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An environmental study of Algeciras Bay is carried out through numerical modelling. First, a 2D barotrop-
ic model is applied to calculate tides and mean circulation. Results of this model are used by a sediment
transport model which provides suspended matter concentrations and sedimentation rates in the Bay. It
includes three particle classes. An effective diffusion coefficient has been calibrated simulating temper-
ature distribution inside the Bay. An additional validation is obtained from an independent nitrate disper-
sion simulation. Then heavy metal dispersion patterns are investigated using a model which includes
water-sediment metal interactions and uses the outputs of the hydrodynamic and sediment transport
models. The metal transport model has been applied to simulate the dispersion of Zn, Cu and Ni. Results
from the hydrodynamic, sediment and metal transport models have been compared with measurements.
Model results also indicate that transport inside the Bay is relatively weak. Numerical experiments have
been carried out to determine flushing times for conservative and non-conservative pollutants. Flushing
time is about 20 days for a conservative tracer, and this value is mainly due to the M, residual current.

Tides are not effective in removing pollutants.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Algeciras Bay (south Spain) is located in Gibraltar Strait, which
connects the Atlantic Ocean and the Alboran Sea, in the Mediterra-
nean (Fig. 1 top). Large amounts of pollutants are discharged into
the Bay: urban waste from some towns and industrial wastes from
one of the largest industrial areas in Andalusia, with a significant
number of petrochemical plants and refineries, in addition to the
production of steel, paper and power (thermal power plants). The
Palmones and Guadarranque rivers empty into the Bay (Fig. 1 bot-
tom), and the Bay is also polluted by heavy maritime traffic (Algec-
iras port is one of the largest in Spain).

In previous work (Morillo et al., 2008), it has been stated that
water in the Bay has a high turnover because of its proximity to
the Strait of Gibraltar, where the Mediterranean Sea and the Atlan-
tic Ocean meet, and the strong currents that predominate in the
area. However, some preliminary calculations with a low resolu-
tion model of the Strait of Gibraltar (Periafiez, 2004b) indicated
that contaminants released into the Bay tend to remain there. Only
north winds are efficient for a rapid cleaning of the Bay.

The objective of this work consists of developing a high resolu-
tion numerical model of Algeciras Bay which may be used to
understand the dynamics of pollutants in this environment, and
to carry out a quantitative study of flushing times. In particular,
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we are interested in assessing how water circulation affects such
flushing times.

The model consists of a hydrodynamic module, which provides
water circulation, a sediment transport model which provides
suspended matter concentrations and sedimentation rates, and
the pollutant dispersion model. The dispersion model may be
applied to non-conservative pollutants (do not remain in solu-
tion). Uptake/release reactions between the dissolved and solid
phases (suspended matter and bed sediments) are described in
a dynamic way, using kinetic transfer coefficients. Results from
the hydrodynamic and sediment transport models have been
compared with measurements in the Bay. The pollutant disper-
sion model has been applied to simulate the behaviour of a con-
servative substance (nitrates) and to heavy metals. In the case of
metals, computed concentrations in water and bed sediments are
compared with measurements. Model results indicate that, in
general, the dynamics of pollutants in the Bay has been correctly
described. Then, numerical experiments are carried out to esti-
mate flushing times for both conservative and non-conservative
substances. The effects of the different tidal constituents and
residuals on flushing times have been investigated. It is worth
commenting that this is the first study on environmental condi-
tions, pollutant dynamics and flushing carried out for Algeciras
Bay with numerical modelling. Consequently this study completes
previous field work carried out in the area (Morillo et al., 2008;
Sanchez-Moyano et al., 2002; Guerra-Garcia et al., 2009; Mor-
ales-Caselles et al., 2007; Morillo and Usero, 2008; Estacio et al.,
1997).
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The three submodels (hydrodynamics, sediments, pollutants)
are described separately in the next section, together with some
indications on the numerical solution of equations. Later results
are presented and discussed, again separately for each submodel.
A study on flushing times closes the paper.

2. Model description
2.1. Hydrodynamic model

An important feature of the tidal flow in the Strait is that it can
be considered, as a first approach, as barotropic. Indeed, 93% of the
current velocity variance in the semidiurnal band has a barotropic
character in the Strait (Mafianes et al., 1998). As a consequence, 2D
depth-averaged models have already been applied to simulate
tides in the Strait (Tejedor et al, 1999; Periafiez and Pascual-
Granged, 2008). Tsimplis et al. (1995) have even used a 2D baro-
tropic model for simulating tides in the whole Mediterranean
Sea. Other authors have also stated that using a 2D model for sim-
ulating tides is a reasonable approach (Dyke, 2001; Yanagi, 1999).
Inside Algeciras Bay, it has been found that salinity and tempera-
ture are essentially homogeneous both horizontally and vertically
(University of Cadiz, 2007). Thus, the use of a 2D depth averaged
barotropic model is justified. It is based on the following
equations:
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where u and v are the depth averaged water velocities along the x
and y axis, h is the depth of water below the mean sea level, { is the
displacement of the water surface above the mean sea level mea-
sured upwards, H = h + { is the total water depth, Q is the Coriolis
parameter (Q = 2wsin/, where w is the Earth rotational angular
velocity and /Z is latitude), g is acceleration due to gravity, p,, is
water density and A is the horizontal eddy viscosity. 7, and 7, are
friction stresses which have been written in terms of a quadratic
law:

T, = kp, uvu? + 12 4)
T, =kp,vvVu2 + v?

where k is the bed friction coefficient.

The solution of these equations provides the water currents at
each point in the model domain and for each time step. Currents
are treated through standard tidal analysis (Pugh, 1987, Chapter
4) and tidal constants are stored in files that will be read by the
dispersion codes to calculate the advective transport. The model
includes the two main tidal constituents, M, and S,. Thus, the
hydrodynamic equations are solved for each constituent and tidal
analysis is also carried out for each constituent separately. A resid-
ual transport cannot be produced by the pure harmonic currents
given by the tidal analysis, thus tidal residuals have been calcu-
lated as well, as explained below. Diurnal constituents are not
included since most of the variance of current velocities is given
by the M, signal alone, S, being the second important constituent.
Therefore they can be used to characterize a very significant frac-
tion of tides in the area (Mafianes et al., 1998).

Once a stable periodic solution of hydrodynamic equations is
achieved, tidal analysis is carried out to determine tidal constants
that are used by the sediment and dispersion codes. Tidal residual
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Fig. 1. Up: general localization of Algeciras Bay (inside the red circumference).
Down: topography (m) of the Bay. Each unit in the axis corresponds to 100 m (grid
cell spacing). & indicate urban waste release points and <> industrial waste release
points. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

transports are also calculated. This is done for the M, and S, tides
separately. Tidal residuals for each constituent are calculated from
the equation:

- _ (Hq,)

@ =g ()

which corresponds to the Eulerian residual transport velocity
(Delhez, 1996). In this equation () is the time averaging operator,
g, is the tidal residual and g; is the instantaneous tidal current. In
addition, the mean current due to geostrophic flow is calculated
from an additional run of the hydrodynamic model. In this run con-
stant values of the sea surface elevation along the open boundaries
of the domain are specified (Sannino et al., 2004; Periafiez and Pasc-
ual-Granged, 2008). The total mean current is obtained adding the
tidal residuals of the M, and S, constituents plus the mean geo-
strophic flow. Current § at any time and position in the Strait is ob-
tained adding this total mean current and the instantaneous tidal
currents at the corresponding point. This is the water velocity value
used in the dispersion calculations. This procedure is the same used
in Periafiez and Pascual-Granged (2008).

2.2. Sediment transport

The transport of sediments is described by a 2D advection-
diffusion equation to which some terms are added. These are
external sources of particles, terms describing particle deposition
on the seabed and erosion from the bed to the water column.
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The formulation of these processes is based upon standard formu-
lae. Thus, the erodability constant is used for the erosion term. Par-
ticle deposition is described using the settling velocity, which is
obtained from Stoke’s law. Critical erosion and deposition stresses
are applied as usually (Periafiez, 2005a,b; Liu et al., 2002a; Lum-
borg and Windelin, 2003; Cancino and Neves, 1999).

Three particle classes are considered in the model, each one
characterized by a mean size, to obtain a better representation of
suspended particles dynamics and sedimentation in the Bay.

The equation for suspended sediment transport is:

d(Hmy) O(uHmy) o(vHmy) _g % 3 omy,
ot T Ty oK) Ty \ By
+ (ERy — DEP,) + Si (6)

where k = 1,2,3 denote each sediment class, my is the suspended

matter concentration, K is an effective horizontal diffusion coeffi-

cient (as explained in Section 3.2), S, is the external particle source

and ER, and DEP;, are the erosion and deposition terms, respectively.
The deposition term is written in the following form:

T
DEP; = kak< - %) (7)
C

where 7 is the total bottom friction stress (tides plus mean flow)
and 7.4 is a critical deposition stress above which no deposition
occurs since particles are kept in suspension by turbulence. The set-
tling velocity of particles is obtained from Stokes’s law as com-
mented above:

:_pprﬁ (8)
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where p and D, are suspended particle density and diameter,
respectively, and v is the kinematic viscosity of water.
The erosion rate is written in term of the erodability constant:

ER, = Efe (ﬂf 1) ©)
TC@

where E is the erodability constant, f, gives the fraction of k class

particles in the bed sediment and 7. is a critical erosion stress

below which no erosion occurs. The model can also calculate sedi-

mentation rates (SR) as the balance between the deposition and

erosion terms.

2.3. Pollutant transport

Non-conservative pollutants are those which do not remain dis-
solved in the water column, but have a certain affinity to be fixed
to particles. If the pollutant is introduced in the water column, it
will be fixed to settling suspended particles and their deposition
on the sea bed will contaminate the bottom sediment. Of course
there are also advection/diffusion processes in water and direct
adsorption of pollutants on the seabed. The exchanges between
the dissolved and solid phases may be described in terms of kinetic
transfer coefficients. Thus, assuming that adsorption/release reac-
tions are governed by a single reversible reaction, a coefficient k;
governs the transfer from the liquid to the solid phase and a
coefficient k, governs the inverse process. Also, the migration of
contaminants to the deep sediment may be included. Thus, con-
taminants deposited on the sediment surface will be buried by par-
ticle deposition and will migrate below the mixed sediment layer
which directly interacts with the dissolved phase (see for instance
the discussion in Monte et al., 2006). This effect may be easily trea-
ted as a decay process with constant /.y given by Periafiez
(2009):

SR
psL
where L is the sediment mixing depth (the distance to which the
dissolved phase penetrates the sediment) and p; is the sediment
bulk density (dry mass divided by wet volume). Nevertheless, this
process is not significant in Algeciras Bay due to the low SR values
and the typical simulation times (several months). Sediment bulk
density is related to particle density through porosity p:
ps=p(1-p).

The adsorption process is a surface phenomenon that depends
on the surface of particles per water volume unit into the grid cell.
This quantity has been denoted as the exchange surface (Periafiez,
2003a, 20044, 2008, 2009). Thus in general:

;vburial = (] O)
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where S, and S, are the exchange surfaces for suspended matter
and bottom sediments, respectively (dimensions [L]"!) for the corre-
sponding particle class k. y is a parameter with the dimensions of a
velocity. It is denoted as the exchange velocity (Periafiez, 2004a,
2008, 2009).

Assuming spherical particles, the exchange surfaces are written
as (see references cited above):

_ 3mk
Sm,k = m (12)
and

_3LA(1-p)¢
S (13)

where Ry, is particle radius, p is sediment porosity and ¢ is a correc-
tion factor that takes into account that part of the sediment particle
surface may be hidden by other sediment particles. This formula-
tion has been successfully used in all modelling works cited above.
Real particles are not spheres, but with this approach it is possible
to obtain an analytical expression for the exchange surface (Duurs-
ma and Carroll, 1996).

The equation that gives the temporal evolution of pollutant con-
centration in the dissolved phase, Cy, is:

O(HCy) | DWHCo) O(HC) & [, 9Cq

o T ax oy ox (K
) aC,
oy ()

Xy (ki’f,i" + kif;f) Cq + koH
k

Y mCoy
k

+ /<2LP5¢ Zﬁ(As.k (14)
k

where A, and C; are concentrations in bed sediment and sus-
pended matter class k, respectively.

The temporal evolution of pollutant concentration in suspended
particles is given, for each class k, by:

O(HCsm), N O(uHC;my), n d(vHCsm),
ot ox ay
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where SED, expresses the pollutant exchange between suspended
particles and the bed sediment resulting from erosion/deposition:
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—SRyCsx
_SRkAs,k

SR, >0

16
SRy <0 (16)

SEDy, = {

The equation for the temporal evolution of concentration in the
bed sediment is:

8As,k _psed CdH
ot M Lpf

where now the exchange due to erosion/deposition of suspended
particles is written as

— kaAg k¢ + SEDy (17)

SRy, Cs,
B L; sfkk SR, >0
SED, = SRAs
o SR, <0
The total concentration of pollutants in the sediment, Ay, is
computed from:

(18)

Atot = kaAs.k (19)
k
and in the case of suspended matter it is:
C
ctotal _ > omiCk 20
ST (20)

2.4. Numerical solution

All equations are solved using explicit finite difference schemes
(Kowalick and Murty, 1993) on a grid with resolution
Ax = Ay = 100 m. Second order accuracy schemes are used for
advective and diffusive terms. Time step in the hydrodynamic
equations, limited by the CFL condition, is At = 0.5 s. Since the sed-
iment transport and pollutant dispersion models are run off-line,
time step could be increased to 30 s.

Open boundary conditions consist of, in hydrodynamic calcula-
tions, specifying sea surface elevations compiled from observations
and from a larger model covering the complete Strait of Gibraltar
(Tejedor et al., 1999; Periafiez and Caravaca, 2010).

The suspended matter model (without the erosion term) is
started from a sea bottom containing no sediments. Then the accu-
mulation of particles of each class is calculated to have a first esti-
mation of the distribution of sediment particle sizes over the

Tide amplitude (m)

200

150

100

50

50 100 150 200 250

200 S,
150

100

50 100 150 200 250
X

250

200 R

150

100

¢ Pta Carnero

50

0 50 100 150 200 250
X

Fig. 3. Map indicating points where results from the hydrodynamic calculations
have been compared with observations.

Table 1
Observed, index obs, and computed, index comp, amplitudes (A, m) and phases (g,
deg) of tidal elevations at several locations indicated in Fig. 3.

Station M, S,

Aobs 8obs  Acomp  Zcomp  Aobs 8obs  Acomp  comp
Pta Carnero 0311 47.5 0318 463 0115 71.0 0.119 712

Algeciras 0310 48.0 0.291 455 0111 739 0112 724
Gibraltar 0.298 46.0 0.291 455 0.107 720 0.112 724

model domain. Next, the suspended matter model is started (with
erosion) from the estimated particle class distribution until a
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Fig. 2. Maps of computed tide amplitude and tidal current amplitude for both constituents included in the model.
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Table 2
Observed, index obs, and computed, index comp, magnitudes (cm/s) of u and v tidal
currents at some locations indicated in Fig. 3.

Station M, S,

Upps Vobs Ucomp Vcomp Upps Vobs Ucomp Vcomp
Pta Europa 243 193 283 19.6 7.26 8.06 8.50 4.20

Pta Carnero 333 135 1.40 129 1.73 165 1.80 6.70
Interior 288 055 0.10 0.30 0.53 040 0.10 0.10
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Fig. 4. Computed M, residual. Only one of each 100 computed vector is drawn for
clarity.

steady state is reached. This way a self-consistent distribution of
different particle classes, f; on the sea bed over the model domain
can be obtained. This procedure was successfully applied in Periafi-
ez (2005a). Suspended matter concentrations are defined along
open boundaries for solving the sediment transport model (Dirich-
let boundary condition) according to measured values in the Strait
of Gibraltar (Le6n-Vintr6 et al., 1999).

Once currents, suspended matter concentrations and sedimen-
tation rates have been calculated and stored in files, the pollutant
transport model may be run. In this case a no-gradient open
boundary condition has been used.

3. Results

Results from the hydrodynamic, sediment transport and pollu-
tant dispersion models are presented separately in the following
subsections. Next, results from the flushing numerical experiments
are discussed.

3.1. Hydrodynamics

As an example, computed tide amplitudes and tidal current
amplitudes for M, and S, constituents are presented in Fig. 2. It
may be seen that there is a significant reduction in the tide ampli-
tude from the Strait into Algeciras Bay and towards the Mediterra-
nean. Tidal currents are also weak inside the Bay, specially in the
case of S. Indeed, negligible currents are obtained for this constit-
uent in the inner part of the Bay. A comparison between computed
and measured (Tsimplis et al., 1995; Tejedor et al., 1999) tide
amplitudes and phases at some points indicated in Fig. 3 may be

seen in Table 1. Current amplitudes are also compared with avail-
able observations (Universidad de Cadiz, 2007) in Table 2. It may
be seen that, generally speaking, the model is giving a realistic rep-
resentation of tides in the Bay. A map showing the computed M,
residual transport velocity may be seen in Fig. 4. Currents are of
the order of 10 cm/s in the Strait of Gibraltar, but extremely weak
inside the Bay. It is interesting to notice the cyclonic gyre which is
apparent at the mouth of Algeciras Bay.

3.2. Sediment transport

Winds and waves are not explicitly included in the hydrody-
namic model. It is evident that they will produce an enhanced mix-
ing inside the Bay (although waves inside the Bay are small,
predominantly <0.5 m height; University of Cadiz, 2004). Thus an
effective diffusion coefficient K, has been defined, which would in-
clude mixing induced by wind and waves. To select its value, the
water temperature distribution has been simulated. Water tem-
perature T is described by an advection/diffusion equation in the
form:

aT oT aT 0o oT 9] aT

The model is started from an uniform water temperature over
all the domain, but temperature is defined at the release points
of the thermal power plants which are cooled with water from
the Bay (these are points 4 and 6 in Fig. 5). The effects of these heat
emissions are restricted to the shallow waters along the coastline.
Thus, we assume that they do not affect the general circulation of
the Bay and the barotropic approach is still valid. Indeed, it was
commented in Section 2.1 that measurements of salinity and tem-
perature showed generally homogeneous distributions (horizon-
tally and vertically). These measurements were made in the main
water body of the Bay and do not reflect the heat emissions from
power plants.

The model is run until a steady temperature distribution is ob-
tained. The diffusion coefficient K}, is changed by trial and error un-
til the computed distribution agrees with measurements. When
this occurs we would have the value of the effective diffusion coef-
ficient which implicitly includes the average mixing induced by
wind and waves. Such value resulted 10 m?/s, and a comparison
between measured (Guerra-Garcia et al., 2009) and computed
water temperatures may be seen in Fig. 5. This approach consisting
of not including winds explicitly in the simulation has been suc-
cessfully used in previous modelling works (Periafiez, 2002,
2003a,b, 2005a, 2008, 2009). Although it may be a too simple ap-
proach, it can give a realistic view of the mean transport processes
in the Bay, given the generally good agreement between measured
and computed suspended sediment concentrations and metal dis-
tributions that will be shown below. However, the sensitivity of
suspended sediment and pollutant transport in Algeciras Bay to
changing winds is an interesting problem that has to be addressed
in the next future, since dispersion processes related to meteoro-
logical conditions may become apparent. Moreover, erosion events
may be induced by wind waves in the shallower areas. Neverthe-
less, wave-induced erosion is not included in the model since cal-
culations are carried out under calm conditions.

Once the effective diffusion coefficient has been defined, sedi-
ment transport simulations may be carried out. Three particle clas-
ses have been used. Mean particle radius defining each class are
0.1, 1.0 and 15 pm. The smallest class represents the background
suspended sediment in the water column (as in Liu et al., 2002b).
The following classes correspond to clay and medium silt, similarly
to, for instance, Liu et al. (2002b), Jiang et al. (2000) and Holt and
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Fig. 6. Computed distribution of total suspended matter concentrations (g/m?)
over the domain. A logarithmic scale is used to appreciate details more clearly.
Numbers indicate points were suspended matter concentrations and sedimentation
rates have been compared with measurements.

James (1999). Settling velocities are then obtained from Stoke’s
law, as mentioned above.

Other parameters are required to run the sediment transport
module. The critical deposition stress typically ranges between
0.04 and 0.1 N/m? (Tattersall et al., 2003), while the critical ero-
sion stress ranges 0.1—1.5 N/m? (Tattersall et al., 2003). In the
present application intermediate values of 0.06 and 1.0 N/m? have
been taken for the critical deposition and erosion stresses, respec-
tively, as in the models for southern Spain described in Periafiez
(2008, 2009). The erodability constant is fixed as E=1.6x
1073 kg/m?s. This parameter typically varies between 2 x 107*
and 3 x 107 kg/m?s (Tattersall et al., 2003). A standard value
p = 2600 kg/m> has been used for particle density.

Sediment discharges by Palmones and Guadarranque rivers, as
well as from waste release have been defined by trial and error,

until the model showed a reasonable agreement with observations.
Of course, these magnitudes present seasonal (and at a shorter
scale as well) variations. However, these are not quantified and
our objective has consisted, simply, of having a correct estimate
of mean suspended matter concentrations over the domain to
be able to simulate the dispersion of reactive pollutants. It must
be considered that available sediment concentrations and SR to
be compared with model output are mean (annual) averages (San-
chez-Moyano et al., 2002), which justifies our approach.

The sediment model is started from an uniform suspended mat-
ter concentration of 3 g/m? (total) and integrated until a steady
state is achieved (see also Section 2.4). The computed distribution
of suspended sediments over the domain may be seen in Fig. 6 and
a comparison between computed and measured (Sanchez-Moyano
et al., 2002) suspended matter concentrations and sedimentation
rates is presented in Fig. 7. The distribution in Fig. 6 shows an in-
crease in suspended matter towards the interior of the Bay due
to inputs from rivers and urban wastes, as stated in Sanchez-Moy-
ano et al. (2002). The magnitude of suspended sediment concentra-
tion is in general correctly predicted by the model, except along the
southwest shore of the Bay (points 1 and 2), where suspended mat-
ter concentration is underestimated. Sedimentation rates are, in
general, underestimated. This is not surprising given the approxi-
mations made. Although constant suspended matter concentra-
tions have been defined in the rivers, there will be seasonal
variations depending on pluviometry, for instance. Heavy rain epi-
sodes will enhance mean sedimentation rates, and this is not de-
scribed in the model. Sediment bed load transport is neglected.
Finally, atmospheric deposition events of particles coming from
the Sahara Desert have not been considered in the model since
they cannot be easily quantified (as in Periafiez, 2008).

3.3. Pollutant transport

The dispersion of metals Zn, Cu and Ni has been simulated since
there are field measurements which can be used to test the model
results. These three metals were studied in a previous modelling
work of the Gulf of Cadiz (Periafiez, 2009), at the west side of
Gibraltar Strait. Thus, the same parameters as in such model have
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Table 3
Summary of model parameters. Details and justification may be seen in Peridfiez
(2009).

Parameter description Value

sediment mixing depth L=01m

particle density p = 2600 kg/m3
correction factor ¢ =0.1

sediment porosity p=05

desorption kinetic coefficient ky =1.16 x 107> s-1
Zn distribution coefficient kg =7.0 x 10

Ni distribution coefficient kg =2.0x 10*

Cu distribution coefficient kg =2.6 x 10

been used in the present work. Essentially, we require the ex-
change velocity y and the kinetic coefficient k, for each metal. Also,
a mean porosity, sediment mixing depth L and correction factor ¢
have to be specified. The exchange velocity is deduced from the
equilibrium partition coefficient k; as described in detail in Periafi-
ez (2009). Values for the different parameters are summarized in
Table 3, and detailed justification may be seen in Periafiez
(2009), thus it is not repeated here. Sensitivity analysis of model
formulation to these parameters may also be seen in such
reference.

Nevertheless, a first numerical experiment has been carried out
applying the model to simulate the dispersion of a conservative
contaminant (thus y = k, = 0). Releases from Acerinox plant have
been simulated. It is a stainless steel production plant located be-
tween Palmones and Guadarranque rivers. Wastes released to the
Bay contain significant amounts of nitrates (University of Cadiz,
2007). The model is started from zero concentrations over the
whole domain and nitrate concentration in the release point from
Acerinox has been fixed as 11.5 mg/l, according to University of
Cadiz (2007). A simulation over 40 days is carried out. In this time
steady state is reached. Model results are compared with the ob-
served nitrate distribution in September 2006, when winds in the
area were weak. It must be commented that concentration in the
release point, 11.5 mg/l, is the measured one in this date. A
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Fig. 8. Top: measured nitrate concentrations. The 1 mg/l concentration isoline is
shown, as well as the 0.5 miles circumference centered in Acerinox. Bottom:
computed concentrations. Lines are the 5 (closer to the source) and 1 mg/l isolines.

\comparison between the observed and calculated distributions
may be seen in Fig. 8. Measurements indicate that the 1 mg/l iso-
line is within a 0.5 miles radius circumference centered in the
industrial plant. Model results are in agreement with these obser-
vations. The nitrate patch has an almost circular shape, due to the



228 R. Peridfiez/ Marine Pollution Bulletin 64 (2012) 221-232

0 50 100 150 200 250
X

Fig. 9. Map indicating points where metal concentrations in water and sediments
have been compared with measurements.

very weak currents in this part of the Bay. Also, the dilution degree,
in close agreement with the observed one, confirms the correct cal-
ibration of the effective diffusion coefficient previously carried out
through the temperature simulations.

To simulate reactive metal dispersion the model is again started
from zero concentrations in water, suspended matter and bed sed-
iments and integrated until steady concentrations are obtained
over the domain in the three phases. In practice, simulations over
some 100 days are required, longer than in the case of nitrates be-
cause of water-sediment interactions and the presence of multiple
sources. Metal concentrations in water and bed sediments are

25 T T T

compared with measurements in the Bay (Morillo et al., 2008;
Morales-Caselles et al., 2007). A mean metal discharge, in dissolved
form, is introduced from industrial and urban waste sources. For
each metal, the same magnitude is used for all urban sources and
for all industrial sources. These average inputs were selected by
calibration. Of course, this is a very rough approach: inputs are
not the same for all sources and will present temporal variability.
However, it allows obtaining an estimation of average metal con-
centrations in the Bay and it may also be observed if the metal par-
tition between water and sediment is correctly reproduced by the
model. Using a different source magnitude for each release point,
obtained from calibration, may look tricky since such magnitudes
could be fitted to improve model agreement with observations.
Thus it was decided to use the same magnitude for sources of
the same nature (industrial or urban), although this will clearly
make model/measurement comparisons worse. It must finally be
taken into account that sediments integrate contamination over a
long temporal scale, thus short period fluctuations are not relevant.
This approach to the source term has been used in previous mod-
elling works (Periafiez, 2002; Periafiez et al., 2005).

Points where metals have been measured in the dissolved phase
and bed sediments are shown in Fig. 9. A comparison between cal-
culated and measured concentrations may be seen in Figs. 10-12
for Zn, Cu and Ni, respectively. The same pattern is obtained in
the two phases for the three metals. This is a logical result since
the bed sediment is more contaminated as concentration in water
over it increases. However, it is worth mentioning that, in spite of
the procedure used to define the source term, realistic concentra-
tion levels are in general simultaneously obtained for the dissolved
phase and the sediment, and for the three metals. This indicates
that metal partition between the dissolved and solid phases has
been correctly described.

Metal distribution over the Bay may be seen, in the case of Zn as
an example, in Figs. 13-15, where the computed distributions in
water, suspended matter and bed sediments are presented. Con-
centrations decrease quickly, even inside the Bay, specially in the
case of the dissolved phase. This confirms the weak transport in-
side the Bay which was observed when simulating nitrates. Metals
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Fig. 12. Computed (lines) and measured (points) Ni concentrations along the Bay’shoreline in water (top) and bed sediments (bottom). Measurement points are indicated on

Fig. 9.

which leave the Bay are mainly directed to the east (Mediterranean
Sea) due to the prevailing residual currents in the Strait (Peridfiez
and Caravaca, 2010). However, tidal mixing in the Strait makes a
metal fraction to move to the west as well. High metal concentra-
tions in suspended matter (~ 10? mg/kg) are due to the low parti-
cle concentrations (Fig. 6), but a very significant portion of the
metal content, per water volume, is in dissolved form. Bed sedi-
ments are contaminated as water and suspended matter contain-
ing metals travel above them. A smooth distribution is obtained
outside the Bay (Fig. 15) since sediments integrate long-scale pro-
cesses as commented above.

Model results, however, have to be interpreted with care (as
commented before for suspended matter transport) since plumes
of suspended particles and hence contaminants are sensitive to
changes in wind speed and direction as well as they depend on
pluviometry. Moreover, other meteorological conditions, such as
atmospheric pressure differences between the Atlantic and Medi-
terranean, can induce flow variations through the Strait of Gibral-
tar. These facts make the comparison of computed metal
concentrations in the water column with the corresponding mea-
surements specially difficult (as already discussed by Dyke,
2001). However, bed sediments integrate all this variability and
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Fig. 13. Computed Zn concentrations in the dissolved phase (pg/1). A logarithmic
scale is used to appreciate details more clearly.
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Fig. 14. Computed Zn concentrations in suspended matter (mg/kg). A logarithmic
scale is used to appreciate details more clearly.
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Fig. 15. Computed Zn concentrations in bed sediments (mg/kg). A logarithmic scale
is used to appreciate details more clearly.

the generally good behaviour of the model in reproducing sedi-
ment contamination gives some confidence on the model.

3.4. Bay flushing times

Some numerical experiments have been carried out to estimate
Algeciras Bay flushing times. Flushing time is defined as the time in
which the tracer inventory in the water column decreases in a fac-
tor e (Prandle, 1984) and the sediment half-life is defined as the
time in which the tracer inventory in the sediment decreases in a
factor 2 (Periaiiez, 2003b). These parameters are relevant for the
water quality of a system, and it is important to know the time
scale for a pollutant discharged into a water body to be transported
out of the system (Shen and Haas, 2004). Thus, flushing times have
been recently determined for a number of water bodies using
numerical experiments (Shen and Haas, 2004; Choi and Lee,
2004). On the other hand, it is also known that a contaminated sed-
iment may act as a long-term delayed source of previously released
contaminants (Cook et al., 1997). Consequently, it is also relevant
to have estimations of the sediment half-life (Periafiez, 2003b).

Initially, some experiments have been carried out with a con-
servative pollutant, remaining dissolved, to assess the effects of ti-
dal constituents and residuals in flushing times. Later, flushing
times in the case of a reactive contaminant (Zn has been used as
an example) are investigated.

In the case of a conservative tracer, model initial conditions
consist of setting a 100 units/m? concentration at every grid cell
inside the Bay and zero concentration elsewhere. The model is
integrated and the time evolution of the pollutant inventory inside
the Bay written to an output file. Fitting to exponential decay
curves provides the flushing time. Thus, the system-wide (as de-
fined by Choi and Lee, 2004) flushing time has actually been deter-
mined. These authors found that this parameter is useful for
determining the long-term water quality of a system.

Choi and Lee (2004) have found that the system-wide flushing
time is better obtained from a double exponential decay curve
rather than a single exponential decay. The temporal evolution of
the mass within the system, M(t), is thus given by the following
equation:

M(t)

0

— (14 pet —pe! (22)

| (arbitrary units)
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Time (days)

Fig. 16. Temporal evolution of the conservative pollutant inventory I inside the Bay
for the flushing experiments.
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Table 4
Flushing times (days) for the different experiments involving a conservative pollutant. The regression coefficient of the numerical fitting to the double exponential decay function
is also given.
Experiment
1 2 3 4 5 6 7 8
M, tide v Vv
M, residual Vv V4 Vv
S, tide v i
S, residual v v
Sea level current v v
Ty (days) 19.2 81.5 27.6 310 25.6 677 617 680
r2 0.9904 0.9993 0.9825 0.9323 0.9846 0.8700 0.9490 0.8717

where M is the initial mass within the system. If the three param-
eters §,o; and o, are determined from numerical fitting, the sys-
tem-wide flushing time is given by Choi and Lee (2004):

1+8 B

o 7072

Ty = (23)

The temporal evolution of pollutant inventories inside the Bay
for all the experiments may be seen in Fig. 16. Experiments are
summarized in Table 4, where computed flushing times are given
together with the r? coefficient for each fitting, carried out at 95%
confidence level.

Depending on the assumed water circulation, flushing times
range from some 20 to almost 700 days. If tides and residuals are
included in the simulation (exp 1), the flushing time results
19.2 days. Similar values are obtained in exp 3 and 5, which
include the M, residual and the M, plus S, residuals, respectively.
This indicates that flushing, and thus cleaning of the Bay, is primar-
ily controlled by the M, residual. Flushing induced by the S, resid-
ual alone (exp 4) is weak (310 days) and the produced by sea-level
difference (geostrophic) induced currents (exp 2) is intermediate.
Flushing times due to the tidal constituents by themselves are long
(exp 6, 7 and 8), over 600 days, due to the forward and backward
periodic currents produced by the tides, which make them little
efficient to flush pollutants.

In summary, flushing time of Algeciras Bay is of the order of
20 days, and this value is mainly due to the M, residual current.
The second most important component of water circulation in
inducing flushing off the Bay is current produced by sea level
differences between the Atlantic and Mediterrranean.
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Fig. 17. Temporal evolution of Zn inventory I inside the Bay for the three phases.

In the experiment carried out for a reactive pollutant (Zn) initial
conditions are the same as above for the dissolved phase, but con-
centrations in suspended matter and bed sediments are assumed
to be initially at equilibrium (through the corresponding kg, see
Table 3) with the dissolved phase. All components in water circu-
lation are considered (as exp 1 in the conservative pollutant simu-
lations). A simulation over one year has been carried out. Evolution
of total inventories in each phase may be seen in Fig. 17. Flushing
times for the dissolved phase and for contaminants attached to
suspended particles are, respectively, 110 and 144 days. Thus, they
are considerably longer than in the case of a conservative pollutant,
as should be expected. Sediment half-time is 316 days, indicating
that sediments retain contaminants which then are slowly re-
leased. This sediment half-time is similar to that of Huelva estuary
(southwest Spain) for 2?°Ra (510 days; Periafiez et al., 2005),
although this element is more mobile in the environment than
Zn. In a more energetic environment as the English Channel, sedi-
ment half-time, in the case of plutonium (whose mobility is closer
to that of Zn than in the case of Ra), is 70 days (Periafiez, 2003b),
significantly shorter than in Algeciras Bay.

We can conclude that flushing of the Bay is not as fast as could
be expected due to the strong currents in the Strait of Gibraltar, as
was mentioned in Morillo et al. (2008).

4. Conclusions

A numerical model has been developed to study the behaviour
of pollutants in Algeciras Bay. The model includes a hydrodynamic
module, a sediment transport module and the dispersion module
itself.

Results from the hydrodynamic model have been compared
with observed tides and currents in the domain. The sediment
transport model includes three particle sizes for a better represen-
tation of suspended particle dynamics. An effective diffusion coef-
ficient, implicitly including mixing by winds and waves, has been
used. It has been obtained through a calibration process simulating
the temperature distribution in the Bay. Calculated suspended
matter concentrations are in relative agreement with observations.
A further validation of the calibrated effective diffusion coefficient
has been obtained through the simulation of the dispersion of a
conservative pollutant (nitrates released from a stainless steel pro-
duction plant). Its value is 10 m?/s.

Water-sediment interactions in the dispersion model have
been described in a dynamic way, using kinetic transfer coeffi-
cients. Calculated Zn, Cu and Ni distribution in water and sedi-
ments are, generally speaking, in agreement with observations.

Model results indicate that transport inside the Bay is relatively
weak. Indeed, the nitrate simulation shows that most of the con-
taminant plume stays close to the source. In the case of metals
there is a strong concentration gradient inside the Bay, which again
is an indication of relatively weak mixing. Pollutants which are
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able to leave the Bay are mainly transported towards the Mediter-
ranean Sea by the dominant mean currents in the area.

Some numerical experiments have been carried out to estimate
flushing times of the Bay for conservative and non-conservative
tracers, as well as sediment half-times. In the case of a conservative
tracer, it has been found that flushing time of Algeciras Bay is of the
order of 20 days, and this value is mainly due to the M, residual
current. The second most important component of water circula-
tion in inducing flushing off the Bay is current produced by sea le-
vel differences between the Atlantic and Mediterrranean. Tides are
not effective in removing pollutants due to the periodic forward/
backward motion which they produce. Flushing times in the case
of a reactive pollutant are significantly longer.
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