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ABSTRACT: Pore water ammonium concentration profiles in a temporal series of undisturbed sedi- 
ments from the inner edge of the estuarine front in Alfacs Bay (Ebro Delta, Spain, NW Mediterranean) 
were measured. Results show accumulation of ammonium in pore waters in the fall. Changes in pore 
water ammonium concentrations from September to October fit the constant source solution of Fick's 
second law of diffusion, so that increasing ammonium could be related to diffusion from a constant 
source at the sediment-water interface. Environmental conditions for the diffusional transport into the 
top 10 cm depth of the sediment column are discussed. The coincidence of calm hydrodynamic condi- 
tions and high inputs of fresh organic matter to the sediment would allow the development of an inter- 
facial viscous layer with enhanced metabolism. The storage of reactive substances in this layer is pro- 
posed as a mechanism that may cause sediments to be enriched with dissolved substances. On the 
other hand, transition from nonstationary October ammonium profiles to a new stationary state was 
shown to occur 30 d after the breakdown of the viscous layer. Indeed, these predicted pore water pro- 
files were found at Stn 5 in March of the 2 years sampled. From these results, a model is proposed in 
which short-term variability of pore water ammonium is related to benthic boundary layer dynamics, 
nitrification rates and diffusional transport of ammonium in the sediment. 
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INTRODUCTION 

Accretion of particles (mineral and organic) creates 
a n  historical record in undisturbed sediments. More- 
over, vertical distributions of dissolved compounds in 
pore water reflect the pe-pH gradients due to bacterial 
metabolism linked to organic matter breakdown. Thus, 
vertical gradients of electron acceptors and metabolic 
end-products in the sediment reflect the distribution of 
these processes. Equations based on diffusion laws can 
be used in dealing with the depth distribution of the 
various reactions and products (Crank 1975, Berner 
1980). 

In coastal and  estuarine areas, concentration profiles 
of dissolved constituents in interstitial water often dif- 
fer markedly from steady-state profiles (Lasaga & Hol- 
land 1976, Aller 1980) due  to seasonal changes in 
deposition and reactivity. Particularly, accumulation of 
ammonium in pore water has been found following 
sedimentation and has been linked to the breakdown 

of fresh organic matter (Lerat et al. 1990, Lomstein et 
al. 1990). 

Sediment-water fluxes are greatly influenced by the 
flow conditions above the sediment (Morse 1974). 
When water flows over the sediment (e.g.  seawater in 
the salt-wedge estuarine circulation), a benthic bound- 
ary layer develops in the lower part of the flow due to 
the frictional drag between the water and the sedi- 
ment. Low flow velocities over fine-grained sediments 
determine the appearance of a thin layer of water, 
known as the viscous layer, where conditions approach 
laminar flow and  transport is through molecular diffu- 
sion. Spatial and temporal changes of flow velocities in 
the boundary layer (e.g. the development and break- 
down of the viscous layer) can lead to changes in the 
sediment-water fluxes and,  hence, can affect the con- 
centrations of dissolved compounds in pore waters. 

This paper examines some physical conditions and  
processes involved in the short-term pore water 
ammonium variability of surface estuarine sediments. 
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METHODS 

Sediments from a 5 m deep station in Alfacs Bay (Ebro 
Delta, Spain, NW Mediterranean, Stn 5 in Fig. 1) were 
sampled on 4 occasions from 25 March 1987 to 20 March 
1988 as part of a research program on sediment-water 
nutrient fluxes (Vidal et al. 1989, 1992, Vidal 1994). 
Alfacs Bay receives freshwater, mainly through dis- 
charge channels, from March to October. Inflowing 
freshwater slides over the more saline water beneath, 
giving rise to a salt-wedge estuarine circulation. The 
sampling station was located at the inner salt-wedge 
estuarine front, In a zone characterized by low current 
velocities and high sedimentation (Camp 1995). 

Sediment cores were collected by hand in rigid plas- 
tic tubes 7 cm in diameter and 40 cm long and immedi- 
ately frozen (-20°C). Cores were sawn into 1 to 2 cm 
lengths and the sediment samples thus obtained were 
homogenized. Sediment samples were kept In an 
anaerobic cabinet (Don Whitley Scientific Limited) 
with a gas mixture (10% hydrogen, 10Y0 CO,, 80% 
nitrogen) during the pore water extraction procedure. 
Intersti.tia1 waters were extracted by centrifugation 
13500 rpm (2750 x g), 15 min] and filtration (Millepore 
HAWP02500) of the sediment slices. 

Fig. 1. Alfacs Bay (Ebro Delta, Spain, NW Medi- 
terranean) showing locat~on of the sampling station 

Ammonium and nitrate+nitnte concentrations in 
interstitial and seawater (10 to 15 cm above the sedi- 
ment surface) samples were measured using the stan- 
dard methods described in Grasshof et al. (1983). 

Exchangeable ammonium concentrations were ana- 
lyzed in wet sediment samples using the extraction 
with 2 N KC1 (Rosenfeld 1979). 

Samples for organic carbon determinations, ob- 
tained from 2 core replicates taken 30 September 1987, 
were washed with diluted HCl to eliminate carbonates. 
Organic carbon and nitrogen were then determined on 
dry, ground treated and untreated samples, respec- 
tively, with a Carlo Erba CNS Analyzer. 

Porosity was evaluated from the sediment weight 
loss at 105OC. Bulk density was then calculated from 
the dry weight of each sediment slice. Organic matter 
concentrations were evaluated from the weight loss 
after ignition at 450°C for 3 h. 

RESULTS AND DISCUSSION 

Sediment characteristics 

Porosity, bu.lk density and loss on ignition in the top 
1 cm of sediment were 0.7 and 0.5 g dry wt cm-3 and 
6 %  of dry weight sediment, respectively. 

Organic carbon and nitrogen concentrations ranged 
from about 2 and 0.25 mm01 g- '  dry wt, respectively, in 
the superficial sedlment to about 1 and 0.1 mm01 g.' 
dry wt below 10 cm depth. Organic carbon and nitro- 
gen concentrations in the top 1 cm of sediment did not 
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show any significant variation between 
the sampling periods (1.8 to 1.9 and 0.25 
to 0.26 mm01 g-' dry wt, respectively; 
Vidal 1991) 
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ammonium was diffusing out from a con- 
stant source located at the top sediment Fig. 3. Exchangeable ammonium. Horizontal bars are standard errors of 3 

layer (Duursma & Hoede 1967). Accord- core replicates 

ingly, a constant source solution to Fick's 
second law of diffusion based on the error function t = k ,  equal for all depths, and erfc is the complemen- 
described by Duursma 6 Hoede (1967), with minor tary error function. 
modifications, was used to account for September to Least squares fitting of Eq. (1) to the September- 
October ammonium accumulation (Eq. 1). October profiles (Fig. 2) gives: q = 0.044 mM d-l;  Der = 

0.174 cm2 d-'; k = l l d; and X = 0.208 mM, with a 6 % 

The value for X obtained from Eq. (1) (0.208 mM) is 
where C(z,t) is the ammonium concentration (mM) at similar to the values found below 10 cm depth and is 
depth z (cm) and time t (days), q is the constant source somewhat higher than those determined from the sur- 
(mM d- ' )  at z = 0, D,. is the coefficient for effective dif- face sediment in March (Fig. 2). The assumption of X 
fusion in the sediment (cm2 d-l), k is a time interval being a constant in Eq. (1) implies that the profile is 
prior to the onset of the diffusion problem (t  = 0, 30 vertical at  time -k. There are 2 reasons which justify 
September 1987), X is the ammonium concentration at this assumption. First, the low temporal variability of 



232 Mar. Ecol. Prog. Ser. 118: 229-236, 1995 

ammonium concentrations below 10 cm depth 
suggests that they reflect equilibrium concentrations 
not affected by seasonal deposition/decomposition 
processes, as is the case for the surface sediment. 
Accordingly, the concentration changes found in the 
surface layer can be seen in relation to this value of X .  

Second, the evolution of pore water ammonium 
profiles, which shows near uniform concentrations 
with depth in March, also points to the validity of this 
assumption. 

In contrast to X, the conformity of the resulting value 
for k (11 d) depends on whether September-October 
conditions can be extrapolated to the past. That is, k 
refers to the elapsed time from concentration X to the 
resulting September profile, assuming the parameters 
from Eq. (1) remain valid. The very focus on Septem- 
ber and October profiles is due to the short time inter- 
val sampled and also to the hydrodynamic stability of 
the water at this time in Alfacs Bay (see below). 

The diffusion coefficient obtained (Der = 2.01 X 

cm2 S-')  reflects net transport of ammonium through 
surface sediments (0 to 10 cm) once the influence of 
tortuosity, adsorption onto particles, and any other fac- 
tors modifying molecular diffusion are taken into 
account. This Del value compares well with those gen- 
erally found in marine sediments of similar porosities, 
which include the effects of adsorption (4.0 a 0.8 X 10-6 
cm2 S-', Q, = 0.64 to 0.79; Krom & Berner 1980). The 
resulting Del suggests that fauna activities have little 
effect on pore water ammonium profiles in fall, since 
bioturbation would result in a higher D,, (from - l O - '  to 
- l O - ,  cm2 S-'; Aller 1982). 

The ratio of the amount of ammonium released into 
the water to that accumulated in the pore waters per 
30 d (70/7 mm01 m-') agrees with the ratio between the 
diffusion coefficients of ammonium in particle-free 
water and in the sediment [Do/Def = (19.8/2.01) X 1 0 - ~  
cm2 S - ' ;  Do at T = 25OC; Li & Gregory 19741. This 
suggests that transport of ammonium from and to the 
sediment is mainly by molecular diffusion, and that 
ammonium is transported to the overlying water with a 
diffusion coefficient near D,, thus indicating that the 
ammonium comes from a V ~ I - y  high porosity layer. 

Calculations from Fick's first law of diffusion using 
the diffusion constant in the water of 1.7 cm2 d-l, and 
considering a transport length of 5 mm, give an ammo- 
nium flux of 6.8 mm01 m-2 d - '  for March profiles 
(0.2 mM NH4+ in the top 1 cm sediment layer and null 
concentrations in the overlying water). This flux agrees 
with that determined from bell-jar incubations in 
March (5.5 mm01 m-2  d - ' ,  the maximum value 
recorded for Alfacs Bay; Vidal 1991). Similar calcula- 
tions for October profiles (0.6 mM NH,' in the top 1 cm 
sediment layer) result in an ammonium flux of 
20.4 mm01 m-2  d- ' ,  while fluxes in bell-jar incubations 

were 2.3 mm01 m-2 d- '  A concentration gradient of 
about 70 pm01 cm-, is requlred to support this latter 
value, so that ammonium concentration in the water 
would have to be about 0.53 mM to maintain the sedi- 
ment surface concentrations against the diffusional 
gradient to the water. This concentration is likely to 
occur when a stagnant viscous layer, with conditions of 
laminar flow and transport through molecular diffu- 
sion, remains over the sediment (Morse 1974). Other- 
wise, eddy diffusion would quickly dissipate the 
ammonium at the sediment surface. Furthermore, this 
layer is regarded not merely as a diffusional barrier to 
the sediment-water exchanges, but also as a layer in 
which restricted transport, due to the shift from eddy to 
molecular diffusion, allows for the retention of particu- 
late and dissolved materials. The characteristics of the 
viscous layer are therefore different from those of the 
overlying water and the surface sediment. This layer 
appears as an organic-rich incubation layer, with high 
metabolism, increasing the concentration of metabolic 
end products over the sediment. Besides, lower oxygen 
concentrations have been found 10 cm above the sedi- 
ment in September and October (4.4 and 6.6 mg 1-l, 
respectively) compared to the other samplings (from 
7.5 to 8.9 mg 1-l; Vidal 1991). 

The constant source q (0.044 mM d- l )  refers to the 
velocity of dissolved ammonium increase at the viscous 
layer. A constant decomposition rate is assumed in 
Eq. (1) to maintain the ammonium source q constant. 
Zero-order kinetics of decomposition are representa- 
tive of short time reactions, although there is an overall 
first-order reaction for longer periods (Berner 1980, 
Matisoff et al. 1981) (Fig. 4). Conditions for a constant 

- 1 
Organic N, pmo l  g 
(sediment dry weight) 

Fig. 4.  Sediment organic nitrogen. So l~d  line shows the least 
squares fitting to an exponential decay equation: N, = N,,e-" 
(No = 257.8 pm01 g- '  dry wt and k = 0 130 cm-') .  Data from 

2 core replicates (30 September 1987) 
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source of ammonium at the interface can occur after 
high frequency sedimentation events, as a conse- 
quence of the cumulative series of successive pulse- 
decay curves, owing to the short time lag between 
organic deposition and ammonium release from 
organic breakdown. Hence, ammonium input from the 
interface to underlying sediment can be coupled to the 
fast decomposition of recently settled organic matter 
from estuarine phytoplankton blooms supported by a 
relatively long period of hydrodynamic stability of the 
water, as has been stated for other estuaries (Legendre 
1990). 

Indeed, the development of phytoplankton blooms is 
frequent in summer and fall in Alfacs Bay (Delgado 
1987, unpubl. data). They occur especially in Septem- 
ber following the interruption of the freshwater inflows 
to the Bay for some weeks, before the discharge chan- 
nels are ultimately closed in November (because of 
agricultural work in the rice fields which extend over 
the delta plain; Prat et al. 1988, Camp 1995). Changes 
in chlorophyll concentrations from 1-3 to 10-25 mg 
m-3 have been found in these blooms (Delgado 1987). 
Sedimentation is probably high and can be supported 
by the water confinement induced by the cessation of 
the estuarine circulation in September. 

On an area1 basis the qof 0.044 mM d- '  is equivalent 
to an amount of 13.2 mm01 NH4+ m-2 cm-' for the 30 d 
period (considering a viscous layer of porosity = 1). 
From this q value and the integrated figure of ammo- 
nium stored in pore waters (7 mm01 m-2; Fig. 2) a 5 mm 
depth viscous layer acting as ammonium source site is 
calculated. 

The maintenance of a 5 mm viscous layer over the 
sediment seems appropriate to the calm hydrody- 
namic conditions common in the Bay in September. 
The water enclosure induced by the lack of the estu- 
arine circulation determines an intense evaporation 
(nearly one-third of the freshwater inputs), which 
causes temperature decreases of 3 to 5"C, and so a 
decrease in the ratio of densities between the Bay 
water and the outside Mediterranean water. Under 
these conditions, the renewal time of the water in the 
Bay increases to about 30 d (Camp 1995). Changes m 
the bottom current velocities from 8-10 to 2-4 cm S-' 

have been found at the mouth of the Bay following 
the interruption of freshwater inflow (Camp 1995). 
Therefore, the shear stress at the bottom must be low, 
especially at the station studied, due to its location at 
the inner edge of the estuarine front. Thus, the physi- 
cal environment makes the existence of this viscous 
layer possible. 

Unequal settling velocities of inorganic and organic 
particles facilitate the persistence of organic matter 
within the viscous layer, which would have a high 
organic matter content, a high decomposition rate and 

a high ammonium concentration. Retention of part of 
the ammonium production in this compartment relies 
on the equilibrium between mass (particulate) inputs, 
reaction rates for ammonium production and nitrifica- 
tion, and diffusion (dissolved) outputs (Lasaga & Hol- 
land 1976). 

Fresh versus bulk organic decomposition 

With the 1 mm yr-' sedimentation rate assumed in 
Alfacs Bay, bulk organic nitrogen decon~position in the 
top 1 mm sediment layer would contribute 7 pm01 1-' 
d-'. The 1 mm yr-l accretion of sediment results from 
taking into account the particulate inputs to the Bay 
via discharge channels (0.2 to 0.5 mm yr-'; Munoz 
1990), and the average phytoplankton primary produc- 
tion (0.4 mm yr-'; Delgado 1987). This 1 mm yr-' sedi- 
ment accretion is consistent with bathymetric records 
for the last 30 yr in Alfacs Bay and it is of realistic mag- 
nitude for estuarine and shelf sediments (references in 
Aller 1982 and Parsons et  al. 1984). 

A bulk organic decomposition of 7 pm01 1-' d-' in the 
surface 1 mm sediment is insufficient to meet both the 
constant source and the flux to/fron~ surface sedi- 
m e n t ~ .  In contrast, the settlement of a typical 10 to 
25 mg chl a m-3 phytoplankton bloom over a 5 m depth 
water column would contribute 25 to 60 mm01 N m-' 
(using for calculations the ratio of organic C:chl a = 

40: l ;  Parsons et al. 1984). The occurrence of 2 sedi- 
mentation events in 1 mo is common during summer 
and fall (Delgado unpubl. data), so that the input of 
fresh planktonic debris to the sediment would explain 
both the ammonium accumulated in pore waters 
(7 mm01 m-') and the ammonium released to the water 
(70 mm01 m-'). 

The transitory development of benthic viscous layer 
production and accumulation of ammonium can be 
regarded as a key mechanism in explaining the pore 
water ammonium increase found in late summer and 
fall or after the sedimentation of phytoplankton blooms 
in Alfacs Bay, as well as in other coastal areas (Klump 
& Martens 1989, Jensen et al. 1990, Lerat et al. 1990). 
Furthermore, the production of reactive substances in 
this layer may also explain the behaviour of other ele- 
ments (Klinkhammer & Palmer 1991), as well as other 
phenomena linked to the metabolism of bottom com- 
munlties (Tsunogai & Noriki 1987). 

Nitrification and denitrification 

The constant source q accounts for the net diffusive 
flux of ammonium into the top 10 cm sediment 
column, and therefore it does not include the fraction 
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Nonstationary approach for short-term pore water 
ammonium variability 

According to the model proposed for pore water 
ammonium accumulation, ammonium profiles would 
return to profiles that resemble those of March after 
the breakdown of the viscous layer. Indeed, this can 
occur in late fall or early winter, owing to the strong 
winds common in the Bay. The breakdown of this layer 
would cause an instantaneous jump of the ammonium 
concentrations above the sediment, which would result 

o 8 16 in changes in the sediment-water fluxes and a gradual 
adjustment of pore water profiles to the new condi- 
tions. The time required to reach a new stationary state 
can be calculated according to the equation of Vander- 
borght & Billen (1975), expressed as the sum of the 
new stationary state and a transient term as follows: 

F = - 1 8 t 5  

0. 

20 Mar 88 

Fig. 5. Pore water nitrate + nitrite. Bottom water concentra- 
tions are also depicted. Horizontal bars are standard errors of 
3 cure repl~cates.  F refers to nitrate +nitrite fluxes (mean val- 
ues * SEM, from bell-jar incubations; Vidal 1991). F was not 

measured on 30 September 1987 

of ammonium lost by nitrification. Nitrate plus nitrite 
profiles in Fig. 5 suggest nitrification in this sediment. 
Except for September profiles, pore water nitrate 
concentrations are low and surface concentrations 
approach values in the overlying water. In addition, 
nitrate uptake to the sediment was measured on 3 
occasions (data in Fig. 5 obtained from bell-jar incu- 
ba t ion~;  Vidal 1991; unfortunately, we have no data 
from September). These data point to a process of 
denitrification coupled to nitrification (Jenkins & 

Kemp 1984). 
To calculate the first-order rate constant for nitrifica- 

tion (KN) and denitrification (KD), pore water ammo- 
nium and nitrate profiles, respectively, were modeled 
according to the equation of Vanderborght & Billen 
(1975): 

c = C ~ ~ - ( K / D ) ~ ' ~ Z  (2) 

with K equal to KN or KD for nitrification and denitrifi- 
cation respectively, and D equal to Def (2.01 X 10-' cm2 
S-'). 

KN equals 0.0014 d- '  (September) and 0.0064 d- '  
(October) with a mean of 0.0047 d- '  computed from the 
2 profiles. KD equals 0.0030 d- l  (September) and 1.83 
d - '  (October), averaging 0.27 d-l for the 2 profiles. 
These constant rates indicate a close coupling of de- 
nitrification to nitrification, which would explain the 
low nitrate concentrations and the vertical profiles 
observed. 

with the initial conditions: 

fo r t  <O 

for t 0 

Concentration profiles have been computed for 
increasing times after a jump from 1.3 (constant source 
q of 0.044 mM d-'  X 30 d)  to 0.2 mM ammonium in the 
bottom water (Fig. 6). The new stationary state (sensu 
Vanderborght & Billen 1975) is reached 30 d later and 
the pore water ammonium concentrations approach 
those observed in March (1987 and 1988; Fig. 2). 

Pore water ammonium coupled to benthic 
viscous layer dynamics 

Diffusive fluxes and sedimentation, in relation to 
flow conditions at the sediment-water interface, seem 
to determine the short-term variability of pore water 
ammonium concentrations of the surface sediment at 
Stn 5 in Alfacs Bay. The proposed model is compatible 
with the environmental conditions and its seasonality 
in the Bay, and with independent measurement of 
sediment-water fluxes. Nevertheless, the exact quan- 
tification and significance of certain processes (e.g. 
bioturbation) remain to be assessed. Macrofauna and 
meiofauna were found in this sediment at lower densi- 
ties than in other zones of the Bay and were mainly dis- 
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Fig. 6. Vertical profiles of ammonium concentrations in pore 
water after a jump from 1.3 to 0.2 mM of ammonium in the bot- 
tom water. Curves computed for increasing times. 0.1 to 40 d 

tributed at the surface (Palacin et al. 1991, 1992), prob- 
ably because of the high sedimentation and low water 
current at this site (Camp 1995). Pore water profiles 
like that of March (Fig. 2) are frequently attributed to 
fauna irrigation, though, as shown in Fig. 6, they can 
be also obtained by diffusion and nitrification. The 
influence of benthic organisms on the metabolism and 
transport in the sediment depends on the species com- 
position, population densities and depth distribution, 
so that sediment stabilization or destabilization, aggre- 
gates production with a loose attachment to the under- 
lying bed (like a fluff layer) or sediment irrigation can 
occur (Eckman et al. 1981, Luckenbach 1986, Ander- 
sen & Kristensen 1991, Krager & Woodin 1993). 

The series of ammonium profiles in Fig. 2 are like 
those typically found in experimental solutions after 
the migration of particles (molecules) from a point 
source (Berg 1983, Richardson & McSween 1989), 
whereas the series in Fig. 6 are typical of the reverse 
diffusional transport (out of the solution). Diffusion 
gives a realistic general explanation to both series. 
Both Figs. 2 and 6 show the hysteretical nature of the 
process of filling and emptying of surface sediments 
with ammonium through diffusive transport. 

CONCLUSIONS 

In summary, our data suggest that the match 
between calm hydrodynamic conditions and high 
frequency inputs of fresh organic matter reaching the 
sediment surface allows the development of a viscous 
layer over the sediment with enhanced metabolism. 

Metabolic processes feed this natural organic-rich 
incubation layer with dissolved substances and lead to 
steep concentration gradients with the contiguous 
compartments. Downward diffusional flux of ammo- 
nium replenishes pore waters before the burial of par- 
ticulate materials. Both the magnitude and pattern of 
temporal changes in pore water profiles reveal the 
environmental conditions required for this replenish- 
ment. Diffusion and nitrification coupled to denitrifica- 
tion would return to a March-like profile after the 
breakdown of the viscous layer. In accordance, a 
model is proposed in which short-term (month) pore 
water ammonium variability is related to benthic 
boundary layer dynamics. 
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