4 concentrations (FM). 
Dashed lines are 1987 data, solid lines are 1993 data 

Table 1 Nutrient fluxes (pm01 m-2 d-') calculated using pore 
water concentration gradients and N:P atomic ratio of efflux. 

nd: not determined 
Nutrient fluxes 

Calculated NH, fluxes ranged from 4 . 2  at Stn 3 to 
600.7 pm01 m-' d-' at Stn 8, those of PO, from 0.6 at 
Stn 3 to 10.3 pm01 m-2 d-' at Stn 6 and those of Si from 
2.7 at  Stn 2 to 79.2 pm01 m-' d-' at Stn 7 (Table 1). Inte- 
grated PO, and NH, concentrations, calculated by a 
trapezoidal integration of nutrient profiles In the upper 
20 cm of sediments, were correlated with station depth 
(r = 0.79, n = 13 and r = 0.73, n = 11) (Fig. 6). The rate of 
sedimentation of organic matter from the overlying 
water column was certainly one factor in the influence 
of depth on pore water nutrient concentrations. 
Accordingly, calculated fluxes of NH4 and PO4 were 
also correlated with depth (r = 0.73 and r = 0.73). 

Stn Depth NH, PO, 

May 1987 
1 13 10.0 0.8 13.1 nd 
8 3 6 188.6 6.0 3 1.6 nd 
4 24 18.3 0.9 20.1 nd 

April 1993 
3 
2 
8 
6 
5 
7 
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Fig. 6. Integrated nutrient concentrations (upper 20 cm) ver- 
sus station depth; h e s  are linear fits 

pH, alkalinity and calcium profiles 

For all the stations we observed the following gen- 
eral trends: pH started to decrease immediately below 
the interface, i.e. 1 cm below the sediment surface 
(Fig. 7). The calcium profile, which was available only 
at Stn 8, exhibited a constant concentration close to 
12.5 mM (Fig. 8). Alkalinity maxima were observed 
between 5 and 15 cm at  Stns 3, 5, 6 and 8 (1987 data) 
and between 0 and 5 cm at Stns 2 and 8 (1993 data) 
(Fig. 8). 

DISCUSSION 

Comparison with other coral reef sediments 

Tikehau PO, and NH, flux ranges (0.9 to 12.0 pm01 
PO, m-2 d-' and 4.4 to 387.0 pm01 NH, m-' d-l) were 
very large and are comparable to the diffusional flux 
ranges reported for other coral reef areas (Table 2 ) .  In 
comparison, in eutrophic areas such Orbetello lagoon 
(Grosseto, Italy), diffusional nutrient fluxes are much 
higher, reaching values >460 pm01 PO, m-' d-' and 
>6600 pmol NH, m-' d-l (Bonanni et al. 1992). Differ- 
ent studies have already shown that predicted diffu- 
sional flux rate cannot be compared with fluxes mea- 
sured in benthic enclosures (Hines 1985, Johnstone et 
al. 1989). Dark (Johnstone et al. 1989) or light (Williams 

Stn I 

L 13 T 
I _ - - -  

, 
I Stn 4 
I 
I 

Sln 7 l- 
Fig. 7 Pore water profiles of pH. Dashed lines are 1987 data, 

solid lines are 1993 data 

et  al. 1985, Boucher & Clavier 1990, Fisher e t  al. 1990) 
enclosure incubations can modify an  active uptake 
process occurring in the top layers of the sediment 
(Sundback & Graneli 1988). 

Nutrient budget of the water column 

In spite of the large range of the flux results, we will 
try to compare them with other lagoonal N and P 
fluxes. N and P deposition rates (in term of particulate 
organic nitrogen and total phosphorus) were measured 
at Stn 6 (close to Stn 4) between 1986 and 1987 
(Charpy & Charpy-Roubaud 1991). The results were 
in the ranges: 904 to 8109 pm01 N m-' d-' (2575 * 
2494 pm01 N m-' d-') and 16 to 255 pm01 P m-' d-' (104 
i 81 pm01 P m-2 d-l). Therefore, average N (163 pm01 
N m-2 d-') and P (4.5 pm01 P m-' d-l) fluxes from sedi- 
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Fig. 8. Pore water profiles of alkalinity (mM; Stns 2, 3, 5, 6, 8)  
and Ca concentrations (mM. Stn 8 ) .  Dashed lines are 1987 

data, solid lines are 1993 data. No data for Stns 1, 4 and 7 

ment represented respectively 6 and 4% of the aver- 
age N and P deposition rates. 

The average atomic N:P ratio of the efflux at the SW1 
was 29:1, a value very close to the P0N:POP (27:l) 
ratio in trapped material (Charpy & Charpy-Roubaud 
1991). Therefore, there was no sink or loss for regener- 
ated N or P In sediments. However, the deepest sta- 
tions (7 and 8) presented high N:P ratios (32 and 68). 
This implied that there was a sink for regenerated N at 
these stations. Dollar et al. (1991) observed a similar 
feature in Tomales Bay (California). 

Charpy & Charpy-Roubaud (1990) demonstrated 
that total primary production (benthos + plankton) is 
independent of station depth and depends only on the 
light energy reaching the surface. Therefore, we can 
compare the fluxes at the WSI, which represent poten- 
tlal nutrient fluxes available for lagoonal primary pro- 
ducers, with mineral N and P requirements for this 
production. Average P-PO, requirement for phyto- 
plankton and phytobenthos is 603 pm01 P m-2 d-' 
(Charpy & Charpy-Roubaud 1989). N requirement may 
be estimated to 8849 pm01 m-' d-' using an average 
uptake of carbon of 58,329 pm01 C m-' d-l (Charpy- 
Roubaud et al. 1989) and a Redfield C:N ratio (6.6). 
Therefore, the flux of ammonium from the sed~ment 

Table 2. Reported rates of diffusive nutrient fluxes from coral 
reef sediment 

Site Flux (pm01 m-"-') Source 

Bermuda (shallow water) 
p04 0.5-7 Hines (1985) 
NH4 115-312 

Puerto Rico (Mona Island) 
N t h  16.8-23 Corredor & Morrell (1985) 

Great Barrier Reef 
NH4 44 .4-61 .~  Johnstone et al. (1989) 
NH4 10-94 Capone et al. (1992) 

St. Croix (Virgin Island) 
NH4 9.4 Fisher et al. (1990) 

South Sulawes~ 
NH4 104-306 Erfteme~jer & 
p04 38-12.6 Middelburg (1 993) 

Tikehau 
NH4 4.4-387.0 This study 
PO4 0.9-12.0 
Si 2.3-68.3 

represents between 0.1 and 6.8% of the N requirement 
and the flux of phosphate between 0.1 and 1.7 0/0 of the 
P requirement. Part of the N and P requirements must 
then be supplied by zooplanktonic excretion; for the 
micro + mesozooplankton in Tikehau, Le Borgne et al. 
(1989) estimated this contribution to be respectively 32 
and 18% of phytoplankton N and P requirements, i.e. 
respectively 18 and 10% of phytoplankton + phytoben- 
thos N and P requirements. The remainder can be sup- 
plied by other excretions, mineralization in the water 
column and N fixation. 

Mineralization of the organic matter 

All of the pore water concentration profiles show, 
whatever the location of the station, a global pattern 
which gives useful information about the bacteria- 
mediated reactions which lead to the transformation of 
the sedimented or benthic organic material into min- 
eral end-products. As a sufficient chemical data set 
was available only at Stn 8 (H2S, SO, and Ca), the 
results obtained for this station, will be investigated in 
detail. From these general trends we can infer the 
main geochemical processes which explain these 
observations. 

At the very top of the sedimentary column (a few mm 
below the interface) dissolved oxygen may diffuse 
from the water column and oxidize part of the organic 
matter (OM) according to the reaction 
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probably through an aerobic bacteria-mediated mech- 
anism. 

This reaction increases total dissolved CO2 but does 
not affect alkalinity appreciably; therefore, the pH 
must decrease owing to the input of the dissolved CO2 
into the solution. But this pH variation would be mod- 
erated by the strong buffer effect of calcium carbonate 
dissolution. 

Wlth the oxygen concentration in the overlying sea 
water being 187 pM (at 100% saturation with S = 

35 PSU and T = 301 K )  and the whole set of reactions 
being Reaction (1) and 

and supposing that the dissolved CO2 released in 
Reaction (1) is completely neutralized by the calcium 
carbonate in Reaction (2), then the maximum increase 
of the dissolved Ca will be 187 PM, which represents 
1.5% of the total dissolved calcium. This variation is 
~vlthin the error range of the calcium analysis and can- 
not be detected on the calcium profile. 

The consequence of the coupling of Reactions (1) 
and (2)  is an  increase in alkalinity which is equal to 
twice the variation of total dissolved Ca. We have 
shown that this is not detectable on the Ca proflle; but, 
the set of reactions dlso shows that, if the dissolved 
CO2 is completely consumed by Reaction (2), the 
increase in alkalinity will also be equal to twice the 
oxygen depletion. Therefore, within the top 1 cm of the 
sediment, the alkalinity value would shift from 2.382 to 
2.756 mM. As the observed value (deduced from the 
polynomial fit of the experimental profile) is 2.720 mM, 
the deviation from the calculated value is 1.3 %. Con- 
sequently, the hypothesis that Reactions (1) and (2) are 
the main geochemical processes at the top of the sedi- 
ment is consistent with the measurements. 

From 1 cm below the SW1 and lower, the environ- 
ment is completely anoxic, and soluble sulfide species 
(H2S and HS-) appear in the pore water as a conse- 
quence of the anaerobic reduction of sulfate by the 
excess of OM whlch has not been oxidized by the 
oxygen. 

At Stn 8,  the concentration of these species increased 
continuously with depth, but at Stn 5 the H2S profile 
did not show a regular variation. This random evolu- 
tion is mainly due to a nearly permanent bioturbation. 
For example, at Stn 2 the top of the sedimentary col- 
umn was completely mixed and the composition of the 
pore tvater did not change within the top 3 cm below 
the SWI. The occurrence of burrows due to benthic 
activity provides many paths which allow oxygenated 
sea water to irrigate the sediment. In this very common 
case, the pore tvater has a highly variable composition 
which results from incomplete mixing between oxy- 
genated and anoxic microenvironments. 

The oxidation of OM by sulfate can be, in a flrst 
approximation, written as 

This simplification shows that the alkalinity increases 
(by H' consumption) to the same extent as the total dis- 
solved CO,. However, we will late]- show that, when 
species other than organic C ('CH,O') are considered 
in the mineralization reaction (especially N linked to 
proteins and amino-aclds), the alkalinity increases a 
little more than the total dissolved inorganic C (DIC). 
Therefore, the net effect of this reaction is to slightly 
increase pH. This pH variation is moderated yet again 
by the calcium carbonate buffer effect. With rising pH, 
a part of the DIC is converted into CO3'- ions which, in 
turn, leads to precipitation of calcium carbonate. 

Obviously, the sulfate profile should show a decreas- 
ing pattern as H2S is released into the pore water. This 
pattern has been observed in many euti-ophic coastal 
marine environments (Berner 1964, Gaillard et al. 
1989) In this study, at Stn 8 ,  the maximum H2S con- 
centration reached 116 pM. The highest observed con- 
centration at Tikehau was 365 pM (Stn 5, 13 cm below 
the SWI; Fig 2), a value which represents only 1 % of 
the available sulfate pool. This variation being below 
the analytical precision, no variation was recorded on 
the sulfate profile 

Geochemical processes and stoichiometry of the OM 

A fundamental hypothesis of diagenetic models such 
as those used by Berner (1977) or Rabouille & Gaillard 
(1990) is the existence of a steady state within the poi-e 
water composition. A very active bioturbation is not 
compatible with this hypothesis; but, having identified 
the main geochemical processes, it is possible to quan- 
tify the amount of OM mineralized at Stn 8 through the 
observed concentration profiles and a simple stoichio- 
metric model. 

Reactions ( 1 )  and (3) can be rewritten more accu- 
rately by taking into account the contributions of N and 
P: in the oxygenated 1 cm top layer 

and below the oxygenated top layer 

(CH20),(NH3), H3P04 + %SO4'- + xHt 
i '2H2S + xCO2 + yNH3 + xHLO + H3P04 (5) 

For the whole profile 

CaC03  + CO, + H 2 0  H Ca2+ + 2HCOq (2) 

Within the oxygenated layer, for the total dissolved CO2 

ACCO, = AO, + ACa (6) 
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and for the alkalinity 

AAlk = 3 ~ 0 ~  + 2 ~ ~ a  
X 

In Eq.  (7),  the borate contribution is assumed to be con- 
stant and the contribution of H,SiO,- is neglected. 

Below the oxygenated layer the variations of ZC02 
and alkalinity become 

AZC02 = 2AH2S + ACa 

and 
2 t x t y - 1 )  

AAlk = 
X 

AH2S + 2ACa 

In order to improve the calculation of AAlk, the pro- 
file of H2S is fitted with a polynomial function. This 
makes it possible to obtain a good estimate of AH2S for 
each depth increment Az. 

For the top centimeter, A 0 2  is calculated by arbitrar- 
ily assuming an exponential decrease in the dissolved 
oxygen in order to get a negligible amount of O2 at 
1 cm depth. Because the variation of Ca concentration 
is too small to be recorded on the experimental profile, 
ACa is set to 0. 

As 1 C 0 2  is calculated with the experimental values 
of alkalinity and pH, this parameter is not independent 
from the alkalinity; therefore, the stoichiometric model- 
ing will be applied only to generate a theoretical alka- 
linity profile which will be compared to the observed 
profile in order to test the validity of the assumptions. 

The calculation starts with the initial experimental 
data which represent the sea water composition a few 
centimeters above the interface. The experimental 
alkalinity profile is presented in Fig. 9 for Stn 8 along 
with the calculated one. The agreement between 
observed and calculated values is fairly good when the 
C:N ratio X/v is set to 9.6. If this ratio is set to the 
accepted value given by Redfleld et al. (1963) for living 
marine phytoplankton, i.e. C:N = 6.6, then an impor- 
tant shift is observed between the experimental data 

Alkalinity (rnkl) 

2.2 2.4 2.6 2.8 3.0 

C;llrulatrd values 

Fig. 9. Experimental and calculated alkalinity at Stn 8 m 1993 

and the calculated profile especially in the range of 10 
to 35 cm below the SWI. This result could be the con- 
sequence of 2 different processes: (1) The OM which 
reaches the sediment has a major component repre- 
sented by the phytoplankton which has already under- 
gone oxidation by dissolved oxygen within the water 
column during the sedimentation process. As organic- 
rich nitrogen compounds (proteins, amino-acids and 
amino-sugars) are more labile than carbohydrates, 
then the OM transformed within the sediment is de- 
pleted in N and its stoichiometric formula should be 
(CH20)loe(NH3)11(H3P0,) which corresponds to C:N = 

9.6. (2) The OM oxidized within the sediment is a mix- 
ture containing phytoplankton and another type of OM 
with a lower C:N ratio, which could be a contribution 
of dead benthic material. 

Quantitative estimation of the diagenetic reactions 

We can estimate the amount of OM mineralized by 
the 2 main oxidation reactions from Eqs. (4) and (5). 

In the upper centimeter, the stoichiometry of the 
reaction yields AOby~o, = '/X. If X = 106 and O2 = 187 PM, 
then OM = 1.8 pM. In the top centimeter of the sedi- 
ment the porosity (0) was 0.62. Assuming a density of 
2.5 g cm-3 for coral sand and 1.025 g cm-3 for sea water, 
then we find that 2 5 mg of OM is oxidized per kg of 
total sediment (solid + pore water). 

Below and down to 34 cm below the interface the 
stoichiometry of the reaction yields ' O ~ A H , ~  = %. If X = 
106 and H2S = 116 PM, then OM = 2.2 pM. With an 
average $ of 0.57 (between 1 and 34 cm below the 
interface) the same calculation gives 2.7 mg of OM per 
kg of total sediment. 

For the whole sediment the extent of the rnineraliza- 
tion processes is restricted to 5.2 mg of organic mater- 
ial per kg of sediment (5.2 ppm). This value seems very 
low compared to the results obtained by Gaillard et a1 
(1989) for marine sediment of the Mediterranean coast, 
where the organic carbon content of the mud is around 
3%. Our result emphasizes the oligotrophic status of 
the global lagoonal ecosystem. 

Chemical equilibrium between the aragonitic coral 
sand sediment and the pore water 

To determine if the coupled reaction of dissolution/ 
precipitation of the calcium carbonate occurs within 
equilibrium conditions, a saturation index (SI) was cal- 
culated with respect to the most probable carbonate 
phase, the aragonite, and alternatively for calcite. 

SI is defined as 
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The expressions between brackets refer to total con- 
centrations. [Ca] and [CO,] represent the total dis- 
solved calcium and carbonate respectively as well as 
free ions and complexed forms (e.g. CaCO3O, CaSO?, 
NaC03- and other complexes containing carbonate 
and calcium species). The values of the stoichiometric 
constant of solubility K, (Mucci 1983) are 6.34 X 10-7 
and 4.23 X 10-? for aragonite and calcite respectively, at 
T = 301 K and S = 35 PSU. 

[Ca] is the analytical concentration of dissolved cal- 
cium but [CO3] must be calculated from the values of 
carbonate alkalinity and pH. The carbonate alkalinity 
is given by the expression Alk, = [HC03] + 2[C03] 
which is the total alkalinity minus the borate contribu- 
tion. Correction for borate alkalinity is made using the 
relation given by Uppstrom (1974) for Pacific sea 
water: B,= C1 X 0.02146 where B, is the total boron con- 
centration in m01 kg-' (M) and C1 is the chlorinity. 

Then 

where pK2is the second dissociation constant of H2C03 
calculated on the ionic medium scale (Almgren et al. 
1975) while the pH values are measured on the same 
scale defined by Hansson (1973) at T = 301 K and S = 
35 PSU. 

With an S1 value very close to 1, an equilibrium be- 
tween the pore water and the sediment can be in- 
ferred. With S1 >> 1, the solution is supersaturated with 
respect to a solid phase which can precipitate. The 
opposite situation, when SI < 1, reflects an undersatu- 
ration where the solid phase considered can dissolve. 

Fig. 10 shows that the whole pore water profile is 
supersaturated with respect to both carbonates. The 
highest supersaturation occurs within the upper cen- 

Saturation lndes 
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Fig. 10. Profiles of saturation index (SI) for Calcite and Arago- 
nite at Stn 8 

timeter (S1 = 5.5 and 8.2 for aragonite and calcite 
respectively at the SWI). This confirms the hypothesis 
that the oxidation of OM by dissolved oxygen leads to 
the dissolution of coral sand, although this dissolution 
does not appear on the calcium profile. Below the 
upper centimeter, supersaturation decreases, b.ut SI 
remains close to 2 for aragonite. Then, when oxidation 
of the OM is controlled by sulfate, the carbonate phase 
precipitates and inhibits any pH increase. 

SUMMARY AND CONCLUSIONS 

The sediments of Tikehau lagoon are sources of N (4 
to 601 pm01 NH, m-' d-l), P (0.6 to 10.3 pm01 PO4 m-2 
d-l) and dissolved silica (3 to 79 pm01 Si02 m--2 d-') to 
the overlying water column. N and P effluxes from sed- 
iments represented 6 and 4 % of N and P deposition 
rates respectively. As a general trend, there was no 
sink of regenerated N and P. N and P fluxes represent 
between 0.1 and 6.8% of the N requirement and be- 
tween 0.1 and 6.8% of the P requirement of lagoonal 
primary production. A great part of the OM which 
reaches the sediment is oxidized in the water column. 
The OM oxidized within the sediment is a mixture of 
sedimented and benthic material. The amount of OM 
mineralized within the sediment is 2.5 mg kg-' in the 
upper centimeter and 5.2 mg kg-' in the lower cen- 
timeters. Sediment pore water is supersaturated with 
respect to aragonite and calcite Thls fact has already 
been observed by many workers: Morse et  al. (1985), 
Sayles (1985), Gaillard et al. (1989) The persistence of 
the supersaturation shows that the kinetics of the car- 
bonate dissolution are faster than the reverse reaction. 
An hypothesis to explain this persistence is the pres- 
ence of phosphates or organic compounds poisoning 
the surfaces of the crystals and inhibiting nucleation 
(Berner et al. 1978). One interesting aspect of this 
analysis of the data is that it shows that the dissolution- 
precipitation of a carbonate - which, obviously, here 
is aragonite - plays an important role in pore water 
composition even though this reaction cannot be 
detected on the calcium profile. 
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