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1 In troduction

This report discusses the underlying processes of sedim ent dynam ics in the N orth 
Sea, the Baltic Sea, and several estuaries in order to indicate the broad range of 
conditions that exist w ithin the ICES Area. It is im portant to be aw are of these 
processes w hen designing m onitoring program m es in order to ensure that the data 
collected can be the foundation of a m ore m eaningful interpretation. This 
introductory section does not seek to define w hich m onitoring strategies should be 
used, bu t dem onstrates that it is necessary to consider the sedim ent dynam ics present 
in the area being studied w hen designing a m onitoring program me.

Time-trends in contam inant, nutrient, and carbon concentrations in  sedim ents are 
usually inferred from  sedim ent cores or from  surface sedim ents taken during 
repeated sam pling exercises. Physical, chemical, and biological processes, all 
com ponents of sedim ent dynamics, can affect the concentration of contaminants.

Physical processes include erosion, transport, deposition, and resuspension. These 
processes are driven by various different forces, such as isostatic movem ent, tidal and 
w ind-driven currents, and density currents. For example, in the Baltic Sea, increased 
eutrophication m ay lead to deep-w ater oxygen deficiency that subsequently causes 
the creation of lam inated sediments, and these apparently  allow a strong down-core 
time-control on contam inant input. However, these down-core trends m ay be 
distorted by several processes, including the increased inpu t of clean sedim ent 
resulting from  increased w ind-driven erosion of glacial clays that are subject to 
isostatic uplift. In the N orth Sea, the upper 10 a n  of sedim ent in  a sandy area m ay 
reflect contam inant inpu t during the m ost recent m onths, or even days, because of 
the constant rew orking of the sedim ent and potentially large bulk-sedim ent 
m ovement, while the upper 10 a n  of sedim ent in a m uddy  depositional area w ith a 
slow deposition rate m ay represent accum ulation over the last 25-50 years or more.

There are several different systems of classifying bottom  types, based on their 
physical and chemical properties. The following sedim ent classification system 
(Hâkanson and Jansson, 1983) has been used in this report.

• Depositional (i.e. accumulation) areas -  dom inated by the continuous 
deposition of fine materials w ith grain sizes of <60 pm.

• Transportational areas -  characterized by the discontinuous deposition of 
fine particles/aggregates, i.e. periods of accum ulation are in terrupted by 
periods of resuspension and transportation.

• Erosional areas -  w here erosion of sedim ent predom inates.

Any classification is a simplification of reality, and gradations betw een the three 
types occur.

Chemical processes affecting contam inant accum ulation and profiles in sedim ent 
include early diagenetic processes, such as redox processes and authigenic form ation 
of m inerals. Inflow of oxic w ater into the Baltic Sea m ay cause changes from  anoxic to 
oxic conditions, resulting in a release from  the sedim ents of easily m obilized metals, 
such as Cd, into the overlying w ater mass, possibly leading to in aea sed  Cd 
concentrations in biota at that time.

Biological processes include bioturbation, eutrophication, and degradation of organic 
matter. Bioturbation in the m uddy  areas of the N orth Sea causes a strong mixing of 
the sediment, effectively obliterating fine-scale, down-core time-trends. A n oxic event
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in the Baltic Sea, such as that described above, could lead to benthic recolonization, 
causing bioturbation of the u pper centimetres of the lam inated sedim ents and mixing 
of the sedim entation record over a period of years.

This background inform ation concerning the im portance of know ledge of sedim ent 
dynam ics for design and interpretation of m onitoring data is am plified in subsequent 
sections. Sediment dynam ic processes and their effect on the sedim ent composition 
are elaborated for the N orth Sea (Netherlands continental shelf; Section 2) and the 
Baltic Sea (Section 3). Possible changes in sedim ent dynam ics as a result of climate 
change in the Bay of Biscay are discussed in  Section 4. Sediment dynam ics in  several 
estuaries are considered and discussed using case studies in Section 5. The 
conclusions are sum m arized in Section 6, and references are listed in Section 7.
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2 N orth  S e a  (N e th e r la n d s  c o n t in en ta l  shelf)

2.1 Description of the sediment dynamics and sedimentological characteristics 
in the North Sea

2.1.1 D epositional a re a s

There are few areas of sedim ent accum ulation in the N orth  Sea. The m ain 
depositional areas are the Oyster Grounds, G erm an Bight, O uter Silver Pit, Kattegat, 
N orw egian Trench, and Skagerrak. These are found in hydrodynam ically less 
energetic environm ents, below  the fair-weather wave base, w here tidal currents are 
weak (e.g. near am phidrom ic points). M uddy fine sands occur, and sedim ent 
accum ulation rates are low  (e.g. 2-4 m m  y e a r 1 for the Oyster Grounds).

2 .1 .2  T ransporta tiona l a r e a s  (no ne t  deposit ion  o r  erosion)

In the D utch coastal zone, waves and tides determ ine the hydrodynam ic conditions 
to a depth  of 20 m. The sands are usually coarse, w ith  a m axim um  m ud content of 1 -  
2%. W ave and storm  action dom inate at the upper shore face. A sand-bar system 
occurs near the shore. W hen wave action is dom inant, the orbital w ater m ovem ent 
m oves the sand grains to and  fro, form ing thin sedim ent lam inae in the seabed. 
W aves stir up  the sedim ent during storms, and the sand subsequently settles out of 
suspension, the coarser grains first, resulting in  a graded  deposit called a "storm  
deposit". In the deeper parts of the foreshore, tidal currents m ove sand grains in the 
direction of the m ain axes of the tidal ellipse. The net residual current along a large 
part of the coast is directed northw ards (Figure 1). Sand transport by tidal currents 
m ay result in  thin, inclined (sometimes bidirectional) sedim ent layers. The interaction 
betw een waves, storms, and tides results in complex sedimentological structures, bu t 
subsequent bioturbation often obliterates these completely.

b e d - lo a d  p artin g  
n e t  s a n d  t ra n s p o r t  d irec tion s  

♦ -  d om ina n tly  tidal 
d om inan tly  n o n -t id a l  
local d irection  on  s h e lf  e d g e  b an k s  

“ J n e t  d irec tion  u n k n o w n

Figure 1. Net sand transport directions in the North Sea (Johnson etal., 1982).
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In the shallow shelf w aters (20-30 m  depth), the hydrodynam ic conditions are 
determ ined by tides and occasionally by storms. Here, an extensive sand-wave field 
occurs, w ith m egaripples on one or both sides. These bedform s result from  bedload 
transport of sand grains by dom inantly unidirectional (residual) tidal currents, 
whereby the sand grains are deposited at the lee side of the bedform . The sand waves 
typically range from  several hundred  m etres to m ore than  a kilometre in  length and 
are up  to 8 m  high. The superim posed m egaripples are typically several decimetres 
long and from  several decimetres to 2 m  high. In some areas, the sand waves move 
several m etres each year in the direction of the net residual current (Figure 1). In 
other areas, w hen ebb and  flood currents are of equal strength, the sand waves 
merely oscillate about a m ean position. The m egaripples built u p  during sum m er on 
one or both sides of the sand waves are usually w ashed aw ay during w inter storms. 
The creation of these bedform s results in thin, inclined sedim ent layers, the so-called 
"cross bedding". Storm waves m ay occasionally touch the seabed, and storm  deposits 
m ay be formed. Sand banks also occur, bu t these do not seem to play a significant 
role in sedim ent transport.

2 .1 .3  Erosional a r e a s

Locally, areas occur w here net erosion takes place, exposing older, Pleistocene 
deposits at the seafloor. These erosional areas are found in the coastal zone, as well as 
in the sand-w ave field.

2.2 Dynamic processes affecting contaminant concentrations

2.2.1 T ransport of su sp en d ed  m a tte r

Suspended m atter is the m ain carrier of contam inants. Transport of suspended m atter 
is closely related to the circulation of w ater masses in the N orth  Sea, w hich is 
generated by residual tidal currents (Figure 2). Sources of suspended m atter include 
(estimates from  various authors and OSPAR, 2000): Channel w ater (14 and 44 Mt 
y e a r 1), N orth Atlantic w ater (11-13 M t y e a r 1), Baltic (0.5 M t y e a r 1), erosion of 
English coast (Holderness, 1.4-2.6 M t y e a r 1; Norfolk and  Suffolk, 0.7-6.3 M t y e a r 1), 
seabed erosion (Flemish banks, 1-2.4 M t y e a r 1; all, 9-13.5 M t y e a r 1), input from 
rivers (4.8 M t y e a r 1), prim ary production (1 M t y e a r 1), and  atm ospheric deposition 
(1.6 M t y e a r 1). Concentrations of suspended particulate m atter (SPM) in  w inter are 
about twice those m easured in the quieter summer.
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Figure 2. Circulation of water masses in the North Sea (OSPAR, 2000). Locations of cores 98dw412, 
417, and 421.

2 .2 .2  Exchange of mud be tw een  th e  w a te r  colum n and  th e  sed im en t  in th e  
t ran sp o r ta t io n a l  a r e a

The upper sedim ent layer that is rew orked by wave and tide action is defined as the 
"active layer". The depth  of the active layer can be determ ined using its 
sedimentological and  geochemical characteristics; for example, the active layer 
usually shows a uniform  concentration of Pb, Zn, and Pb isotope ratios, whereas the 
sedim ent below  the active layer usually shows background concentrations for these 
components. Typical profiles for the sandy area are show n in Figures 3 and 4. It 
appears that the active layer is usually at a depth  betw een 15 and 40 cm in the 
transportational area (Gieske et ah, 1999). This suggests that the upper, m ost recently 
deposited sedim ent layer in the coastal area and sand-wave field probably reflects the 
veiy recent deposition of m ud  present in  the w ater column. Deposition occurs over a 
shorter time-scale (days to months) than  the changes in the contam inant load on the 
suspended m ud.
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9 8 d w 4 12 
Q 1 6 - 7 2 5

c o a r s e  g ra in e d  s a n d  wi th  she l l s

P b/A I203 2 0 6 P  b /2 0 7 P b e x tr a c ta  b le P b  (% )Z n / AI2 0 3

O h

back  ground

Figure 3. Pb and Zn, normalized to AI2O3, and Pb isotopic ratios in a core in the coastal area 
(transportational area).

98dw417
Q5-410

P b/A I20 3 2 0 6 P  b/2 0 7 P  b e x tra c ta b le  P b  (%)Z n / A I2 0 3

0 —

50  —

last  sedimentation phase back ground

100 —

1 5 0  —

2 0 0  —

2 5 0  —

Figure 4. Pb and Zn, normalized to AI2O3, and Pb isotopic ratios in a core in the sand-wave area 
(transportational area).

2 .2 .3  Bioturbation in th e  depositiona l a r e a

Bioturbation occurs everywhere in the N orth Sea, bu t is especially im portant in 
m uddy  areas. In the m uddy  sedim ents of the Oyster Grounds, a gradual decrease in 
background concentrations of Pb, Zn, and the Pb isotopes was found at a depth  of 
approxim ately 40-50 a n  (Gieske et a l, 1999). This was attributed to bioturbation. A 
typical profile for the depositional area is show n in Figure 5 .
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98dw421 Oyster Grounds
L2-67

Pb/AI203 Z n /AI2CX3 206P b/207P b  e x træ tab le  Pb (%)

Eo
. c
Q . 80 —0Q

Figure 5. Pb and Zn, normalized to A I 2 O 3 ,  and Pb isotopic ratios in a depositional area (the Oyster 
Grounds).

2 .2 .4  Redox s ta tus

All sedim ents off the coast of the N etherlands are oxic in the upper centimetres and 
occasionally to a depth  of 20 a n . Owing to the low  organic carbon concentrations 
(<0.05% in the sandy areas, <1% in the depositional area), the reduction capacity is 
relatively small, although rem obilization of Fe and M n at a depth  of several a n  
occurs as well as form ation of Fe and M n oxides at the sedim ent-w ater interface 
(Slomp, 1997). Redox-driven mobilization and precipitation are considered to be 
m inor influences on the concentrations of metals in the sediments.

Table 1. Characteristics of North Sea sediments.

Characteristic Traaipartatlanal Aria Deposltloaal Araa

Grain size 2 0 0 -5 0 0  pm 1 0 0 -1 5 0  pm

Mud content 0 -2 % 10 -5 0 %

TOC (total organic carbon) content 0 -0 .0 5 % 0 .1 -1 %

Redox conditions U ppercm todm : oxic Upper cm: oxic

Dynamics Upper 15 -  40 cm: mechanically 
reworked

Sedimentation rate (Oyster Grounds):
0 .2 -0 .4  cm y e a r 1
Upper 4 0 - 5 0  cm: bloturbated

Distribution of heavy metals Homogeneous In the active layer Slow decline to background values

2.3 Implications for time-trend monitoring

The implications for tim e-trend m onitoring in the N orth Sea can be sum m arized as 
follows.

• Depositional areas. Tim e-trend m onitoring can be undertaken in these 
areas using cores or repeated sampling. However, because of the rather 
slow sedim entation rates and strong bioturbation, it is difficult to establish 
precise links w ith inputs of contam inants. To a degree, these can be 
m itigated by the selection of a particular sam pling strategy, such as 
sam pling only the upper few millimetres of sediment.

• Transportational areas. Here, the upper 15-40 a n  reflects the latest quality 
status of the m ud. D ata from subsequent sam pling exercises can be used 
for tim e-trend monitoring.
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Erosional areas. D ata from  these areas will not be useful in the context of 
correlations betw een current inputs of contam inants and concentrations in 
sediments. Repeated sam pling and tim e-trend m onitoring can show  how  
conditions experienced by benthic organism s at the sam pling site change 
w ith time, bu t they cannot be linked to current pollution and are not 
am enable to im provem ent through control measures.
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3 T he Baltic S e a

3.1 Depositional areas

C om pared w ith the N orth Sea, large areas of the Baltic Sea are classed as depositional 
area for fine material. A lthough it m ay vaiy  in different parts of the Baltic Sea, an 
average of 30% of the bottom  in offshore areas is considered to be of this type. In 
general, depositional areas are found at depths greater than 75-80 m, although 
deposition can occur at shallower depths in topographic depressions and at depths of 
as little as 50 m  in w ind-exposed areas. The deposition rate of the surf id a i sedim ent is 
generally betw een 0.1 and 0.4 cm y e a r 1.

The depositional areas m ay be divided into areas of (i) b ioturbated sediments, and (ii) 
azooic lam inated sediments. In the bioturbated sediments, animals cause a m ore or 
less effedive m ixing of the upper sedim ent colum n over depths ranging from 
millimetres to several decimetres. Concentration profiles in the sedim ents m ay 
become m ore or less obscured ow ing to the abundance and bioturbating activity of 
the benthic fauna.

3.2 Transportational areas

Approxim ately 40% of the bottom  area of the Baltic Sea is classed as transportational 
areas. These areas m ay be characterized as the transition zone through which 
eroded/resuspended sedim ents are transported  to the final depositional areas in the 
deep offshore parts of the Baltic. O wing to the large proportion of erosional and 
transportational areas in the Baltic Proper (Brydsten, 1993; Christiansen et a l, 1997), 
there m ay be a substantial time-delay before contam inant changes are m anifested in 
the deep depositional areas (Eckhéll et a l, 2000). A contam inated riverine particle that 
is finally deposited in the offshore depositional areas m ay have passed through a 
num ber of resuspension events, lasting years, if not decades, after it initially entered 
the sea, before being trapped  in the deep anoxic sediments. Particle-associated 
contam inants m ay be retained in long-term  transportational areas until high-energy 
inpu t from  waves, currents, or subm arine slides resuspends the sedim ent m any years 
after its initial deposition. Tem porary accum ulation in transportational areas m ay 
delay changes in contam inant concentrations found in  sedim ents of the deep 
depositional areas.

3.3 Erosional areas

In the Baltic Sea, erosion is a significant process in coastal areas, as well as in shallow 
offshore areas, and erosional areas are estim ated to constitute approxim ately 30% of 
the total bottom  area. This percentage varies w idely betw een different parts of the 
Baltic Sea. In some areas in the southern Baltic, erosion causes extensive dam age to 
clayey/silty and sandy sedim ents along the shoreline.

Christiansen et al. (1997) found that resuspension occurred in  shallow w aters near the 
coasts for 15-35%  of the year, whereas the bottom  sedim ents in deeper areas were 
resuspended for <3% of the year. Brydsten (1993) show ed that resuspension in  the 
Gulf of Bothnia decreased dram atically w ith  increasing depth. Sediment at depths of 
0-30 m  had  a m ean resuspension frequency of >5-300-fold year In deeper areas 
(>30-60 m), the bottom  sedim ent was resuspended 0-5-fold  y ea r-1 on average.

Suspended m atter derived from  w ave-induced resuspension has been show n to be 
im portant to sedim entation processes (Axelsson and  N orrm an, 1977; Brydsten, 1990;



S e d im e n t d y n am ics  in re la tio n  to  se d im e n t tre n d  m on ito rin g

Jonsson et al., 1990; Brydsten, 1993; Christiansen et al., 1997). By using At, Fe, and Ti 
as m arkers to calculate the proportion of prim ary settling m atter and  resuspended 
sediment, Blomqvist and Larsson (1994) found that the resuspended portion 
commonly exceeded 50% of the total sedim ented m atter in a coastal area of the Baltic 
Sea. Eckhéll et al. (2000) found that erosion/resuspension accounted for an average of 
70% of the deposited m atter in the open northw estern part of the Baltic Proper 
betw een 1969 and 1993. D uring individual w indy years, the eroded/resuspended 
portion m ay increase to 85%. Eroded sedim ent constitutes a m ajor fraction of the 
m aterial that is finally deposited in the deep depositional areas.

Lack of bioturbation causes laminated sediments

The benthic fauna bioturbate sedim ent under norm al oxygen conditions. This results 
in a m ore or less hom ogeneous sedim ent w ithout any clear structures. In areas w ith 
poor oxygen conditions (<2m g O 2 I ) in the overlying water, the benthic fauna is 
eliminated, and lam inated sedim ents are consequently often created. W ithout the 
bioturbating m acrobenthic fauna, the norm al seasonal changes in the com position of 
sedim enting m atter are preserved in the sedim ents as m ore or less distinct annual 
varves, or laminae. In the Baltic, the high rate of resuspension and deposition of 
m inerogenic particles deriving from  glacial and post-glacial clays during w inter is 
norm ally m anifested by a light layer in the sedim ent profile, overlaid w ith a darker 
(often black) layer w ith a higher organic content, representing deposition in spring 
and summer.

The elim ination of the benthic fauna is often a gradual process. In the sediments, this 
can often be represented as a few, m ore or less diffuse lam inae overlying 
hom ogeneous bioturbated sedim ent (Figure 6). This is often overlaid w ith a 
b ioturbated layer, indicating a shorter or longer period of conditions suitable for the 
benthic fauna. Finally, this developm ent is characterized by distinct lam ination, often 
to the top of the sedim ent column.

Figure 6. A typical laminated sediment from the open northern part of the Baltic Proper. In situ 
image taken with a sediment-profile imaging camera from a depth of 125 m. The total length of 
the image is approximately 10 cm.
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Several studies in the Baltic Sea have dem onstrated highly variable sedim ent 
accum ulation rates in deep areas, averaged over periods ranging from  decades to 
thousands of years (Table 2; O stlund and  Hallberg, 1991; Blomqvist and Larsson, 
1994; K unzendorf and Christiansen, 1997; N eum ann et a l, 1997).

Table 2. Characteristics of the Baltic Sea sediments in depositional areas, in brief.

C h a r a c t e r is t ic D e p o s it io n a l A r e a s

Grain size Mainly < 60  |jm

Mud content >90%

TOC content 2 -1 0 %

Redox conditions Upper cm: temporarily oxic, temporarily anoxic

Dynamics Sedimentation rate offshore: mean 0.1 -  0.3 (range 0 .05  -  2) cm y e a r 1. 

Sedimentation rate archipelago: mean 1.7 (range 0 .1 1 -7 ) cm y e a r 1.

In the deepest parts of the major basins of the open part of the Baltic Proper, 
lam inated sedim ents have been deposited on anoxic bottom s for m ore than  a 
h undred  years, indicating natural oxygen deficiency in these areas (Jonsson et a l, 
1990). D uring recent decades, the opportunities for detecting interannual changes of 
contam inant concentrations in sedim ent have substantially im proved over large areas 
in the Baltic Proper owing to a large-scale expansion of areas of anoxic/hypoxic 
lam inated sedim ents (Jonsson et a l, 1990). The area of lam inated sedim ents has 
expanded since the 1940s and, in the late 1980s, approxim ately 30% of the Baltic 
P roper at >75-80 m  depth  had  lam inated surficial sediments. D uring the 1960s and 
early 1970s, the macrobenthic fauna was elim inated from  an average of 
approxim ately 3000 km 2 annually. This has been attributed to a substantial increase 
in the sedim entation of autochthonous organic m atter caused by increased 
eutrophication of the Baltic Sea (Jonsson and Carman, 1994).

As a result of the significantly better tim e-resolution available from  lam inated 
sediments, anoxic sedim ents m ay be considered m uch m ore sensitive than 
bioturbated sedim ents as indicators of contam inant load changes. In areas w here 
both types of sedim ent occur, this w ould suggest that the lam inated sedim ents are 
better suited for tim e-trend m onitoring.

However, it is im portant to bear in m ind that the lam ination is not a static or 
perm anent phenom enon. In 1993, a m ajor inflow of saline w ater occurred through the 
D anish Sounds into the Baltic Sea, w hich deepened the halocline in the northern  part 
of the Baltic Proper to the extrem e depth  of 110-120 m  and im proved the near­
bottom  oxygen concentrations (Helsinki Commission, 1996) over extensive areas 
above this depth. The oxygenation of the seabed allow ed recolonization by benthic 
fauna and led to bioturbation dow n to a couple of centimetres below  the sedim ent 
surface. D uring the rest of the 1990s and until 2002, anoxic/hypoxic conditions in the 
deep w ater have caused mass m ortality of benthic fauna in the recently colonized 
areas and  an expansion of the area of lam inated sediments. The oxic episode after 
1993 is reflected in  the sedim ent colum n as a bioturbated layer 1 -2  a n  thick, overlaid 
by lam inated sediments.

3.5 Isostatic processes cause resuspension of large amounts of 
uncontaminated sediment

The isostatic uplift of land  since the last glaciation in Scandinavia is causing large 
relocalization of material (Axelsson and N orrm an, 1977; Jonsson et a l, 1990). Areas of 
seabed that w ere formerly below  the wave base gradually become exposed to wave
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action, and large quantities of glacial and post-glacial clays were eroded. Estimates 
suggest that 50-80% of the m aterial finally deposited in the deep areas of the Baltic is 
derived from  this process (Jonsson et a l, 1990; Jonsson, 1992; Blomqvist and  Larsson, 
1994; Eckhéll et a l, 2000). The interannual changes in the am ount of material eroded 
are significant. Anthropogenic inputs of nutrients and contam inants are, therefore, 
dilu ted  to a variable degree by a large input of uncontam inated eroded old clays.

Storm-induced erosion causes changes in sediment accumulation rates

From long-term  observations of waves along the Germ an Baltic coast, it has been 
show n that the annual frequency of storm  waves increased from  1831 to 1990, w ith 
substantial differences betw een years and decades (Baerens and H upfer, 1994). From 
detailed studies of lam inated sedim ent cores from  the northw estern part of the Baltic 
Proper, Eckhéll et a l (2000) dem onstrated that the sedim ent accum ulation rate varied 
substantially betw een years/decades (Figure 7). They dem onstrated a strong 
correlation betw een the annual rate of dry  m atter deposition and the frequency of 
w indspeeds >14 m s4  at a nearby w eather station.
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Figure 7. Dry matter deposition (3-year running mean) in a core (n = 3) and the frequency of wind 
velocities >14m s-1 (gale force; individual years and 3-year running mean) for the period 
1969-1993 (Eckhéll et al., 2000).

In the Baltic Proper, the 1950s to 1970s were characterized by a higher frequency of 
gales than  the 1980s. In the early 1990s, the gale frequency increased dram atically and 
reached a m axim um  in 1993, w hich resulted in a large saltw ater intrusion from  the 
Kattegat into the Baltic. The dry m atter deposition rates were significantly higher in 
the 1970s and early 1990s than  in the 1980s, which m ay be considered as a calm 
decade in  this area. The authors suggested that sedim ent accum ulation rates in 
offshore areas of the northw estern part of the Baltic Proper can be predicted from  this 
correlation w ith  w indspeed. Similar results have been obtained from  the Swedish St 
A nna archipelago and the Stockholm archipelago (Persson and  Jonsson, 2000). 
A lthough interannual changes in  sedim ent accum ulation rate are difficult to detect in 
sea areas w here bioturbated sedim ents predom inate, it is likely that similar variations 
occur in these areas.

Interpretation of time-changes in m onitoring data in the Baltic m ust consider the 
substantially increased sedim ent accum ulation rate during storm y years, and the fact 
that storm  frequency m ay be useful in data analysis.
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3.7 Resuspension of old clays affects sediment organic carbon content

N um erous investigations have show n that the sedim ent organic carbon content is of 
great im portance for the concentrations (and burial) of contaminants, particularly 
hydrophobic organic contam inants (HOC). Therefore, processes/m echanism s that can 
alter the organic carbon content m ust be considered in trend  monitoring.

Total organic carbon (TOC) concentrations were analysed in the cores studied by 
Eckhéll et al. (2000). The d iy  m atter deposition rate decreased by approxim ately 50% 
in the 1980s, and  this was reflected in an increase in TOC content from  3-4%  to 7-8%  
during the same period (Figure 8). W hen the dry m atter deposition rate increased in 
the early 1990s, the TOC content decreased. This is interpreted to m ean that the 
erosion/resuspension of m ainly m inerogenic m atter from  glacial and post-glacial 
clays is greater during w indy years, whereas, in calmer years, the carbon input from 
prim ary production becomes m ore dom inant and  dry m atter deposition rates are 
lower.

A study of down-core trends of HOCs in a C anadian lake w ith lam inated sediments 
(Stern et a l, 2005) revealed a substantial decrease in  bulk sedim ent accum ulation rate 
coinciding w ith an increase in  TOC content, w hich obscured trends of HOCs in the 
sedim ent in relation to changes in industrial sources of the different pollutants 
studied. These findings com plem ent the results from  the Baltic Sea (Figure 8) and 
em phasize the im portance of considering changes in bulk  sedim entation 
accum ulation rates w hen interpreting sedim ent m onitoring data.
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Figure 8. Dry matter deposition and TOC content vs. time; 3-year running average of the core 
means (Eckhéll et a l, 2000).

3.8 Chemical redox processes

3.8.1 Metals

Jonsson (1992) suggested that the occurrence of lam inated sedim ents in the offshore 
part of the Baltic Proper caused increased trapping of contam inants (metals and 
organic pollutants) in  the sediments. A lthough the mechanisms are not fully 
understood, changes in burial efficiency m ust be considered w hen interpreting time- 
trends in lam inated sediments.

Remobilization processes w ithin the sedim ent m ay cause interpretation problems. 
Differences in the vertical distribution of metals, particularly of Zn, indicated the 
significance of mobilization processes w ithin the sedim ent at tw o sam pling sites in 
the Baltic Proper (Tervo and Niemistö, 1989). Therefore, detailed interpretation of

M ean  d ep o s itio n  (3-yr) 
T O C  (% dw ; 3 -y r m e a n )



S e d im e n t d y n am ics  in re la tio n  to  se d im e n t tre n d  m on ito rin g

retrospective trace elem ent studies of Baltic sedim ents should be regarded w ith due 
reservation.

Redox changes m ay cause differences in  the efficiency w ith  which metals can be 
trapped  in sediments. This is a well-know n phenom enon for a num ber of elements 
(e.g. Fe and Mn). Also, trace metals, such as Cd, Pb, Zn, Hg, and Cu, have been 
show n to be m ore effectively sequestered in anoxic Baltic sediments. Borg and 
Jonsson (1996) found high correlations betw een all of these metals and the degree of 
anoxia described in areas of lam inated sediments. This indicates an increased redox- 
induced trapping for these sulphide-binding metals in  the lam inated sediments. At 
sites w here lam inated sedim ents have accum ulated continuously over hundreds of 
years, the metal concentrations have increased gradually, but steadily, during recent 
decades. As no dram atic redox changes seem to have occurred in the naturally 
lam inated bottoms, sedim ent cores from  this type of bottom  probably contain the best 
retrospective inform ation about the pollution history of metals in  the Baltic Proper.

In the ICES/HELCOM Sediment Baseline Study, substantially lower concentrations of 
these metals, especially Cd, were detected in surficial sedim ents in the northern  part 
of the Baltic Proper in  June 1993. In the early 1990s, progressively larger saltwater 
inflows from  the Kattegat were registered, reaching a m axim um  in January 1993 and 
leading to substantially im proved oxygen conditions in the deep w ater to 115-120 m  
depth  (Axelsson and N orrm an, 1977). The change from  anoxic to oxic conditions, 
w ith a subsequent recolonization of benthic fauna, obviously caused a release of the 
easily m obilized metals (e.g. Cd) into the w ater mass. Increased Cd concentrations 
have been detected in  biota along the Swedish coast of the Baltic P roper in the 1990s 
(Bignert, 2001). This increase may, to a certain extent, have been caused by 
m obilization of Cd from  the sediments.

3 .8 .2  O rgan ic  com pounds

Sediment profiles of chlorinated com pounds (e.g. extractable organochlorines 
(EOCls), polychlorinated biphenyls (PCBs), dichlorodiphenyltrichloroethanes 
(DDTs), polychlorodibenzodioxins and  -furans (PCDD/Fs)) indicate substantially 
increased sequestering in the Baltic Proper sedim ents from  the 1950s and onw ards, 
coinciding in time w ith the expansion of lam inated sedim ents and clearly increasing 
organic content of the sedim ents (Niemistö and Voipio, 1981; Perthia and Haahti, 
1986; Jonsson, 1992). These studies indicate that, because of the turnover from  oxic to 
hypoxia/anoxia conditions close to the sedim ent-w ater interface, the sequestering 
efficiency has increased in the sediments. A pilot study, aim ed at com paring the 
burial efficiency of PCBs in lam inated sedim ents and in b ioturbated sedim ents from 
the Stockholm archipelago (P. Jonsson, pers. comm.), show ed an average 40% 
increase in concentrations w hen the sedim ent changed from  bioturbated to lam inated 
conditions. This m ay be attributed to increased eutrophication causing stagnant 
conditions in the near-bottom  water.

3.9 Possible changes in sediment dynamics in the Baltic Sea caused by climate 
change

3.9.1 Presen t-day  sed im en ta t ion  s ituation

This section is largely derived from  inform ation supplied  by P. Jonsson (pers. 
comm.). As discussed above, the m ain sources of the bulk  sedim entation in the Baltic 
Sea are riverine inputs, prim ary production, erosion/resuspension of old glacial and 
post-glacial clays, and, to some extent, atm ospheric deposition.
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The Baltic Sea area is subjected to a considerable isostatic uplift owing to cru s ta I 
rebound after the last glaciation of Scandinavia. It varies from  0 m m  y e a r 1 in the 
southern Bothnian Sea to 9 m m  y e a r 1 in the northern  Bothnian Sea (Figure 9). This 
has resulted in  a gradual exposure of old glacial and post-glacial clays to stronger 
waves and currents, and substantial erosion along the Baltic coastal areas. Jonsson 
(1992) highlighted the major role played by the erosion of uplifted old sedim ents in 
the form ation of recent fine deposits in the Baltic Sea (cf. Axelsson and N orrm an, 
1977; Blazhchishin, 1984). It has been estim ated that as m uch as 50-80%  of the bulk 
accum ulation of fine m aterial in  the Baltic Sea is derived from  relocalization of old 
sedim ents (Blomqvist and Larsson, 1994; Jonsson et a l, 2003).

Figure 9. Apparent land rise in the Baltic Sea area (mm year-1; Land-rise model NKG2005LU (RH 
2000 LU) 200; Lantmäteriet, Sweden, www.lantmateriet.se).

3.9.2 Climate-change scenarios

P. Jonsson (pers. comm.) discussed how  climate change m ay affect the sedim entation 
process in the different parts of the Baltic Sea. As a basis for these estimates, he used 
various climatic scenarios (Figures 10 and 11) and  com pared them  w ith the present 
situation.
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Figure 10. The High case scenario, assuming a global average sea-level rise of 88 cm. This figure 
presents sea-level changes (cm) in the year 2100, taking into consideration uplift caused by crustal 
rebound after the last glaciation (Meier, 2006).

http://www.lantmateriet.se
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Figure 11. The Average case scenario, assuming a global average sea-level rise of 48 cm. The 
figure shows sea-level changes (cm) in the year 2100, taking into consideration uplift caused by 
crustal rebound after the last glaciation (Meier, 2006).

If the resulting regression of the shoreline decreases, halts, or even turns into a 
transgression (w hen w ater level rises) as a result of clim ate-induced melting of ice or 
eustatic changes, the sedim ent inpu t from  relocalization of old clays m ay change 
drastically and lead to significant changes in the sedim ent com position in 
depositional areas. In the conservative estim ates below, it is assum ed that 75% of the 
present bulk sedim ent accum ulation is derived from  erosion/resuspension of old 
sediments.

In the H igh case scenario, large changes occur, and the bulk  deposition rate decreases 
approxim ately fourfold in all areas of the Baltic Sea (Figure 12). In the Average case 
scenario, the decrease is approxim ately 30% in the Bay of Bothnia and in  the 
Bothnian Sea, while the decrease in the Baltic Proper is again expected to be fourfold.
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Figure 12. Current dry matter deposition in different parts of the Baltic Sea compared with the 
High case and Average case projections for the year 2100 (P. Jonsson, pers. comm.).

The predicted decreases in the input and deposition of m ineral material w ould lead 
to a substantially higher carbon content in the sediments, owing to the relatively 
greater im portance of carbon derived from  riverine inputs and prim ary production. 
In the H igh case scenario, the carbon content gradually increases from  a current 
average of approxim ately 7% to 25% around the year 2100 (Figure 13). In the Bay of 
Bothnia and  in the Bothnian Sea, the increase w ould  be som ew hat smaller, b u t w ould 
still be approxim ately threefold.
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Figure 13. Current total organic carbon (TOC; % dry wt) in sediments from different parts of the 
Baltic Sea compared with the High case and Average case projections for the year 2100 (P. 
Jonsson, pers. comm.).
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Such large changes will alter m any critical processes in the sedim ent-w ater interface 
and also change the environm ent for benthic organisms. It will probably affect the 
turnover of nutrients and also change the transport and  fate of organic and inorganic 
contam inants in the Baltic ecosystem. It will also certainly change the pattern  of 
nutrient and  contam inant concentrations and, therefore, will be a relevant 
consideration w hen interpreting sedim ent m onitoring data.
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4  Bay of Biscay

4.1 Dynamic processes affecting distribution of sediment concentrations

The inform ation in this section is derived prim arily from  Ferrer (pers. comm., 2008), 
González et al. (2008), and the Proceedings of the XI International Symposium  on 
Oceanography of the Bay of Biscay (Borja, 2008).

It is well know n that the distribution of suspended sedim ent in the w ater colum n and 
close to the seabed off river m ouths can be highly variable. Sediment distribution 
depends on the behaviour of the plum es, whose dynam ics are a function of the 
m ixing processes w ith in  the coastal sea, the strength of the discharge, the circulation, 
and w ind and tide regimes (Arnoux-Chiavassa et a l, 1999). The expansion, 
contraction, and longshore orientation of surface plum es are often influenced by 
w inds, waves, and tides (Stumpf et a l, 1993; Liu et a l, 1999).

The injection of fluvial sedim ents into the coastal and offshore areas can easily be 
recognized in  satellite or aerial images by the plum es of suspended sedim ent near the 
river m ouths. N um erical models are used to sim ulate the behaviour of river plum es 
in order to further understand  their influence on the dispersion of solid m aterials and 
on sedim entation patterns. In the case of the Bay of Biscay, a Lagrangian Particle 
Tracking M odel (LPTM), coupled to the Regional Ocean M odeling System (ROMS), 
was used to sim ulate the behaviour of river plum es in  the southern m argin of the bay 
(González et a l, 2008). The ROMS m odel is driven by hydrodynam ic variables: 
w inds, air tem perature, precipitation rate, relative hum idity, and long- and  short­
w ave radiation fluxes. These variables perm it the air-sea heat and m om entum  fluxes 
to be calculated. Tidal forcing data w ere obtained from  the OSU TOPEX/Poseidon 
Global Inverse Solution version 5.0 (TPX0.5).

Freshwater discharges of the m ain rivers, such as the A dour (in France) and the 
Nervión, Oria, Deba, Urola, and Ururnea (in the Basque Country), were incorporated 
into the m odel simulations. These data w ere provided by the French National 
Database for H ydrom etry and H ydrology (HYDRO) and  the Provincial Councils of 
Bizkaia and Gipuzkoa.

Figure 14 shows freshw ater discharges from  the rivers A dour, Nervión, and Oria, 
from  1 M arch to 6 April 2007. Analysis of these data shows that there were noticeable 
peaks of discharge by the Spanish rivers on 8 M arch (m axim um  value for the Oria 
River of approxim ately 308 m 3s ) and 24 M arch (m axim um  value for the N ervión 
River of 372 m 3 s '), w ith an increase in m ean freshw ater runoff during the period 
betw een 20 M arch and  6 April. The discharge behaviour of the A dour River was 
similar, bu t the m axim um  discharge occurred on 2 April, w ith a value of 372 m 3s
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Figure 14. Daily freshwater discharges at the mouths of the rivers Adour (France), Nervión 
(Bizkaia), and Oria (Gipuzkoa) from 1 March to 6 April 2007.

Figure 15 shows the fine silt and d ay  concentration in bottom  sedim ents obtained 
from  field m easurem ents carried out for the Basque Country region. The m axim um  
concentrations are located betw een the Urola River and the western area of the 
U rurnea River. The grain-size distributions agree well w ith  the results from  the 
sim ulations perform ed w ith  the LPTM, fed by the hydrodynam ic inform ation 
obtained w ith ROMS. The results show  that the coastal jet and the grain-size 
com position of the river discharges play fundam ental roles in the final sedim entation 
patterns, espedally  in extreme events such as the tw o observed during M arch 2007.

The m odel explains the sedim entation patterns obtained from  field m easurem ents, 
espedally  in extreme events. The results show  that the dispersion of river plum es is 
determ ined by the buoyancy of the effluent, tides, and the w indfield in  the upper 
part of the w ater column. The coastal jet related to the plum es and the grain-size 
com position of the riverine particles influence the dispersion of material offshore and 
the final sedim entation patterns.
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Figure 15. Fine silt and clay concentrations (%) in the sediment for the Basque Country region, 
obtained from field measurements.

In sum m ary, the reasonably good correlation betw een field and m odelled data 
dem onstrates the suitability of these models to reproduce the physics of the ocean. 
The com bination of observational data and num erical m odelling provides tools for 
m onitoring several phenom ena in real time, such as sedim ent transport.
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5 Estuaries

5.1 The purpose of monitoring in estuaries of the Northeast Atlantic

European estuaries are typically sites of hum an settlem ent and industrial 
developm ent; consequently, relatively high levels of contam inants from  both diffuse 
and direct sources are com m on in the water, sediments, and  biota. C ontam inant 
concentrations in offshore m arine sedim ents are usually lower, and  trends in 
pollution levels m ay consequently only be detected over a relatively long time-frame. 
Time-trends closer to the source of contam ination are usually m uch larger and  easier 
to detect. However, the complex hydrodynam ic processes in estuaries m ay give rise 
to short-term  variations in  contam inants and, therefore, should be considered w hen 
designing m onitoring program m es or assessing m onitoring data from  estuaries. For 
trend  m onitoring, contam inant concentrations are usually norm alized according to 
Technical Annex 5 of the JAMP Guidelines for M onitoring Contam inants in 
Sediments (OSPAR, 2002) in order to correct for variations in contam inant 
concentrations resulting from  the physical heterogeneity of sedim ents (e.g. grain-size 
distribution).

5.2 Characteristics and typology of estuaries

A lthough estuaries all share some common features, they vaiy  w idely in size and in 
tidal range. Estuaries can be characterized by their length, catchment area, tidal 
range, degree of stratification, river discharge, and input of SPM from  the river. Their 
length m ay vaiy  from  a few kilometres to m ore than  100 km.

Sediment dynam ics are m ainly determ ined by tidal currents and river discharge. The 
bottom  topography is an im portant m eans of identifying present-day sedim ent 
dynamics, nam ely areas of deposition and erosion, and transport routes.

Estuaries, or transitional waters, m ark the transition betw een m arine and  freshw ater 
environm ents. They extend from  the sea into the river valley u p  to the lim it of tidal 
influence. W ithin an estuary, three distinct areas can be distinguished.

• The lower reaches, which are connected directly to the open sea via the 
m outh.

• The m iddle reaches, which are an area of intense interaction and mixing of 
m arine and fluvial w ater masses and steep physicochemical gradients.

• The upper reaches, which are dom inated by freshw ater inflow from  the 
river, b u t are still subject to daily tidal action.

Both ends of the system, i.e. the fluvial and m arine w ater bodies, are characterized by 
a unique chemical, physical, and biological composition. As the fluvial w ater flows 
through the m iddle reaches of the estuaiy, its com position is changed by complex 
processes until it resembles that of the m arine water. In this respect, the estuaiy could 
be regarded as a filter (Chester, 2002).

The estuarine system  is driven by a continuous inpu t of energy and  m aterial from 
tidal currents and river discharge. The SPM plays a major role in estuarine processes. 
The shift from a fluvial to a m arine com position involves the interaction of dissolved 
and particle-bound matter. D epending on the key conditions of pH, redox potential, 
salinity, and  tem perature, SPM can serve as either a sink or a source for chemical 
com ponents in the w ater phase.
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The estuary filter system  acts differently for individual chemical components. Some 
com ponents behave conservatively during transport through the estuary, and their 
concentration profile in  the w ater phase along the estuary behaves linearly w ith 
salinity. O ther com ponents are rem oved by flocculation, adsorption, and 
sedim entation processes. Also, rem obilization of com ponents from  sediments 
resulting from  high energy inpu t and/or changing redox conditions, as well as 
biological uptake and remineralization, m ust be considered. The interaction of these 
processes results in a turbidity  zone w ith high concentrations of SPM. Bioproduction 
and degradation also contributes significantly to the SPM concentration in  turbidity  
zones. These zones m ay extend u p  to several tens of kilometres, and their extent and 
location are influenced by river discharge. The retention time of particles in estuaries, 
especially in the turbidity  zone, m ay be quite lengthy; for example, in the Gironde 
estuary of the Bay of Biscay, it is approxim ately tw o years (OSPAR, 2000). However, 
under riverine flood conditions, large am ounts of particulate m atter m ay be flushed 
out to the sea relatively quickly.

W ithin the OSPAR region, a w ide range of estuary types occurs and it is, therefore, 
not sensible to produce a single description for m onitoring purposes. U nder the 
European W ater Fram ew ork Directive (WFD, 2000), M ember States are required to 
produce a typology covering the transitional w aters that come under their 
jurisdiction. Some examples are described below  (for term inology of typology, see 
European Union, 2000).

5.2 .1  G erm any

In Germany, all three estuaries (Ems, Weser, and Elbe) fall into a single category: 
fully m ixed and  mesotidal. Upstream , they are all lim ited by tidal weirs. Average 
river discharges vary from  79 m 3 s (Ems), to 325 m 3 s (Weser), and to 720 m 3 s 
(Elbe), and the lengths of the estuaries are 82, 90, and 142 km, respectively. The input 
of fluvial SPM to the estuary in the Ems (-60 0001 y e a r 1) is small relative to the 
W eser (600 0001 y e a r 1) and the Elbe (800 0001 y e a r 1).

Upstream  transport of m arine sedim ents or SPM in all estuaries is significant, and 
sedim ent dynam ics are prom inent. M arine sedim ents contribute >90% of the 
sedim ent in the Ems estuary, w hich is d istributed throughout almost its entire length, 
w hereas the percentage of m arine sedim ents in the Elbe and Weser estuaries 
decreases from  the m outh  of the estuary to the tidal weir.

5 .2 .2  Portugal

In Portugal, all of the rivers typically experience dry and flood seasons. The 
freshw ater runoff is not particularly strong at the Atlantic coast of the Iberian 
Peninsula. The m ain contributors of freshw ater runoff north  of 41 °N are the rivers 
D ouro and  Minho. A lthough there are differences betw een the Portuguese estuaries, 
in general, they receive sandy sedim ents from  the sea and export finer sedim ents (i.e. 
silt and clay) to the sea.

The D ouro River has a greater discharge than  other Portuguese estuaries and has an 
artificial upstream  end (Crestum a Dam) only 22 km  from  the m outh. The presence of 
this obstruction probably determ ines the dynam ic behaviour of the estuary and 
causes the standing character of the tidal wave. As a rule, the estuary behaves as a 
salt w edge controlled by river inflow, such that average w inter inflows m ay be high 
enough to push  the salt w edge out of the river m outh. It is m esotidal w ith a coarse 
sand substratum . The Tagus River, one of the largest estuaries in  Europe (80 km  
long), is partly to well mixed, mesotidal, and has a predom inantly sand and m ud
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substratum . Sediment dynam ics of both  estuaries are high, especially in w inter at 
times of high rainfall.

The G uadiana estuary, another large estuary in Portugal (70 km  long), is partly 
mixed, m esotidal, and w ith  predom inantly  sand and m ud  (at the margins) 
substratum . Sediment dynam ics are usually low, except in  w inter w hen rainfall is 
higher.

5 .2 .3  U nited Kingdom

In the UK (WFD Ecoregion 1 (North Sea) and Ecoregion 4 (Atlantic)), which has a 
long and variable coastline, six different types of transitional w aters have been 
defined.

• Type 1. Partly m ixed or stratified, tending to be mesohaline or polyhaline. 
These sheltered estuaries are strongly macrotidal, and the intertidal or 
shallow subtidal areas have a predom inantly  sand and m ud  substratum , 
e.g. the Parrett estuary.

• Type 2. Mixed or stratified, tending to be mesohaline or polyhaline. These 
sheltered estuaries are strongly m esotidal, and the intertidal or shallow 
subtidal areas have a predom inantly sand and m ud  substratum , e.g. the 
Tees and  Dart.

• Type 3. Fully m ixed and predom inantly  polyhaline. These sheltered 
estuaries are macrotidal, and tend  to have extensive intertidal areas w ith  a 
sand or m ud  substratum , e.g. the Dee, Severn, and Thames.

• Type 4. Fully m ixed or stratified, tending to be predom inantly polyhaline. 
These sheltered estuaries are m esotidal, and  the intertidal or shallow 
subtidal areas have a predom inantly sand and m ud  substratum , e.g. the 
Solway Firth, Plym outh Sound, Orwell, and Stour.

• T y p e 5- Transitional sea lochs (fjords). These sheltered bodies of w ater are 
predom inantly polyhaline, sometimes stratified, and m esotidal, e.g. Loch 
Eil, Loch Linnhe, and Loch Etive.

• Type 6. Transitional lagoons. These sheltered bodies of w ater are partly 
m ixed or stratified, oligohaline to polyhaline, and shallow w ith a 
predom inantly  m ud  substratum . They are w idespread around the UK 
coasts.

This classification applies to m any European estuaries and  provides a description of 
the m ain characteristics and relative im portance of particular processes in different 
types of estuaries. In turn, these can be used to guide the planning of cost-effective 
m onitoring program m es and the interpretation of results.

5 .2 .4  Bay of Biscay

Characteristics of estuaries in the Bay of Biscay are described by Borja and Collins 
(2004). Uriarte et al. (2004) describe sedim ent supply, transport, and  deposition 
relative to contem porary and  Late Q uaternary evolution. The fine-grained m aterial 
transported  by the river systems in suspension is: (i) stored w ithin the estuaries; (ii) 
transferred to the shelf waters; and (iii) dispersed in  response to the prevailing w inds 
and currents (see also González et a l, 2004). It has been estim ated that, on average, 
30% of the sedim ents carried in  suspension by the m ain rivers discharging out from 
the French coast into the Bay of Biscay rem ain perm anently in the estuaries (OSPAR, 
2000). The suspended m aterial discharged by the G ipuzkoa and  Bizkaia rivers into
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the Cantabrian Sea is approxim ately 1.57 * 1061 y e a r 1, an am ount com parable to that 
of the G ironde (France).

The shelf m ud  patches (west and south) of the Gironde have been studied in  some 
detail (Lesueur et a l, 1996, 2001, 2002). Less inform ation is available on the extent and 
controlling mechanisms of the buoyant plum es in the Basque Country estuaries 
and/or their associated shelf deposits. However, research on plum e characteristics 
has been undertaken w ithin the context of the spaw ning of the Bay of Biscay anchovy 
(Engraulis encrasicolus).

Coarse-grained sedim ents originating from  the rivers and transported  as bedload 
constitute part of an exchange system  w ith the inner part of the continental shelf. 
Hence, during high river discharges, riverine material is supplied and m oved 
seawards; in turn, this is transported  landw ards in response to w ave/current activity.

5.3 Depositional areas

In estuaries, deposition over several decades can occur in  areas of low  energy, such as 
tidal flats and branches of estuaries, close to the m ouths of small tributary rivers and 
creeks, or close to groynes and  other structures. In such areas, fine sediments 
predom inate. Sediment accum ulation rates depend on the rate of supply of material 
and the hydrodynam ics of the system. However, erosion m ay occur as a result of 
storm  tides or extreme river discharges. U nder such circumstances, the deeper 
sedim ent layers (a surface layer greater than a few centimetres thick) are consolidated 
and show  stratification. Sediment accum ulation rates should be taken into account 
w hen using samples from  these areas for tim e-trend m onitoring. Usually only the 
upper few centimetres will reflect present-day conditions. However, these cores m ay 
be used for retrospective m onitoring. Diagenetic processes should be considered 
w hen assessing retrospective core data, because deeper sedim ent layers tend  to be 
anoxic.

5.4 Transportational areas

In the m ain body of estuaries, hydrodynam ic conditions and sedim ent dynamics 
reflect the tidal currents and river discharge at the tidal limit. D uring slack water, 
SPM tends to settle out tem porarily and then be resuspended partly or completely 
during flood and  ebb tides. The continuous sedim entation and erosion processes 
result in a perm anent exchange betw een sedim ents and suspended matter. No 
stratification of bottom  sedim ents is expected.

Particulate m atter is transported  bidirectionally and  represents a m ixture of varying 
percentages of m arine and fluvial sediments. It tends to be well m ixed and 
hom ogeneous w ithin the limits of the tidal m ovement. Owing to the perm anent 
m ixing processes, the particulate m atter is predom inantly oxic, and remobilization of 
m etals is unlikely.

5.5 Dynamic processes affecting contaminant concentrations

The hydrodynam ic conditions prevailing at each sam pling site w ithin an estuary 
should be considered w hen assessing the trend  in contam inant concentrations. 
C ontam inant concentrations should be norm alized in order to minim ize variation 
caused by physical heterogeneity of sedim ents (e.g. grain-size distribution).

The m ain factors influencing norm alized contam inant concentrations in estuarine 
sedim ents and suspended m atter are:
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• load of particulate m atter of fluvial origin and associated contam inant 
concentrations entering the estuary;

• load (amount) of m arine sedim ents transported  upstream  and associated 
contam inant concentrations;

• potential contam inant sources w ithin the catchm ent area of the estuary;

• potential resuspension of stable and  possibly highly contam inated long­
term  sedim ent deposits; and

• dredging and removal of dredged sedim ents or their disposal w ithin the 
estuary.

D epending on their location in estuaries, contam inant concentrations m ay vary 
widely ow ing to the bidirectional tidal sedim ent transport. Sediments or suspended 
m atter m ay consist of both often heavily contam inated fluvial sedim ents that have 
been transported  dow nstream  across the tidal limit and lightly contam inated m arine 
sedim ents that have been transported  upstream  from  the sea.

Transport and mixing of fluvial and m arine particulate m atter is influenced mainly 
by:

• ebb and flood current velocities;

• limits of ebb and  flood currents; and

• river discharge.

The ratio of these sedim ent types m ay vary w idely in  space and time, particularly in 
the mixing zone of fluvial and  m arine sediments, depending on hydrodynam ic 
processes. Consequently, large variations in contam inant concentrations, which are 
not related to changes in pollution levels, m ay be observed in  recently deposited 
sedim ents at a fixed sam pling site. The am plitude of these variations usually depends 
on river discharge, the ratio of m arine/fluvial sediments, and the location of the 
sam pling site in relation to the m ixing zone. W hen river discharges are high, 
contam inated fluvial sedim ents are transported  farther dow nstream , whereas low 
river discharges support upstream  transport of norm ally less contam inated m arine 
sediments. This is show n in a qualitative m odel for the Germ an Elbe estuary (Figure 
16; Ackermann, 1998), in w hich Zn concentrations in the <20-pm fractions of fluvial 
and m arine sedim ents are up  to 1400 m g k g 1 and 200 m g k g -1, respectively.

Sampling sites in the lower reaches of the estuary tend to be less affected by river 
discharge than those in the u pper reaches. In com bination w ith continuous mixing 
resulting from  sedim ent dynamics, sedim ents are relatively chemically hom ogeneous 
(cf. Elbe estuary; Figure 17; Ackermann, 1998, 2004). C ontam inant concentrations 
m easured in sam ples from  the lower reaches of estuaries are generally representative 
of a larger area.

In some cases, such as the G erm an Ems estuary, fine particulate m atter of m arine 
origin predom inates, and contam inant concentrations are quite uniform  along the 
whole estuary. This results in low  time and  spatial variability of contam inant 
concentrations (Figures 18 and 19; Ackermann, 1998, 2004).
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5.6 Implications for time-trend monitoring

The low er reaches of estuaries are less affected by river discharge than  the m iddle 
and upper reaches. As m arine sedim ents dominate, variations in norm alized 
contam inant concentrations are m uch sm aller than  in the upper reaches of estuaries. 
Accordingly, sam pling in  the low er reaches can be less frequent (e.g. once or twice 
per year). However, the prevalence of m arine solids w ith low  contam inant 
concentrations, w hich often do not exceed those in  m arine sediments, makes the 
detection of a decrease in contam inant inpu t m ore difficult.

In contrast, an adequate record of tim e-trends in  the upper reaches m ay require more 
frequent sam pling (e.g. monthly) in order to keep track of variations caused by 
changes in  river discharge.

In the m iddle reaches, or transportational zone, of estuaries, the upper layers of 
sedim ent (10-20 a n )  are likely to be well m ixed by continuous deposition and 
erosion processes. Consequently, the upper layers tend  to reflect the current 
contam ination status of mobile particulate matter. M easurem ent of contam inant 
concentrations in the SPM can be used for m onitoring overall trends in sedim ent 
contam ination as well, ow ing to the near-continuous exchange betw een the sedim ent
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phase and SPM. Sampling of suspended m atter at variable time-scales m ay be easier 
to achieve than  sedim ent sam pling, w hich could be im portant w hen extreme 
hydrodynam ic events are being investigated.

In depositional areas, the upper layers m ay be rew orked by bioturbation. However, if 
this bioturbation is from  recent periods, the deeper layers m ay be consolidated and 
show  a distinct stratification. Therefore, p rovided that layers can be dated, sedim ent 
cores from  estuarine depositional areas m ay be appropriate for retrospective time- 
trend  monitoring.

5.7 Impact of human activities

In addition to natural hydrodynam ics, hum an activities m ust be considered w hen 
assessing tim e-trends in contam ination concentrations owing to changes in 
contam inant input.

The deepening of navigation channels or other alterations to the m orphology of 
estuaries (e.g. by engineering w orks such as building dam s or jetties), m ay change the 
balance betw een flood and ebb current velocities or even alter the current regime and 
the hydrom orphology in the lower estuary. Enhanced upstream  transport of m arine 
particulate m atter could be induced by increased floodstream  velocity. This m ay lead 
to decreasing contam inant concentrations, even w ithout any changes in contam inant 
load. An example of this is given in Fettweis et al. (2007) in relation to Zeebrugge, 
w here m ost of the depositions of m ud  are relatively uncontam inated and have been 
in troduced by anthropogenic operations such as dum ping, deepening of the 
navigation channels, construction, and extension of the port. The area around 
Zeebrugge w here fresh m ud  is deposited now  extends farther offshore than it d id  100 
years ago.

A changing current regim e m ay change a form er depositional area into a 
transportational area. This could have a significant effect on the stratification of the 
sedim ent deposits. O lder sedim ent horizons w ith  high levels of contam ination could 
be brought to the surface, and resuspension of this material could falsely indicate 
increased contam inant loads.

If not lim ited by a weir, the tidal limit could be displaced upstream  by dredging and 
sand extraction. Furtherm ore, disposal of d redged m aterial is often carried out in 
estuaries and  m ay influence contam inant concentrations w ithin the estuary, as well 
as at the disposal site offshore.
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6 C onclusions

Sediment dynam ics are defined by a com bination of the physical, chemical, and 
biological processes occurring in an area. From the evidence presented in  these case 
studies, it is clear that it is essential to define the specific pattern  of sedim ent 
dynam ics in  an area prior to designing a m onitoring program m e and attem pting to 
interpret the data collected.
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9 List of a b b re v ia t io n s

DDT dichlorodiphenyltrichloroethane

EOC1 extractable organochlorides

HOC hydrophobic organic contam inants

LPTM Lagrangian Particle M odeling System

PCB polychlorinated biphenyls

PCDD polychlorodibenzodioxin

PCDF polychlorodibenzofuran

ROMS Regional Ocean M odeling System

SPM suspended particulate m atter

TOC total organic carbon


