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SUMMARY: Measurements of dissolved inorganic nutrients (NH4
+, NO2

-+NO3
-, HPO4

-2 and SiO2) in pore waters (PW) and
overlying bottom waters (OBW) were carried out in sediments of two reefs on the Jordanian coast of the Gulf of Aqaba at
different water depths down to 30 m. One of the two sites was a marine reserve in front of the Marine Science Station (MSS)
and the other hosted an Industrial Complex Zone (ICZ). The PW samples were retrieved using specially designed intersti-
tial water traps. The concentrations in the OBW were within the typical range reported for oligotrophic tropical oceans. They
showed minor variations with depth due to a well-mixed water column. Higher nutrient values were found at the ICZ com-
pared to MSS suggested anthropogenic nutrient inputs. Our results showed significantly higher nutrient concentrations in
the PW than in the OBW. The average concentrations in PW were about 16, 6, 9 and 5 times higher than the average val-
ues reported in the OBW for NH4

+, NO2
-+NO3

-, HPO4
-2 and SiO2 respectively. Average fluxes of the dissolved inorganic

nutrients were estimated in this study using the pore water gradient concentration across the sediment-water interface. Aver-
age diffusion fluxes were in the ranges 1.41-46.44, 2.68-18.25, 0.04-0.60 and 9.68-16.85 µmol m-2 d-1 for NH4

+, NO2
-+NO3

-

, HPO4
-2 and SiO2 respectively. Flux of all nutrients was higher at the MSS.  This can be attributed to higher sediment organ-

ic matter content and high biological activity. The results of this study demonstrate (i) the importance of coral reef sediments
in recycling nutrients for coral reef communities and (ii) the effect of pumping cooling water on the nutrient regeneration
process.
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RESUMEN: DIFUSIVIDAD DEL FLUJO DE NUTRIENTES DESDE SEDIMENTOS EN EL NORTE DEL GOLFO DE AQABA, MAR ROJO. – En
la costa de Jordania, en el Golfo de Aqaba, a diferentes profundidades por debajo de 30 m se han llevado a cabo determi-
naciones de nutrientes inorgánicos disueltos (NH4

+, NO2
-+NO3

-, HPO4
-2 y SiO2) del agua intersticial (PW) de sedimentos de

dos arrecifes y de las capas del agua profundas (OBW). Uno de los dos lugares era una reserva marina en frente de la Mari-
ne Science Station (MSS) y el otro estaba enclavado en la zona de un complejo industrial (ICZ). Las muestras del  PW se
recogian utilizando unas trampas especiales diseñadas para aguas intersticiales. Las concentraciónes  de nutrientes en la
OBW  estaban dentro del rango típico que se reporta para oceanos trópicales oligotróficos. Estas mostraban pequeñas varia-
ciones con la profundidad debido a que la columna de agua estaba mezclada. Los valores mas elevados de nutrientes fueron
hallados en la ICZ comparados con los de la MSS, lo que sugeria que los vertidos de nutrientes eran de origen antropogé-
nico. Nuestros resultados mostraban concentraciones de nutrientes significativamente mas elevadas en las PW que en las
OBW. Las concentraciones medias en la PW eran alrededor de 16, 6, 9 y 5 veces mas altas que el promedio de los valores
alcanzados en las OBW para NH4

+, NO2
-+NO3

-, HPO4
-2 y SiO2 respectivamente. El promedio del flujo de los nutrientes inor-

gánicos disueltos fueron estimados en este estudio utilizando un gradiente creciente de la concentración del agua intersticial
a través de la interfase agua-sedimento. El promendio del flujo de difusión oscilaba entre 1.41-46.44, 2.68-18.25, 0.04-0.60
y 9.68-16.85 µmol m-2 d-1 para  NH4

+, NO2
-+NO3

-, HPO4
-2 y SiO2 respectivamente. El flujo de todos los nutrientes era mas

alto en la MSS. Esto puede atribuirse a sedimentos con un mas alto contenido en materia orgánica y alta actividad biológi-
ca. Los resultados de este estudio muestran (i) la importancia de los sedimentos de los arrecifes de coral en el reciclaje de
nutrientes por las comunidades del arrecife y (ii) el efecto de bombeo de aguas mas frias en los procesos de regeneración de
nutrientes.
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INTRODUCTION

Nutrients are minor constituents of the seawater
that are of great importance for the growth of pri-
mary producers and small heterotrophs, such as bac-
teria (Bodungen, et al., 1985). Reef-building corals
are distributed in oligotrophic tropical waters devoid
of essential nutrients, yet they represent the most
productive coastal marine ecosystem (D’Elia, 1988;
Sorokin, 1993). This paradox is best explained by
the rapid recycling of nutrients within the system
(Richter et al., 2001; Rasheed et al., 2002). The
recycling process, however, is not confined to the
reef itself. There is a significant exchange of nutri-
ent elements between the coral reef framework, the
underlying sediments and the surrounding water
(Capone et al., 1992). Nutrient exchange is con-
trolled by physical and biological processes and is
strongly dependent on the ambient nutrient concen-
tration and distribution.

Sediments are well documented as providing an
important source of essential inorganic nutrient such
as nitrogen, phosphorus and silicon in the coral reef
ecosystem (e.g. Boynton and Kemp, 1985; Capone
et al., 1992; Howarth et al., 1995; Rasheed et al.,
2002). Some 25-50% of the organic compounds pro-
duced by phytoplankton communities sink out of the
water column to the sediment (Wollast, 1991). The
intensity of degradation and mineralisation of the
deposited organic matter in the sediments deter-
mines the rates of nutrient release to the overlying
water column (Berner, 1980; Klump and Martens,
1981). Nutrient regeneration in the sediment sup-
plies back a significant portion of phytoplanktonic
nutrient demand during some seasons of the year
(Koop et al., 1990; Cowan and Boynton, 1996). 

The Gulf of Aqaba is a semi-enclosed basin char-
acterised by a high diversity of coral reef communi-
ties (Schuhmacher et al., 1995). The lack of regular
fresh water inflow and the high evaporation rate
cause the saline conditions and contribute signifi-
cantly to the oligotrophic nature of the Gulf system
(Reiss and Hottinger, 1984; Badran, 2001). Nutrient
contents within the Gulf of Aqaba are very low,
because most of the waters flowing from the Red
Sea through the Strait of Tiran are initially nutrient-
depleted Red Sea upper waters (Reiss and Hottinger,
1984; Badran, 2001).

Jordan’s only sea outlet is 27 km on the north-
eastern coast of the Gulf of Aqaba. This relatively
small national coastline hosts several types of bot-
tom habitats, with coral reefs being the most domi-

nant. This small coastal stretch also hosts all the
country’s maritime activities: tourism, ports, marine
reserves and industry. The aim of the current work is
to better understand and quantify the budget of
nutrients released from sediment at two coral reef
sites: a marine reserve and an industrial complex. To
this end, inorganic nutrient concentrations in the
sediment pore waters (PW) and the overlying bot-
tom waters (OBW) were determined and the diffu-
sive fluxes were estimated.

MATERIALS AND METHODS

Study sites and water sampling

The study was conducted across two coral reefs
along the Jordanian coast of the Gulf of Aqaba (Fig.
1) in front of the Marine Science Station (MSS) and
the Industrial Complex Zone (ICZ). The reef tran-
sects run perpendicular to the coastline from the
coastline to offshore water about 30 m deep. Pore
water (PW) and overlying bottom water (OBW)
samples were collected by scuba divers. Sampling
was confined to early summer, immediately after the
spring bloom. The sampling stations were occupied
three times during May 2003. Along every reef tran-
sect, samples were collected at 5, 10, 20, and 30 m.
OBW samples were collected at the bottom near the
sediment water interface using 1 L polyethylene bot-
tles. The PW samples were collected using special-
ly designed interstitial water traps (Hesselein, 1976;
Al-Rousan, 1998) made of 10 cm plastic tubes, 1.5
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FIG. 1. – Site map of the northern Gulf of Aqaba. The quadrates
along the two transects represent the sampling locations near the 

MSS and the ICZ at the Jordanian coast of the Gulf of Aqaba.
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cm in diameter. The two ends of the plastic tube
were covered with net cloth (mesh size 45 µm). Out-
side the net cover, the tube was lipped with a 2 cm
wide tube that allowed the trap to be covered with a
rubber stopper during transport between the labora-
tory and the field. Pore water was collected by bury-
ing the traps about 2 cm in the sediment just below
surface for one week. 

Immediately after retrieval the sediment traps
were carried to the laboratory in an ice box. In the
laboratory samples were filtered using a pre-rinsed
0.45 µm cellulose-membrane filter and analysed
spectrophotometrically for ammonia, nitrite, nitrate,
phosphate and silicate following the techniques
established at the Marine Science Station, Aqaba,
based on Strickland and Parsons (1972). All values
were recorded as mean values of three replicates.

Flux calculations

Fluxes of ammonia, nitrite, nitrate, phosphate
and silicate between sediments and the overlying
water were calculated according to Fick’s first law
of diffusion as follows:

F = Ø × Ds × dc/dz

where F is the flux (µmol m-2 d-1), Ø is the porosity
of surface sediment (dimensionless), Ds is the diffu-
sion coefficient (m2 d-1), and dc/dz is the concentra-
tion gradient in the overlying bottom waters (µmol
m-4). The diffusion coefficients for ammonium,
nitrate, nitrite and phosphate were taken from Li and
Gregory (1974) for a water temperature of 25°C,
and corrected for a toruosity using a porosity of 0.47
and the toruosity-porosity relationship reported by
Beekman (1990). The value for silicate was taken
from Lerman (1979) and Callender and Hammond
(1982) and corrected for toruosity. The calculated
diffusion coefficients were equal to 8.85, 6.66, 6.70,
2.97 and 5.89 × 10-5 m2 d-1 for ammonium, nitrate,
nitrite and phosphate and silicate respectively. Flux-
es were calculated as mean values of the three repli-
cate collections.

RESULTS 

Variation of nutrient concentrations in PW and
OBW between different depths and sites

Average nutrient concentrations (NH4
+, NO2

-

+NO3
-, HPO4

-2, SiO2) in the overlying bottom waters
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FIG. 2. – Average nutrient concentrations (µM) in the overlying bottom waters (OBW) along different depths at both study sites (MSS and 
IZC) along the Jordanian coast of the Gulf of Aqaba.
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(OBW) at both study sites are shown in Figure 2.
NH4

+ showed little change in the concentrations
with depth at both sites. It ranged from 0.43 to 0.58
µM with an average of 0.53 µM and was slightly
higher at the Industrial site (ICZ) than at the refer-
ence site (MSS). Similar patterns were exhibited by
all other nutrients, NO2

-+NO3
-, HPO4

-2 and SiO2.
The values at the Reference and the Industrial sites
were in the ranges 0.29-0.6, 0.175-0.35 and 0.93-1.7
µM and averaged 0.4, 0.29 and 1.39 µM for NO2

-

+NO3
-, HPO4

-2 and SiO2 respectively.
In contrast to nutrient concentrations in the

OBW, the concentrations in pore waters (PW)
showed considerable variation between the different
depths at the same site and between the two sites as
well (Fig. 3). NH4

+, HPO4
-2 and SiO2 showed a gen-

eral increase with depth. Concentrations of NH4
+

and HPO4
-2 at the MSS were higher than those at the

ICZ, while silicate showed lower values at the MSS
than at the ICZ (Fig. 3). For NO2

-+NO3 concentra-
tions tended to decrease with depth, but were also
higher at the MSS than at the ICZ (Fig. 3). 

Nutrient flux

The average nutrient flux (µmol m-2 d-1) estimat-
ed across both sites is shown in Figure 4. Following

the concentration gradient the flux of all nutrients
occurred in one direction from the sediment pore
water to the overlying bottom water. Figure 4 also
shows that the average flux of NH4

+, HPO4
-2 and

SiO2 tended to increase with increasing depth, while
NO2

-+NO3 showed an opposite pattern and
decreased with depth. At the MSS, the average flux-
es were in the ranges 1.11-36.53, 2.37-10.72, 0.24-
3.56 and 5.74-10.0 µmol m-2 d-1 for different depths,
while the values at the ICZ were in the ranges 0.62-
17.53, 0.93-3.50, 0.23-1.22 and 5.36-13.56 µmol 
m-2 d-1 for the different depths and the different nutri-
ents NH4

+, NO2
-+NO3

-, HPO4
-2 and SiO2 respective-

ly. In summary, the flux of inorganic nitrogen and
phosphate was significantly higher at the MSS than
at the ICZ (p-values were <0.008 and <0.050 at sig-
nificance level of 5 % for inorganic nitrogen and
phosphate respectively).

DISCUSSION 

Variation of nutrient concentrations in PW 
and OBW 

Inorganic nutrient concentrations in the overly-
ing bottom waters (OBW) from this study were
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FIG. 3. – Average nutrient concentrations (µM) in the pore waters (PW) along different depths at both study sites (MSS and IZC) along the 
Jordanian coast of the Gulf of Aqaba.
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found to be within the typical range reported for
oligotrophic tropical oceans (e.g. Tribble et al.,
1990; Bell, 1991; Charpy-Roubaud et al., 1996;
Rasheed et al., 2002) and for the water column and
surface water during the season in the Gulf of Aqaba
in particular (Badran and Foster, 1998; Badran,
2001). The lack of significant differences between
depths (Fig. 2) might be attributed partially to the
well-mixed water column during the collection peri-
od and to the sharp slope and close bottom surface
distances between the stations (maximum distance
100 m). In PW, the concentrations were much high-
er than in OBW. The average concentrations of
NH4

+, NO2
- + NO3

-, HPO4
-2 and SiO2 for all stations

were 16, 6, 9 and 5 times the average values for the
same parameters in OBW (Table 1). The continuous
burial and decomposition of organic matter in the
topmost layer of the sediment could be the main rea-
son for these high concentrations in PW (Emerson et
al., 1980; Balzer et al., 1985; Fuentes and Espino,
1990; Bertuzzi et al., 1996; Rasheed et al., 2003). 

The general increase in ammonia and phosphate
and the decrease in nitrite and nitrate in PW with
depth (Fig. 3) is indicative of better oxygenation in
the shallow PW than in deeper PW. It also indicates
the possibility of detrital materials penetrating deep-

er in the bottom sediment before undergoing com-
plete decomposition near the water sediment inter-
face. Due to the current reworking effect, shallow
sediments usually have coarser sand than deep sedi-
ments. There is a general consensus that the coarser
the sediment the better oxygenated it is, and the less
likely to retain ammonia, because this ammonia oxi-
dises rapidly to nitrate within the coarse well-oxy-
genated sediments (Capone et al., 1992). Further
evidence is provided by the concentrations of nitrite
and nitrate, which were inversely proportional to
depth (Fig. 3), and by to the general decrease with
depth of the oxygen concentration in PW. Oxygena-
tion of the deeper sedimentary PW mainly results
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FIG . 4. – Average nutrient fluxes (µmol m-2 d-1) from the sediments pore waters (PW) to the water column calculated for NH4
+, NO2

- + NO3, 
HPO4

-2 and SiO2 across the study sites (MSS and ICZ) along the Jordanian coast of the Gulf of Aqaba. 

TABLE 1. – Average nutrient concentrations (µM) in pore waters
(PW) and the overlying bottom waters (OBW) and ratios among all
stations of the two transects along the Jordanian sector of the Gulf 

of Aqaba.

Nutrient Average conc. Average conc. Ratio
in OBW (µM) in PW (µM)

Ammonia 0.53 8.30 16
Nitrite 0.08 1.10 14
Nitrate 0.37 1.65 5
(Nitrite + Nitrate) 0.45 2.75 6
Phosphate 0.28 2.51 9
Silicate 1.36 7.28 5
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from sediment mixing, as suggested by Sugai
(1987). High silicate concentrations in PW were
mainly attributed to the influx of atmospheric sili-
cate-rich desert dust, as suggested by Al-Fukaha
(1994), and the subsequent precipitation of the sili-
cate on the sediment (Rasheed et al. 2002).

Variation of nutrient concentrations between
sites

The higher nutrient concentrations in the OBW
at the ICZ than at the MSS (Fig. 2) can be naively
looked at as a result of anthropogenic inputs from
the adjacent industrial and construction activities
(e.g. fertiliser industry; thermal power station; gas
pipe line). Although all industries do observe envi-
ronmental measures and operate with satisfactory
precautionary practices, under extreme conditions
uncontrolled discharges of wastewater into the sea
cannot always be avoided (Badran and Foster,
1998). However, a closer scrutinising look may lead
to a different story. Although the cooling water from
the industrial site comes back to the sea at tempera-
tures very close to the ambient temperature, during
the cooling process it goes through stage in which
the temperatures exceed the ambient temperature by
10 ºC or even more. Furthermore, the cooling water
is quite often chlorinated. The high temperature and
chlorination may very well affect both planktonic
living organisms in the water and bacteria. Badran
and Foster (1998) reported higher nutrient concen-
trations at the industrial site, but lower concentra-
tions of chlorophyll a. Low viable phytoplankton
biomass can be a good reason for high nutrient con-
centrations due to weak consumption. Also, decom-
position of living material may be enhanced by the
high temperature during the cooling cycle, which
may be another reason for higher inorganic nutrient

concentrations in the seawater at the industrial site.
This very reason may also help to interpret the high-
er concentrations in PW at the MSS site than at the
ICZ site. It could also be read by the higher organic
matter content in the MSS sediments (0.33% com-
pared to 0.23%, Al-Rousan, unpublished data),
which is considered the main source for nutrient in
PW, as suggested by Balzer et al. (1985). The same
applies to the phosphorus concentrations in PW,
which were similarly higher at the MSS than at the
ICZ (about 3 times on average), which might be
attributed to a high CaCO3 content in the MSS sedi-
ments (80%, Rasheed et al., 2003). It has been long
known that phosphate has a strong affinity for being
adsorbed on reef carbonate sediments (Dekanel and
Morse, 1978), and can also be trapped within the
crystal lattice of carbonate granules (Rittenberg et
al., 1955; Barrie et al., 1983; Balzer et al., 1985 and
Sugai, 1987).

Nutrient fluxes

The decomposition of organic matter in sedi-
ments leads to a high nutrient concentration in PW;
the gradients developing in the topmost sedimentary
layer form the base for spontaneous diffusive fluxes
to the upper water zone (Balzer et al., 1985). NH4

+,
NO2

- + NO3
-, HPO4

-2 and SiO2 fluxes calculated
from the measured PW gradient showed higher val-
ues at the MSS than at the ICZ (Fig. 4). Though the
obvious direct reason was the higher nutrient con-
centrations in its PW, resulting from high organic
materials and biological activity (Al-Rousan, 1998;
Rasheed et al., 2003), other reasons such as a
stronger affinity of the nutrients at the ICZ to stay in
the sediments cannot be overlooked. In a closer look
at the diffusion of inorganic nitrogen species, NO2

- +
NO3

- flux appear marginal as compared to the flux-
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es of NH4
+ (Fig. 5; r=0.44). This is best understood

as NH4
+ being the first inorganic product in the

regeneration of nitrogenous organic material by
microorganisms. NO2

- and NO3
- are formed in sedi-

ment only under well-oxygenated conditions by
nitrifying bacteria through the nitrification process
(Rittenberg et al., 1955; Billen, 1975). Ammonium
fluxes from both sites and for all stations tended to
increase with increasing inorganic phosphate fluxes
(Fig. 5; r=0.93). This indicates that both inorganic
phosphorus and nitrogen are tightly coupled because
of their occurrence in a common phase and produc-
tion from the same natural source, mainly by
decomposition of living matter that has both ele-
ments in relatively fixed ratios, (Redfield Ratio).
The increase in ammonium and phosphate fluxes
from sediments with depth found herein (Fig. 4) is
comparable to the results of Balzer et al. (1985) and
Sundby et al. (1992), who found that the release rate
of phosphate and total nitrogen from sediments
shows a sharp increase under anoxic conditions,
with ammonia being the major inorganic nitrogen
species.

CONCLUSIONS 

The present investigation showed that the inor-
ganic nutrient concentrations in the bottom water
column of the northern Gulf of Aqaba were within
the typical range reported for oligotrophic tropical
oceans. Continuous burial and decomposition of
organic matter in the topmost layer of the sediment
is the main reason for the high nutrient concentra-
tions in the PW compared to those in the OBW.
Average concentrations of NH4

+, NO2
- + NO3

-,
HPO4

-2 and SiO2 in PW among all stations in this
study were 16, 6, 9 and 5 times higher than the aver-
age values of the same species in the OBW. The
variations in concentrations between sites can be
mainly attributed to variations in supply and input of
reactive organic matter. 

The general increase in NH4
+ and decrease in

NO2
- + NO3

- concentrations with depth indicate that
shallow PW is better oxygenated and/or capable of
retaining more detrital materials than deeper PW.
Carbonate sediments can accumulate more HPO4

-2

as a result of strong adsorption of phosphorus on the
surface of coral reef sediments. The low NO2

- +
NO3

- fluxes associated with high fluxes of NH4
+

result from NH4
+ being the first nitrogenous inor-

ganic product in the decomposition process, fol-

lowed by nitrite and nitrate, provided that the sedi-
ment oxygenation state allows.

Estimated inorganic nutrient fluxes show the
importance of coral reef sediment in nutrient regen-
eration and emphasises the role of bottom sediments
in supporting the coastal benthic community and the
water column productivity in coral reef ecosystems
flourishing in strongly oligotrophic waters.
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