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ABSTRACT

Historical sediment nutrient concentrations and 
heavy-metal distributions were studied in fi ve embay-
ments in the Gulf of Finland and an adjacent lake. 
Th e main objective of the study was to examine the 
response of these water bodies to temporal changes 
in human activities. Sediment cores were collected 
from the sites and dated using 210Pb and 137Cs. Th e 
cores were analyzed for total carbon (TC), total nitro-
gen (TN), total phosphorus (TP), organic phospho-
rus (OP), inorganic phosphorus (IP), biogenic silica 
(BSi), loss on ignition (LOI), grain size, Cu, Zn, Al, 
Fe, Mn, K, Ca, Mg and Na. Principal component 
analysis (PCA) was used to summarize the trends in 
the geochemical variables and to compare trends be-
tween the diff erent sites. Th e links between the catch-
ment land use and sediment geochemical data were 
studied using a multivariate technique of redundancy 
analysis (RDA).

Human activities produce marked geochemical 
variations in coastal sediments. Th ese variations and 
signals are often challenging to interpret due to various 
sedimentological and post-depositional factors aff ect-
ing the sediment profi les. In general, the sites studied 
here show signifi cant upcore increases in sedimenta-
tion rates, TP and TN concentrations. Also Cu, which 
is considered to be a good indicator of anthropogenic 
infl uence, showed clear increases from 1850 towards 
the top part of the cores. Based on the RDA-analy-
sis, in the least disturbed embayments with high for-
est cover, the sediments are dominated by lithogenic 
indicators Fe, K, Al and Mg. In embayments close to 

urban settlement, the sediments have high Cu concen-
trations and a high sediment Fe/Mn ratio.

Th is study suggests that sediment accumulation 
rates vary signifi cantly from site to site and that the 
overall sedimentation can be linked to the geomor-
phology and basin bathymetry, which appear to be 
the major factors governing sedimentation rates; i.e. 
a high sediment accumulation rate is not characteris-
tic either to urban or to rural sites. Th e geochemical 
trends are strongly site specifi c and depend on the local 
geochemical background, basin characteristics and an-
thropogenic metal and nutrient loading. Of the stud-
ied geochemical indicators, OP shows the least mo-
notonic trends in all studied sites. When compared to 
other available data, OP seems to be the most reliable 
geochemical indicator describing the trophic develop-
ment of the study sites, whereas Cu and Zn appear to 
be good indicators for anthropogenic infl uence. 

As sedimentation environments, estuarine and 
marine sites are more complex than lacustrine basins 
with multiple sources of sediment input and more 
energetic conditions in the former. Th e crucial diff er-
ences between lacustrine and estuarine/coastal sedi-
mentation environments are mostly related to Fe. P 
sedimentation is largely governed by Fe redox-reac-
tions in estuarine environments. In freshwaters, pres-
ence of Fe is clearly linked to the sedimentation of 
other lithogenic metals, and therefore P sedimentation 
and preservation has a more direct linkage to organic 
matter sedimentation.
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Finnish abstract

Pohjasedimentin ravinne- ja raskasmetallipitoisuu-
det tutkittiin viidestä Suomenlahden merenlahdesta 
ja yhdestä järvestä. Tutkimuksen päätavoitteena oli 
selvittää, miten ajalliset muutokset ihmistoiminnassa 
ovat vaikuttaneet altaiden tilaan. Kohteista otetut sedi-
menttisarjat ajoitettiin 210Pb ja 137Cs radioisotooppi-
en avulla. Näytteistä analysoitiin seuraavat muuttujat: 
kokonaishiili (TC), kokonaistyppi (TN), kokonais-
fosfori (TP), orgaaninen fosfori (OP), epäorgaaninen 
fosfori (IP), biogeeninen pii (BSi), hehkutuskeven-
nys (LOI), raekoko, kupari, sinkki, alumiini, rauta, 
mangaani, kalium, kalsium, magnesium ja natrium. 
Geokemiallisten muuttujien analysoinnissa ja tren-
dien vertailuissa käytettiin pääkomponenttianalyysiä 
(PCA). Valuma-alueen maankäytön ja geokemiallisen 
aineiston välisiä riippuvuussuhteita tutkittiin redun-
danssianalyysin (RDA) avulla. 

Ihmistoiminta aiheuttaa muutoksia pohjasedi-
menttikerrostumiin. Muutosten tulkinta on kuitenkin 
usein hankalaa, koska sedimentoitumisen jälkeiset 
prosessit vaikuttavat pohjasedimenttien alkuainekoos-
tumukseen. Kaikissa tutkituissa sedimenttisarjoissa 
havaittiin pintaa kohden tapahtuvaa kasvua sedimen-
taationopeuksissa, kokonaisfosfori- ja kokonaistyppi-
pitoisuuksissa. Myös ihmistoiminnan indikaattorina 
usein käytetyn kuparin pitoisuudet nousivat 1850-
luvulta sedimentin pintaa kohden. RDA-analyysin 
perusteella litogeeniset indikaattorit rauta, kalium, 
alumiini ja magnesium määrittivät eniten metsäisiä 

valuma-alueita. Kaupungistuneita valuma-alueita 
puolestaan määrittivät parhaiten korkeat kuparipitoi-
suudet sekä korkea rauta/mangaani-suhde.

Tutkimuksen perusteella sedimentin kerrostu-
misnopeus vaihtelee huomattavasti kohteesta toiseen 
ja se riippuu eniten valuma-alueen geomorfologiasta 
ja altaan batymetriasta.  Pohjasedimentin geokemi-
allinen koostumus puolestaan riippuu paikallisesta 
geokemiallisesta taustasta, altaan ominaisuuksista ja 
ihmistoiminnan aikaansaamasta metalli- ja ravinne-
kuormituksesta. Tutkituista geokemiallisista rehevöi-
tymisindikaattoreista orgaanisen fosforin trendit olivat 
vähiten monotonisia. Verrattaessa muuhun saatavilla 
olevaan aineistoon, orgaaninen fosfori osoittautui luo-
tettavimmaksi rehevöitymiskehitystä kuvaavaksi in-
dikaattoriksi  kun taas kupari ja sinkki osoittautuivat 
hyviksi ihmistoiminnan indikaattoreiksi.

Sedimentaatioympäristöinä merenlahdet ovat 
monimutkaisempia kuin järvialtaat, koska sediment-
timateriaalin lähteitä on useampia ja olosuhteet ovat 
dynaamisemmat. Olennaisimmat erot järvi- ja me-
renlahtisedimentaatioympäristöjen välillä liittyvät 
rautapitoisuuteen. Varsinkin meriympäristössä rau-
dan redox-reaktiot vaikuttavat voimakkaasti fosforin 
sedimentaatioon. Järvikohteessa raudan esiintyminen 
korreloi eniten litogeenisten metallien kanssa ja fos-
fori puolestaan liittyi selkeimmin orgaanisen aineksen 
sedimentaatioon. 
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1.1. Geochemical paleolimnology

Geochemical methods have played a central role in 
sediment studies in a wide range of diff erent aquatic 
systems. Th ey can be divided into fi elds of inor-
ganic geochemistry, organic (bio)geochemistry and 
geochemical paleolimnology. Inorganic geochem-
istry aims to understand the behavior of chemical 
substances in the natural world (Boyle 2001). Th ese 
studies are typically experimental studies of processes 
controlling metal transport and retention in the sedi-
ments (Simpson et al. 2004), or linked to the bind-
ing patterns of diff erent elements in the sediment (Yu 
et al. 2001). In the fi eld of biogeochemistry, aquatic 
research is focused on increased eutrophication of 
surface waters and studies the biogeochemical cycles 
of carbon, oxygen, nitrogen, phosphorus and sulphur 
as well as their stable isotopes (Dalsgaard et al. 2005; 
Wang et al. 2005). Geochemical paleolimnology and 
paleo-oceanography combine methods from both in-
organic and organic (bio)geochemistry (LoDico et al. 
2006). However, the main distinction in between the 
fi elds of geochemistry and inorganic paleolimnology 
is related to the scale of the study. Geochemists typi-
cally work with laboratory experiments and investigate 
speciation and small-scale mobility. Paleolimnologists 
look at larger scale phenomena and operate on lake, 
catchment or even landscape scale processes. In other 
words, geochemistry aims to understand the chemi-
cal properties of the natural world, but geochemical 
paleolimnology uses such information to describe the 
environment (Boyle 2001).

Paleolimnology is a branch of limnology studying 
historical properties of inland fresh and brackish water 
bodies. Most of the studies in the fi eld of geochemical 
paleolimnology deal with lacustrine systems. Pioneer-
ing work was performed in the English Lake District 
by Mackereth (1966), who established three infl uen-
tial paleolimnological principles for freshwater, clastic 
dominated lake systems. Firstly, stratigraphic changes 
in sediment composition are most easily explained 
as a sequence of soils derived from the catchment. 
Secondly, sediment composition is largely governed 
by the catchment, and thirdly, peaks in the mineral 
matter concentration in the sediment correspond with 
erosion events. In addition, he showed that both the 
catchment and the within lake redox-conditions in-
fl uence the concentrations of Fe and Mn in sediment 
cores. Th ese guiding principles still apply to these 
types of lake systems. 

During the next two decades methodologies were 

developed further, including dating tools for recent 
sediments (137Cs and 210Pb). Research was focused 
predominantly on recent human impacts on aquatic 
systems (e.g. Likens and Davis 1975; Huttunen et 
al. 1978). A comprehensive review of the work done 
during these decades was completed by Engstrom and 
Wright (1984). Th ey supported many of the principles 
laid down by Mackereth, but stressed the fact that oli-
gotrophic systems mainly refl ect changes in the catch-
ment, whereas in more eutrophic systems the sediments 
are strongly modifi ed by in-lake processes. During the 
1980s and 1990s the awareness of anthropogenic trace 
metal contamination in lake sediments grew (Renberg 
1986; Norton & Kahl 1991) and analytical methods 
were further developed including sediment fractiona-
tion schemes (Tessier et al. 1979, 1989). In addition, 
more detailed studies of redox-derived cycling in lakes 
appeared (Davison 1993; Hamilton-Taylor & Davi-
son 1995). In particular, the widespread problem of 
lake acidifi cation facilitated much new methodologi-
cal development, including data analysis tools inter-
preting the geochemical record (Whalen & Th ompson 
1980; Charles et al. 1987; Jones et al. 1993; Virkanen 
et al. 1997). 

Th e present state, future developments and prob-
lem areas in inorganic paleolimnology were identifi ed 
and summarized in Boyle (2001). According to this 
summary, inorganic geochemistry will continue to play 
a central role in paleolimnology and models for con-
taminant cycling in lakes continue to improve. Th ere 
has been a tendency for geochemical paleolimnologists 
to treat lakes independently from their catchments and 
therefore more stress has to be put on lake-catchment 
links (Boyle 2001). And fi nally, the discussion on the 
remobilization of common pollutants will continue, 
although the remobilization of trace elements is un-
likely to be the overriding process in most sediments. 

While inorganic paleolimnology has developed 
and fl ourished in lacustrine environments, much few-
er studies have been published from marine and estua-
rine settings. One reason for this could be the fact that 
estuaries and coastal areas are considered more chal-
lenging systems in terms of paleoecological research 
due to higher energy levels, multiple sediment sources 
and more complex sediment cycles compared to la-
custrine systems (e.g. Cundy et al. 1997; Cundy et al. 
2003). Past studies have also revealed that marine and 
brackish-water cores are often more diffi  cult to date 
using radioactive isotopes than lake cores (Tikkanen et 
al. 1997, Plater and Appleby 2004). 

However, a great deal of research exists in a related 
fi eld of science, paleoceanography, which utilizes simi-
lar methods and shares the historical focus of the study. 
Paleoceanography studies deep sea sediments whereas 
paleolimnology is concentrating on lake- brackish wa-

1. INTRODUCTION
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ter- and coastal sediments. In paleoceanography the 
history of the water body itself is important, but in 
paleolimnology this information is often used in a 
wider geographical and ecological context. In addi-
tion, the time scales of the studies are often diff erent: 
paleoceanography is mostly dealing with much longer 
time scales, “the geological history of oceans and the 
earth”, compared to paleolimnology, which in many 
cases concentrates on Holocene development or even 
shorter time periods. Many paleoceanographic studies 
today focus on climatic changes (glacial/interglacial 
transitions, carbon cycling) during the last million 
years and many of them utilize 18O of 13C stable iso-
tope techniques (Xu et al. 2006). 

Probably the most infl uential studies from coastal 
and estuarine areas in the fi eld of inorganic paleolim-
nology are related to anthropogenically derived trace 
metals and include the research by Finney & Huh 
(1989) Cornwell et al. (1996), Lee and Cundy (2001), 
Chague-Goff  et al. (2000) and Cundy et al. (2003), 
while other studies have successfully combined in-
organic paleolimnology and biological data (Cooper 
and Brush 1991; Zimmermann and Canuel 2000; 
Cooper et al. 2004). In Baltic Sea coastal areas studies 
involving geochemical techniques utilizing a paleolim-
nological view are rare, with most studies focused on 
the open Baltic Sea, for example Emeis et al. (2000), 
Kunzendorf & Larsen (2002) and Vallius (1999). Pio-
neering work including sediment geochemistry exists 
from Töölönlahti Bay, Helsinki, Finland where sedi-
ment geochemistry has been used for tracing urban 
development (Tikkanen et al 1997; Virkanen 1998).

1.2. Th e unique features of the 
Baltic Sea

Th e Baltic Sea is one of the most widely studied seas 
in the world. In many ways it is rather unique in its 
natural features. Th e Baltic Sea is the largest brackish 
water body in the world. It is characterized by pro-
nounced density stratifi cation due to abundant river 
infl ows from the surrounding drainage basin and occa-
sional infl ows of saltwater from the North Sea through 
the narrow Danish straits. Since the Baltic Sea is semi-
enclosed, it has a very small tidal range compared to 
other seas and large estuaries of the world. Due to its 
location partly in the subarctic, seasonal changes play a 
large role in its biotic and abiotic dynamics. Compared 
to both fresh and marine waters the biodiversity is low 
in the Baltic Sea similarly to other brackish waters. 

Permanent settlement in the Baltic Sea area be-
gan already in the Stone Age, before 3000 B.C. Today 
nine countries surround the Baltic Sea and the total 
population of the catchment area is approximately 85 

million. Th e Baltic receives human-induced waste as 
discharges from municipalities and industry, in addi-
tion to runoff  from agriculture and atmospheric depo-
sition.

 Th e environmental status of the Baltic Sea has 
been carefully assessed (Nixon 1990, Janson & Dahl-
berg 1999). Extensive research exists from diff erent 
parts of the ecosystem, especially the core area of 
fi sheries (Vallin et al. 1999). Also the links between 
land-use and environmental status has been among 
the areas of focus (Sweitzer et al. 1996). Sediment 
nutrient accumulation and dynamics have been ex-
tensively studied from the eastern Gulf of Finland 
(Lehtoranta 2003; Pitkänen et al 2001; Lehtoranta 
& Heiskanen 2003) and heavy-metal contamination 
in surface sediments in the Gulf of Finland and Gulf 
of Bothnia has been assessed (Leivuori 1998). Baltic 
Sea sediments have also been studied for historical re-
corders (proxies) including the work on cyanobacterial 
blooms in the Baltic Sea by Bianchi et al. (2001) and 
on long term salinity changes by Sohlenius & West-
man (1998). Problems such as eutrophication and 
toxic substances are accentuated in such an enclosed 
sea area, and eutrophication, which is defi ned as the 
increased accumulation of organic matter in a system 
(Nixon 1995), is one of the foremost threats the Baltic 
Sea is facing today. 

Eutrophication results from an excess of nitrogen 
and phosphorus being delivered to water bodies. In-
creased nutrient availability can stimulate algal growth, 
degrade water quality and aff ect ecosystem function-
ing. Th ere are numerous indicators of eutrophication 
in the Baltic Sea including: increased organic content 
of the recently deposited bottom sediments compared 
to the 1920s (Johnson and Carman 1994), long-term 
decreases in Secchi depth (Sandén and Håkansson 
1996), more frequent cyanobacterial blooms (Finni et 
al 2001), increased occurrence of fi lamentous algae in 
coastal areas (Bonsdorff  et al. 1997), and a ten-fold 
increase in fi sh catches during this century, which has 
been interpreted to be due to the increased primary 
production level in the Baltic Sea (Hansson and Rud-
stam 1990). Summarizing all these fi ndings it is ob-
vious that severe eutrophication has occurred in the 
Baltic Sea during the last century (Lundberg 2005).

While much attention has been paid to the open 
waters of the Baltic Sea, less eff ort has been focused on 
estuaries, embayments and coastal waters. An estuary 
is a partially enclosed water body formed where fresh-
water from rivers and streams fl ows into the ocean, 
mixing with the salty seawater (Encyclopedia Britan-
nica Online 2006). Estuaries and their catchment are-
as form places of transition from land to sea, and from 
fresh to salt water. Baltic estuaries are not aff ected by 
tides like estuaries connected to the oceans. Estuaries 
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and coastal areas of the Baltic are particularly impacted 
by human activity, including industry, transportation, 
housing and recreation and are subject to signifi cant 
and growing pressures. 

Water quality data from coastal monitoring pro-
grams in the Baltic Sea are available at the most for the 
past 30 years, but in many cases it is very scattered and 
sparse. However, these areas, as most other aquatic sys-
tems, have been impacted by various human activities 
for a much longer time span than any monitoring sur-
veys cover. It is known that many of these estuaries are 
heavily or moderately eutrophied (Weckström 2006), 
but due to lack of suffi  cient monitoring data there is 
no evidence whether the small and shallow estuaries 
are naturally eutrophic or suff er from human induced 
effl  uents. Th erefore, paleolimnological information 
obtained by sediment stratigraphical analyses provides 
an indispensable background to supplement modern 
monitoring data (Smol 1992).

Th e Baltic estuaries and embayments are not widely 
studied from a paleolimnological point of view. Stud-
ies of environmental reconstructions using diatom in-
dices can be found from the Finnish coast (Weckström 
2006) and from the Danish coast (Clarke et al. 2003). 
Stable isotopes have been used for tracing sewage de-
rived nitrogen from Himmerfj ärden, Sweden by Sav-
age et al. (2004), and sediment geochemistry has been 
used for tracing urban development from Töölönlahti 
Bay, Helsinki, Finland (Tikkanen et al 1997; Virkanen 
1998). Based on this short review and considering the 
insuffi  cient time series of monitoring data, there is a 
clear need for detailed studies on recent environmental 
changes in the coastal areas of the Baltic Sea. 

Th e Water Framework Directive (WFD) of the Eu-
ropean Union requires that all member states have to 
determine reference conditions for aquatic ecosystems 
to provide a baseline against which the eff ects of past 
and present activities can be compared. Ideally, refer-
ence conditions could be established studying present 
systems that are still undisturbed. In marine environ-
ments, where waters are easily transported through 
currents and mixing, isolated and undisturbed sites are 
generally not available, hence other methods must be 
used in defi ning reference conditions. Th ese include 
using available monitoring data and combining it 
with historical data or diff erent kinds of modeling ap-
proaches (Cugier et al. 2005; Lancelot et al 2006). An 
alternative means is to use paleoecological methods to 
infer past conditions in the studied water bodies. In-
formation about long term anthropogenic change and 
nutrient enrichment can be obtained using the record 
of both chemical and biological proxies contained in 
well-dated sediment cores. 

1.3. Research problem and 
objectives

Th is study focuses on the least studied part of the Baltic 
Sea - the coastal area. It has two main objectives: Th e 
fi rst one is to examine changes in the coastal systems 
caused by human disturbance during the last 100-150 
years using sediment geochemical records. Th is dis-
turbance includes urbanization, eutrophication and 
diff erent kinds of construction activities both in the 
catchment area and in the immediate vicinity of the 
embayment. Th e second main objective is to evaluate 
the suitability of diff erent geochemical methods and 
indicators for studying these systems, and to underline 
main problems related to geochemical studies in these 
areas. Th e study sites were chosen to be at least mod-
erately eutrophic, and to represent diff erent land use 
types and specifi c potential nutrient sources (munici-
pal waste waters, agriculture, fi sh farms, pig farm). 

Th e thesis consists of 5 diff erent studies/papers. 
Paper I deals with a Baltic Sea embayment, which has 
suff ered from various disturbance in its recent history. 
Th e recent past of the site and the visual and chemical 
stratigraphies of multiple sediment cores were studied 
and linked together. Th e main aim of this paper was to 
show that geochemical paleolimnology is an eff ective 
tool in tracing human induced changes in such strongly 
modifi ed coastal environments. Paper II is a case study 
from a highly eutrophied and urbanized estuary. Th is 
paper demonstrates that eutrophication leaves certain 
distinct marks in the sediment stratigraphy. Paper III is 
a multi-proxy study of the same site. Th e multi-proxy 
approach not only enables the comparison and evalua-
tion of diff erent methods within one site, but also pro-
vides a tool for assessing longer-term changes in water 
column nutrient concentrations (diatom-inferred to-
tal dissolved nitrogen, DI-TDN), general productivity 
(algal pigments, organic phosphorus) and even past 
diversity patterns (diatom species richness). Paper IV 
tests and summarizes the use of geochemical methods 
and indicators in several coastal Baltic Sea sites. Also 
the eff ects of diff erent land use types and catchment 
and basin parameters are compared to the geochemical 
composition of the sediment. Paper V was planned in 
order to compare sediment geochemistry in diff erent 
types of sedimentation environments. Most of the geo-
chemical paleolimnological studies focus on lacustrine 
environments and therefore the methods are designed 
and tested for these kinds of sediments. Th e aim of 
this study was to compare sediment geochemical sig-
natures in a lacustrine and an estuarine site in overlap-
ping catchment areas with similar land-use types and 
land-use history. 

Together these studies provide a more comprehen-
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sive understanding of Baltic Sea coastal systems. Th e 
studied sites range from slightly modifi ed rural sites to 
a strongly altered industrial site. All the sites are at least 
moderately eutrophied and some sites are also strongly 
contaminated by anthropogenically derived heavy 
metals. Adding one lacustrine site to the study extends 
our knowledge on catchment-induced changes, and 
also enables the comparison of possible diff erences in 
binding mechanisms of elements in lacustrine vs. es-
tuarine sedimentation environments. 

Th e specifi c objectives of this study were to: 
1) determine the eutrophication history of the 

studied sites,
2) assess how activities in the catchment area are 

refl ected in the sediment,
3) demonstrate the potential of multi-proxy 

studies in coastal environments by using a 
range of biological and chemical parameters 
preserved in the sediment record;

4) compare lake and estuarine sedimentary 
environments as repositories of the geochemical 
record and pollution history; and 

5) identify reliable geochemical indicators.

2. STUDY AREA

Th e study area consists of fi ve coastal estuaries and 
embayments and one lake in southern Finland (Fig-
ure 1, next page). Th is area belongs to the hemi- and 
southern boreal vegetation zones. Th e bedrock in the 
western part of the studied area is mainly formed of 

Precambrian crystalline rocks and the eastern part is 
formed of Rapakivi granite (Atlas of Finland 1990). 
Th e bedrock is covered with glacial and postglacial de-
posits (till and sorted material); a marked percentage 
of the catchments is covered with glaciofl uvial clays. 
Th e studied area can be classifi ed as lowland, as it gen-
erally lies below 200 meters above mean sea level. 

2.1. Laajalahti

Laajalahti Bay (60.11 °N, 24.51°E) is a semi-enclosed 
fl at-bottomed urban estuary located a few kilometers 
away from the centre of Helsinki. Th e estuary can be 
divided into an inner and an outer part that are con-
nected by three openings to the Gulf of Finland (Fig-
ures 1 and 2). Th e surface area of the inner part is 4.9 
km2 and the mean depth is approximately 3 m. Two 
streams, the Mätäjoki River and Monikonpuro Creek 
bring freshwater into Laajalahti.

Th e catchment area of Laajalahti is dominated by 
urban land use types (Table 1). Th e embayment re-
ceived large loads of sewage in the 1960s and the 1970s, 
and the embayment began to suff er from frequent cy-
anobacterial blooms. Coastal monitoring records show 
high total phosphorus (TP) and total nitrogen (TN) 
concentrations (app. 1400 µg l-1 and 6000 µg l-1, an-
nual averages, respectively) during the late 1960s and 
1970s in the water column. TP concentrations started 
declining in the mid-1970s after the introduction of 
chemical removal of phosphorus and the redirection 
of overload to other treatment plants in Helsinki. In 
1986 nutrient concentrations dropped dramatically as 

Figure 2. Laajalahti is a semi-enclosed urban estuary west of the city of Helsinki. Th e sampling site is indicated with 
an arrow. (Photo: N. Rostedt)
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Figure 1. Th e index map shows the Gulf of Finland and the locations of the study sites along the southern coast of Fin-
land. Th e individual maps show the studied embayments and their catchment areas. 
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a result of the closure of the sewage-treatment plant. 
Nowadays Laajalahti Bay is still eutrophic, although 
the annual average TP concentrations of ca. 50 µg l-1 
and TN concentrations of 600-700 µg l-1 are clearly 
lower compared to past P and N concentrations. 

2.2. Pieni Pernajanlahti and 
Renstrandträsket

Pieni Pernajanlahti Bay (60º23’ N; 25º 53’ E) is the 
largest of the studied sites (Table 1, Figure 3). It is 
located in a fault line depression and is clearly deeper 
than the other sites. Pieni Pernajanlahti receives fresh-
water from River Ilolanjoki, which has a mean annual 
discharge of 2.9 m3 s-1 (Villa, unpublished data). It is 
connected to the Gulf of Finland through a scattered 
archipelago limiting the water exchange of the estuary. 
Th e catchment area has the highest fi eld cover (27%) 
of all the studied estuarine sites. Th e biggest changes 

in the catchment area occurred in the 1920s - 1940s, 
when new fi elds were cleared (Linnasalo and Penttilä, 
2003). Th ere are no signifi cant industrial or municipal 
nutrient point sources in the catchment area (Linnasalo 
and Penttilä, 2003) and most of the nutrients are de-
rived from agriculture (Vesistökuormituksen arviointi 
ja hallintajärjestemä). Th ere is little water chemistry 
monitoring data available for Pieni Pernajanlahti con-
sisting of only summer and winter nutrient concentra-
tions from 3-4 years (Weckström, unpublished). 

Lake Renstrandträsket is located in the catchment 
area of Pieni Pernajanlahti. It is a fairly small (28 ha) 
and shallow (1.2 m) lake with a catchment area of 489 
hectares (Figure 1, Figure 4). Water chemistry data 
from the lake are sparse covering only some winter 
values from a few years. However, it is known that the 
lake is eutrophic and occasionally anoxic during win-
ter ice-cover (Villa, pers. comm.). Land-use patterns 
are similar to the catchment area of Pieni Pernajanlah-
ti: Renstrandträsket has slightly more fi elds (30%) and 

Figure 3. Pieni Pernajanlahti is a long and narrow 
estuary, which was formed along a tectonic fault-line. 
Agricultural land comprises ca. 26 % of the catchment 
area. (Photo: S. Vaalgamaa)

Figure 4. Renstrandträsket is a small and shallow lake 
draining to Pieni Pernajanlahti. Agricultural land is 
located in the immediate vicinity of the lake. (Photo: S. 
Vaalgamaa)

Table 1 Land-use types
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forests (68%) in its catchment area, but less dwellings 
and industrial areas (2%). 

2.3. Fasarbyviken 

Fasarbyviken Bay (60º 22’ N, 25º 59’ E) is the small-
est of the studied embayments in terms of its surface 
area and catchment area (Table 1, Figure 5). It has 
no major sources of freshwater and the catchment 
area is dominated by forests and agriculture. Nutri-
ent sources to the embayment include agriculture and 
scattered dwellings that are not connected to the sewer 
network. Th ere is a small sewage treatment plant es-
tablished in 1973 and it is estimated that it contributes 
only a minor part to the total nutrient loading to the 
embayment (Weckstöm et al. 2004a). A large pig farm 
(ca. 700 pigs) in the catchment area may have an ef-
fect on the water quality of Fasarbyviken, since some 
of the sludge produced by the pigs was occasionally 
spread on nearby fi elds. Some of the fi elds fl ood recur-
rently and today manure spreading during winter is 
avoided. 

Water quality monitoring data from Fasarbyviken 
comprises at least two yearly values for TN and TP 
since 1975 until the present with 3 missing years of 
data (1976, 1978 and 1992). Signifi cant variations 
occur in both TP and TN concentrations throughout 
the monitored period. TN annual average concentra-
tions were highest in the early 1980s (> 1000 µ l -1). 
Since then the concentrations have remained below 
800 µg l-1 with the exception of years 1984 and 1989 
with higher concentrations. TP concentrations were 
also highest in the early 1980s. From the mid 1980s 
onwards TP concentrations have remained below 40 µ 
g l -1. Th e embayment is very turbid and the Secchi-
depth is only 1 m. 

2.4. Hillonlahti

Hillonlahti Bay is an elongated, semi-enclosed embay-
ment (60º 32’ N, 27º 9’ E). It is situated in a rock de-
pression fi lled with 10-16 m-thick clay deposits. Th e 
catchment area is 8.4 km2 in size and it has experienced 
signifi cant industrial and residential development dur-
ing the past century (Figure 6). Particularly the con-
struction of the Hamina port and the establishment 
of timber industry and railroads on its shores have af-
fected the ecosystem and sedimentation conditions in 
the embayment greatly. Wood processing industry has 
had a strong impact in the area. Preserved wood items 
have been manufactured in the area from the 1940s 
to the 1990s. Poles treated with creosote and Cr- and 
Cu-salts were stored in an open area, which resulted 
the excess chemicals to be fl ushed to the nearby cove 
and from there eventually to Hillonlahti.

Wastewaters have been discharged into Hillon-
lahti during its recent history, partially even via open 
ditches. Until 1987, effl  uents from the village of Hillo 
and the close-by industrial plants drained into the em-
bayment through a simple sewage-treatment system 
with a purifi cation effi  ciency of 50 % for organic mat-
ter and about 20 % for nitrogen and phosphorus. It 
was only in 1994 that the residential area nearby was 
connected to a modern communal sewage-treatment 
system. According to the monitoring surveys (Kymi-
joki Water Conservation Association 1985-1994), 
Hillonlahti was the most polluted among all coastal 
waters of the municipality of Hamina. Th e heavy sew-
age load was refl ected by high nitrogen and phospho-
rus concentrations (Ntot 755 µg l-1 and Ptot 65.7 µg 
l-1, mean values 1984-1993) and due to construction 
works right at the shoreline, the water has been occa-
sionally extremely turbid (see paper I). 

Figure 5. Fasarbyviken is the smallest of the embayments 
studied Th e catchment area is dominated by forests and 
agriculture. (Photo: S. Vaalgamaa)

Figure 6. Hillonlahti is an elongated, semi-enclosed 
urban embayment. Th e catchment area has experienced 
signifi cant industrial and residential development dur-
ing the past century. (Photo: S. Vaalgamaa)
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2.5. Hellänlahti 

Hellänlahti (60º35’N, 27º46’ E) is a small extension 
of the larger Virolahti Bay (Figure 1, Figure 7), which 
is located at the Finnish-Russian border. River Virol-
ogy drains into Virolahti, but due to water circulation 
Hellänlahti possibly also receives part of the river dis-
charge and treated wastewaters from the Virolahti mu-
nicipality. In 1987 Virolahti received 9 t/a phosphorus 
and 60 t/a nitrogen and at that point, on the basis of 
phytoplankton biomass and primary productivity, it 
was assessed as the most eutrophied part of the inner 
archipelago (HELCOM 1991). Hellänlahti is shallow 
with a mean depth of only 1.6 m, and very turbid with 
a Secchi-depth less than 1 m. 

Th e catchment area of Hellänlahti is dominated 
by forests with a relatively low percentage of agricul-
tural area (15 %) (Weckström et. al. 2004b). In the 
outer area of Virolahti there are fi sh farms, which may 
aff ect the water quality of the site. Th e River Virojoki 
was used for timber fl oating from the 1900s until the 
1960s. Th e channel of the river was straightened and 
dredged, and the rapids were cleared in the 1950s in 
order to make timber fl oating easier. As a consequence 
of this, the mouth of the river became shallower by 
0.5 meters due to sedimentation. After the modifi ca-
tion of the river channel, spring fl oods have tended 
to occur right after the snow melt in contrary to the 
previous situation, when the spring fl oodwaters oc-
curred in July. 

Water quality monitoring data are available for 
TP from 1973 onwards and for TN from 1977 until 
today. TP peaked in the 1980s and TN in the 1990s 
(TN 1150 µg l-1,TP 91 µg l-1 ). Th ese peaks are prob-
ably caused by wastewater loading and the onset of 
fi sh farming in the outer area of the Bay in the early 
1980s. 

3. METHODS

3.1. Coring and dating 

Th e 5 embayments chosen for the study are rather 
small and semi-enclosed to ensure undisturbed sedi-
mentation conditions. Th e lake site was chosen based 
on the suitable location on the catchment area of one 
of the embayments. Th e bathymetry of the sites was 
surveyed from charts and in addition the sites were 
traversed by boat along a few transects with a portable 
echo sounder. 

Cores from Hillonlahti Bay were collected using a 
Russian peat corer with an internal diameter of 10 cm 
(Jowsey 1966). A centrally located core Hl (core length 
98 cm, water depth 1.9 m) was used for sediment geo-
chemical analyses. Eight additional cores were taken 
at intervals of 200-300 m on perpendicular transects 
across the embayment. Th e cores were transported to 
the laboratory in a horizontal position and sliced there 
at 1 cm intervals and stored in the dark at 4 °C.

Th e sediment cores from the other sites were col-
lected from an infl atable dingy using a mini Mac-
kereth-corer (Mackereth 1969). Two parallel sediment 
cores (a and b) were sampled from Laajalahti, Fasar-
byviken and Hellänlahti (water depths 3.7 m, 4.0 m 
and 2.6 m, respectively). Laajalahti cores were named 
La and Lb, Fasarbyviken cores Fa and Fb and the 
cores obtained from Hellänlahti Ha and Hb. Th e core 
lengths varied from 87 to 89 cm. Only a-cores were 
dated and used for sediment geochemical analyses (Lb 
core was used in grain size analyses). 

Two sites were chosen for multiple coring.  A lon-
gitudinal transect from diff erent water depths was sam-
pled from Pieni Pernajanlahti. Lake Renstrandträsket 
was sampled evenly from eastern, southern, western 
and northern parts of the round lake. A centrally locat-
ed sediment core was chosen to be dated and analyzed 
in detail. Th ese cores are referred here as “master cores” 
and marked as PP for Pieni Pernajanlahti and Rm for 
Renstrandträsket. Th e sampling depths of the master 
cores were 4.6 m in Pieni Pernajanlahti (core length 
87 cm) and 1.2 m in Renstrandträsket (core length 79 
cm). Th e cores were transported to the laboratory in 
vertical position and sub-sampled there at 1 cm inter-
vals and stored in the dark at 4 °C until analysis. 

Th e sediment core from Hillonlahti Bay was dated 
using 210Pb and 137Cs measurements and spheroidal 
carbonaceous particle (SCP) analysis. 210Pb and 137Cs 
analyses were done in the Department of Radiochem-
istry, University of Helsinki as described in Paper I. 
SCP analysis followed the method described in Rose 
(1990). Sediment cores from other sites were analyzed 

Figure 7. Hellänlahti is a small extension of the larger 
Virolahti Bay. Th e catchment area of Hellänlahti is 
dominated by forests with a relatively low percentage of 
agricultural area (15 %). 
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for 210Pb, 226Ra and 137Cs by direct gamma assay at 
the Liverpool University Environmental Radioactivity 
Laboratory, using Ortec HPGe GWL series well-type 
coaxical low background intrinsic germanium detec-
tors (Appleby et al. 1986). 

3.2. Sediment loss-on-ignition 
and particle size measurements

Th e water content and loss-on-ignition (LOI) of the 
sediment was determined by the standardized method 
SFS 3008 at 1 cm intervals for cores La, PP, Fa, Ha and 
Rm. For the Hillonlahti core, water content of the sed-
iment was determined by heating the samples at 80° C 
for 12 h (Tanner & Leong 1995). LOI was measured 
by placing a known weight of dried sediment into por-
celain crucibles and annealing in a muffl  e furnace at 
550 C for 2.5 h (Bengtsson and Enell 1986). 

Particle size distribution of minerogenic matter was 
analyzed for Pieni Pernajanlahti and Renstrandträsket 
from unhomogenized sub-samples of the master cores 
in 2- 5 cm sample intervals using a particle size ana-
lyzer (Coulter LS-200 laser diff ractometer; Agrawall 
et al. 1991). Before analysis, the organic matter was 
removed with 30% solution of hydrogen peroxide. 
An ultrasonic disintegrator was used to defl occulate 
the clay fraction. Th e mean value of two measure-
ments was used. For Laajalahti, particle size distribu-
tions were measured from the b-core. Samples were 
homogenized by ultrasonifi cation and then measured 
on a Malvern Mastersizer. Th e mean particle size was 
calculated from six sub-samples. 

3.3. Chemical analyses

Samples for chemical analyses were dried in plastic 
bags at 80 ºC (Tanner and Leong 1995), and subse-
quently homogenized in an Ika A10 mill with a W-
Co blade. For elemental analysis, the samples from 
Hillonlahti were treated as described in Allen (1989). 
Samples from other cores were digested by autoclav-
ing the sample in 7 M Nitric acid at 125 ºC for 30 
minutes for the analysis of Al, Ca, K, Mg, Na, Cu, 
Fe, Mn, Zn and total phosphorus (TP) (SFS 3044). 
Concentrations of metals were measured using a Var-
ian SpectrAA 10+ atomic absorption spectrophotom-
eter. Cs at a concentration of 2000 µg ml-1 was used 
as an ionization suppressor in Al, Na and K analyses, 
and La at a concentration of 1000 µg ml-1 was used as 
a releasing agent in Ca and Mg analyses (Aasarød and 
Storaas 1996). 

TP concentration was measured using the ammo-
nium molybdate method with ascorbic acid reduction 

(SFS-EN 1189). For inorganic phosphorus (IP) meas-
urements, samples were digested in 1 M HCl for 18 
hours (Aspila et al. 1976) and then analyzed according 
to SFS-EN 1189. Organic phosphorus (OP) was ob-
tained by subtracting the inorganic fraction of phos-
phorus from total phosphorus. Th e nitrogen (TN) and 
carbon (TC) content of the sediment was measured 
using a Leco-analyzer. Th e concentration of biogenic 
silica (BSi) was measured using a modifi cation of De-
Master-method (1981) as explained in Conley and 
Schelske (2001). 

3.4. Quality control

Th e repeatability and precision of the procedures used 
for digestion and metal and nutrient determinations 
were verifi ed using certifi ed reference materials (VKI 
CMR Municipal sludge A, NIST 1646 Estuarine 
sediment). Relative standard deviations (RSD%) from 
replication were < 5 % for all metal and TP analyses. 
For TN and TC analyses, RSD% were 1.9 and 2.3, 
respectively. For BSi and IP analyses, the variations 
within replicates were < 10 %. Th e average recoveries 
from the standard reference materials were 91% for 
TP, 96 % for Zn, 98% for Cu and for 89 % for K (oth-
ers not certifi ed). Quality control of BSi analyses was 
carried out using the same reference samples that were 
used in an interlaboratory comparison (Conley 1998) 
and the results were comparable with previous results 
(RSD% < 10 %). 

3.5. Methods in Paper III

Th e methods used in the multiproxy-study are de-
scribed in detail in Paper III of this thesis. Th e sedi-
ment coring, dating and geochemical methods are 
as described above. Additional analyses in this study 
include water quality measurements, stable isotope, 
pigment and diatom analyses. 

3.6. Data analysis

Multivariate ordination techniques were used to ex-
amine the major trends of underlying patterns of 
variation in the data. Ordination plots allow easy 
visualization of these patterns, which often represent 
a signifi cant proportion of the variability in the data 
(Kovach 1995). PCA-analysis (principal components 
analysis) was used in all papers. It was implemented 
using the computer program CANOCO, version 4 
for Windows (ter Braak and Smilauer 1998) for all 
the papers except paper number II where SPSS was 
employed. 
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Redundancy analysis (RDA) was used to explore 
the relationships between the measured sediment 
geochemical variables (species in this case) and envi-
ronmental variables such as land use type and catch-
ment and basin morphometry. RDA is a constrained 
form of principal component analysis (PCA), where 
the ordination axes are constrained to be linear com-
binations of the environmental variables (Birks 1995). 
Th e species scores (i.e. geochemical parameters) in 
RDA are most accurately represented by arrows (that 
is, the direction in which that species is increasing in 
abundance). RDA was performed with CANOCO for 
Windows, version 4.0 (ter Braak & Smilauer 1998) 
and used in Paper IV and in the synthesis of this thesis. 
In Paper V, regression analyses using SPSS were used 
in order to underline how changes in diff erent indica-
tors (possible carrier particles) infl uence the change in 
other indicators. 

In the multiproxy Paper III various statistical 
methods were employed. For water-chemistry analy-
ses, the non-parametric Kendall’s tau B-test was used 
to examine the signifi cance of the monotonic trends 
(Helsel & Hirsh 1992). Linear regression analyses were 
used to model relationships between chlorophyll a and 
water TN and TP. A previously generated diatom-
transfer function for total dissolved nitrogen (TDN) 
was used to infer past TDN concentrations from the 
fossil diatom assemblages. For details see Weckström 
et al. (2004c). Diatom diversity was quantifi ed by esti-
mating the species richness of fossil assemblages using 
rarefaction analysis with the programme RAREPOLL 
(Birks & Line 1992). Th e major trends in the diatom 
assemblages were summarized using correspondence 
analysis (CA). 

4. RESULTS

4.1. Sediment description and 
lithology 

Th e sediment stratigraphy was visually fairly similar in 
Laajalahti, Pieni Pernajanlahti, Fasarbyviken and Hel-
länlahti. Th ese sites had an oxidized brownish top lay-
er of 1 cm. From 1 cm downwards the sediment color 
varied from brownish-grey to black and black-striped 
sediment. In the Laajalahti core, the black stripes were 
particularly pronounced from 7 to 24 cm. Th is visual 
lithology indicates anoxic-sulfi dic conditions in these 
sediment layers and oxic conditions at the sediment-
water interface. Th e sediments of the multiple-im-
pacted Hillonlahti had a very unusual visual structure, 
which is described in detail in Paper I. Th e sediment 

cores from Hillonlahti Bay showed very clear changes 
in sediment color and structure. Lake Renstrandträs-
ket had a greyish-brownish top layer (0-34 cm) be-
yond which the sediment was brown. Th e biggest 
visual diff erence between the lacustrine site and the 
marine sites was that the lacustrine sediment appeared 
more brownish and lacked the black sulphide stripes.

Sediment loss-on-ignition was used to describe 
the sediment organic content. It has been proven to be 
a fairly good indicator of organic content and some-
times even sediment organic carbon (OC) content 
(Dean 1974). However, some problems exist particu-
larly in clayish marine sediments: High sediment clay 
content may exaggerate the sediment organic content 
due to loss of structural water by clay minerals during 
ignition. 

Th e highest organic contents in all estuarine sites 
were reached in Hellänlahti and Fasarbyviken (app. 
8-13 %), while generally lower values were found in 
Laajalahti and Pieni Pernajanlahti (8-10% and 7-12 
%) (Figure 8). In Hillonlahti, the organic content was 
signifi cantly lower (app. 6 %) except for the organic 
matter peaks in the top and at 30 cm depth (9 % and 
14 %, respectively). Of the studied sites, the lake ex-
hibited the highest organic contents (11-25 %). 

Sediment grain size analyses were performed at 
three of the sites; Laajalahti, Pieni Pernajanlahti and 
Renstrandträsket. In addition to this, clear visual 
diff erences in sediment grain size were observed in 
the sediment cores from Hillonlahti. Grain size dif-
ferences were minor in the other studied cores, but 
some changes could, however, be noticed (Figure 8). 
In Laajalahti, the median grain size peaked at 35 to 
20 cm and then stabilized towards the top. In Pieni 
Pernajanlahti, the median particle size varied between 
4-6 µm and in Lake Renstrandträsket between 3 and 
8 µm. No clear trends could be observed in the mas-
ter core from Pieni Pernajanlahti, but the lake core 
showed a clear change at 30 cm, which corresponds to 
the 1950s, with coarser grain size in the bottom parts 
of the core and fi ner in the top. 

4.2. Sediment dating and 
sediment accumulation rates

Reliable sediment dating has been found diffi  cult 
to achieve in estuarine and coastal environments 
(Tikkanen et al. 1996; Paper I). Th e dynamic na-
ture of these environments disturbs the settling and 
deposition of particles. However, all studied sites ex-
cept Hillonlahti Bay and Lake Renstrandträsket have 
fairly reliable 210Pb records with gradually declining 
concentrations of unsupported 210Pb. Total 210Pb ac-
tivity reached equilibrium with the supporting 226Ra 
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at depths of 25 cm in Hellänlahti, 60 cm in Pieni Per-
najanlahti, 75 cm in Fasarbyviken and 20-25 cm in 
Laajalahti Bay. 

Clear evidence of the 1986 Chernobyl accident 
was found in each of the cores. In Hellänlahti Bay, 
there was a well resolved peak of 137Cs at 10.5 cm. Th e 
large 137Cs inventory (21 480 Bq m-2) indicates that 
this feature records the fallout from the 1986 Cher-
nobyl accident. In Pieni Pernajanlahti, 137Cs had two 
subsurface peaks, at 4.5 and 16.5 cm. Th e high con-
centrations and large total inventory (69 360 Bq m-2, 
over three times that in Hellänlahti) suggest that both 
peaks derive from the Chernobyl fallout, however the 
deeper peak at 16.5 cm is the more likely indicator of 
it. Th e more recent peak is probably caused by shifts in 
the patterns of sedimentation or by delayed washout 
from the catchment. A small but signifi cant shoulder 
on the 137Cs profi le at 31.5 cm depth may record the 
1963 fallout maximum from the atmospheric testing 
of nuclear weapons. In Fasarbyviken, 137Cs activity 
has a well-resolved subsurface peak at 21.5 cm. Th e 
very large total inventory (76 170 Bq m-2) shows that 
this feature records the fallout from the Chernobyl ac-
cident. Th e very high sediment accumulation rate at 
this site has preserved the record of the 1963 nuclear 
weapons testing as a small but signifi cant shoulder on 
the 137Cs profi le at 48.5 cm depth. In Laajalahti, 137Cs 
has a relatively well-resolved peak at 7-9 cm. Although 
the total inventory (10 233 Bq m-2) is lower than at 

the other marine sites, the 137Cs/210Pb inventory ratio 
(3.8) is comparable, and well in excess of the expected 
weapons 137Cs/210Pb ratio.

In Laajalahti Bay, there is a signifi cant discrepancy 
between the two 210Pb chronologies in the upper zone 
(CRS – constant rate of supply model, and CIC – con-
stant initial concentration model). Th e Cs date sug-
gests that the CIC model is more applicable to the re-
cent sediments. Th erefore a composite chronology was 
constructed using the CIC model for the upper zone 
and the mean sedimentation rate from both models 
for the deeper sections. Th e sediment accumulation 
rate was relatively uniform for the deeper sections, c. 
0.032 g cm-2y-1. Th ere appears to have been a rapid 
increase since the 1980s and sedimentation rates dur-
ing the past decade have had an average value of ca. 
0.13 g cm-2 y-1 (Figure 9). 

For Pieni Pernajanlahti Bay, the 210Pb dates were 
calculated using the CRS model with the 1986 and 
1963 depths indicated by the 137Cs stratigraphy as ref-
erence points. Use of the CIC model was precluded by 
the non-monotonic variations in 210Pb activity. Th e 
210Pb and 137Cs results were in good agreement. Th e 
mean sediment accumulation rate before 1940 was 
calculated to be ca. 0.10 g cm-2 y-1. Since then sedi-
mentation rates have increased generally, with peaks in 
the early 1950s, 1980 and during the past few years.

For Fasarbyviken, 210Pb dates were calculated us-
ing the CRS model with the 1986 and 1963 depths 

Figure 8. Loss on ignition (LOI %) and sediment grain size (d50 µm) from the studied 
sites. (La: Laajalahti, PP: Pieni Pernajanlahti, Fa: Fasarbyviken, Ha: Hellänlahti, Hl: 
Hillonlahti, Rm: Renstrandträsket.) Sediment grain size was analyzed from the parallel 
Lb-core. A- and b-cores were correlated using LOI-profi les.
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indicated by the 137Cs stratigraphy as reference points. 
Th e large discrepancy between the 210Pb and 137Cs 
results is caused by changes in the 210Pb fl ux, which 
in this case appears to be mainly driven by changes in 
the sedimentation rate. Th e mean sedimentation rate 
before the mid 1940s was calculated to be ca. 0.13 
g cm-2 y-2. Between 1950-80 sediment accumulation 
rates increased sharply reaching peak values of more 
than 0.4 g cm-2 y-1 in the 1980s and 1990s. 

Th e chronology for Hellänlahti was obtained us-
ing a composite model of the 137Cs date and the 210Pb 
dates. Th e 210Pb dates were calculated using both the 
CRS and the CIC model, which indicate a signifi cant 
increase in sedimentation rates during the past 20-30 
years. According to composite model, the sedimenta-
tion rates appear to have been relatively steady before 
the mid 1970s. During the early 1980s accumulation 
rates increased dramatically and contemporary values 
are calculated to be ca. 0.17 g cm-2 y-1. 

Lake Renstrandträsket has a fairly poor 210Pb-
record. In all of the samples assayed, the total 210Pb 
activity was barely above equilibrium with the sup-
porting 226Ra. Th e 210Pb inventory corresponds to a 
fl ux of 68 Bq m-2 y-1 and is comparable to the atmos-
pheric fallout value. Th e most likely explanation for 
the low concentrations is dilution of the atmospheric 
fl ux by very rapid sediment accumulation. 137Cs 
showed a well-resolved peak at 8.5 cm, demonstrating 
that the core contains a good 137Cs record. Since the 
total 137Cs inventory (9089 Bq m-2) was three times 

higher than typical weapons fallout values in Finnish 
lakes, the 137Cs peak almost certainly records the fall-
out from the 1986 Chernobyl accident. Th is inference 
is also supported by the high 137Cs/210Pb inventory 
ratio (4.2). No clear evidence of the 1963 weapons 
fallout maximum was detected. Due to the poor 210Pb 
record, the dates calculated using the CRS model had 
very large uncertainties. Th e 1986 137Cs date gives a 
mean sediment accumulation rate during the last 13 
years of 0.15 ± 0.004 g cm-2y-1, which is compara-
ble to the mean sedimentation rate calculated using 
the CRS model of ca. 0.13 g cm-2 y-1. In the absence 
of more reliable evidence, the safest procedure is to 
calculate a sediment chronology based on the average 
sedimentation rate of 0.14 cm-2 y-1. 

In Hillonlahti, it was not possible to apply the 
210Pb-dating models, because there were fl uctuations 
in unsupported 210Pb concentrations and no exponen-
tial decline was observed down the core. Instead, the 
137Cs activity had a well-resolved peak at 32 cm dem-
onstrating that the core contains a good Cs-record. It 
was also found that the isotopic ratio in the sediment 
was comparable to the Chernobyl fallout. Th e weap-
ons fallout record could not be detected and hence it 
was not possible to distinguish the 1963 depth. De-
spite of the poor 210Pb-record, it was possible to set 
some anchor points to the chronology using the visual 
structure of the sediments together with knowledge of 
local construction history, which is described in detail 
in Paper I.

Figure 9. Sediment accumulation rates (g cm-2) from the studied sites. Detailed chronologies from the sites 
are given in Papers I, II, IV and V. (La: Laajalahti, PP: Pieni Pernajanlahti, Fa: Fasarbyviken, Ha: Hel-
länlahti, Hl: Hillonlahti, Rm: Renstrandträsket)
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4.3. Sediment geochemistry

4.3.1. Aluminum, alkaline and earth 
alkaline metals

Sediment Al profi les were nearly identical in Laajalah-
ti, Pieni Pernajanlahti and Fasarbyviken: Th e levels 
were stable throughout the entire studied period with 
similar concentrations (ca. 40 000 µg g-1) (Figure 10). 
In Hellänlahti, Al levels were much lower (app. 25 
000 µg g-1). In the strongly modifi ed Hillonlahti, Al 
concentrations varied from nearly 35 000 µg g-1 to 4 
000 µg g-1 depending on the source of sediment. Th e 
highest concentrations of all the sites were observed in 
Lake Renstrandträsket with slowly increasing concen-
trations from 35 000 to 50 000 µg g-1.

K and Mg profi les resemble greatly those of Al at 
all the sites. Highest K and Mg concentrations were 
reached in Pieni Pernajanlahti and Fasarbyviken (K 
and Mg >12000 µg g-1), and the lowest in Hellän-
lahti (K 6000-7000 µg g-1 and Mg 8000-9000 µg g-1). 
Similar profi les of these lithophile elements indicate 
that the origin and processes governing their sedimen-
tation are similar. Alkali- and alkaline-earth elements 
together with aluminium (and silica) are major con-
stituents of silicate minerals and occur in sediments 
mainly in allogenic clastics eroded from the catchment 
rocks and soils. 

Ca and Na profi les diff er the most from the other 
lithophile profi les in all the sites. In Laajalahti, Pieni 
Pernajanlahti, Fasarbyviken and Hellänlahti, Ca-con-
centrations show more variation in the lower parts of 
the cores and also increase towards the top. In Hillon-
lahti, the Ca profi le fl uctuates irregularly throughout 
the whole core. In Lake Renstrandträsket, the Ca-
profi le resembles the other lithophile profi les from 
the same site. Highest Ca concentrations are reached 
in Laajalahti, Hillonlahti and Lake Renstrandträsket 
(max. app. 2900 µg g-1 , 4000 µg g-1 and 2700 µg g-1, 
respectively). Th e diff erence in the Ca sedimentation 
patterns in comparison to other lithophiles are at least 
partly related to the fact that Ca has a strong affi  nity 
for organic ligands and therefore more organic sedi-
ments may contain substantial amounts of calcium 
not associated with allogenic minerals (Engstrom & 
Wright 1984).

Na diff ers signifi cantly from the other lithogenic 
indicators. Th e marine sites Laajalahti, Pieni Pernajan-
lahti and Fasarbyviken show a relatively constant base-
line (ca. 6 000 µg g-1) or slight increase towards the 
top and then a major surface enrichment (>13 000 µg 
g-1). Th is enrichment is due to the high water content 
of the surface sediment. In Hellänlahti and Hillonlah-
ti, the enrichment is present, but not as pronounced. 

Na concentrations are much lower in freshwater Lake 
Renstrandträsket (480-800 µg g-1) compared to the 
estuarine sites. 

4.3.2. Fe and Mn

Th e abundance of iron and manganese in sediments is 
determined by conditions both in the catchment and 
the basin. Th ey are found in sediments bound to the 
mineral lattices of allogenic clastics, but also as com-
ponents of authigenic oxides, sulphides, carbonates 
and organic complexes derived from the weathering 
of catchment soils (Engstrom & Wright 1984). Th e 
supply of these elements is mainly controlled by envi-
ronmental processes occurring in the catchment, and 
the preservation in the sediments is a function of con-
ditions within the basin or lake.

Th e highest HNO3-soluble iron-concentrations 
were reached in Pieni Pernajanlahti and Fasarbyviken 
(60 000 µg g-1) (Figure 11). Th is level was maintained 
throughout the studied period and only minor fl uc-
tuations were observed. In Laajalahti, Fe-concentra-
tions increased towards the 1970s and then decreased 
again in the top parts of the sediment core (except for 
a slight surface enrichment in top three centimeters). 
A clear increase towards the top can also be seen in 
Lake Renstrandträsket (40 000…60 000 µg g-1). In 
Hellänlahti Fe concentrations were generally lower 
than in most of the other sites (app. 50 000 µg g-1) 
and Fe trends were decreasing towards the top. Th e Fe 
concentrations in Hillonlahti were generally the low-
est of the sites but also the most variable. 

Mn-concentrations were highest in Pieni Perna-
janlahti (410-550 µg g-1); most clear increases could 
be seen in 1930-1950 and in the 1990s. In Fasarby-
viken, concentrations were fairly constant (app. 360 
µg g-1) until 1980, when Mn concentrations show a 
moderate decrease (app. 320 µg g-1). In Laajalahti and 
Lake Renstrandträsket, the concentrations increased 
slightly from the bottom parts towards the top. Again, 
Hellänlahti was the only site where concentrations 
drop towards the 1980s and then increase towards 
the top. In Hillonlahti, the Mn concentrations follow 
the same patterns as the lithogenic indicators (Al, K, 
Mg). 

4.3.3. Cu and Zn

Copper (Cu) and zinc (Zn) are often considered good 
indicators of anthropogenic infl uence. Cu and Zn 
have been used by humans for a variety of purposes 
throughout the 19th and 20th century. Point-source 
inputs of Zn to aquatic environments include indus-
trial effl  uents, municipal wastewaters, and emissions 
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Figure 10. Al, K, Mg, Ca and Na profi les from the studied sites. (La: Laajalahti, PP: Pieni Pernajanlahti, Fa: 
Fasarbyviken, Ha: Hellänlahti, Hl: Hillonlahti, Rm: Renstrandträsket)
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from smelting operations and fossil fuel combustion. 
Today most of the antropogenic Zn is derived from 
fossil fuel combustion (Nriagu & Davidson1980) and 
automobile tire wear (Callender & Rice 2000). Cop-
per is mainly derived from smelters, fossil fuel uses and 
spills, industrial discharges, agriculture, mining and 
waste waters (Valette-Silver 1992). 

Th ere were signifi cant diff erences in Cu and Zn 
concentrations between the sites (Figure 12). Th e ur-
ban Laajalahti Bay clearly exhibited the highest Cu 
concentrations (98 µg g-1) and most marked increase 
from the 1850s towards today. Copper concentrations 
were more than twice as high in Laajalahti compared 
to all rural sites. In addition, the strongly altered 
Hillonlahti showed a high peak in Cu compared to 
the other sites (55 µg g-1). In Pieni Pernajanlahti, 
Fasarbyviken, Hellänlahti and Lake Renstrandträsket 
the Cu concentrations were relatively constant (ca. 40 
µg g-1) throughout the sediment profi les, although in 
Fasarbyviken and Hellänlahti a slight increase starting 
in the 1930s could be observed. As a comparison, the 
mean Cu concentrations in surface sediments of Gulf 
of Finland are approximately 43 µg g-1 (digested with 
aqua regia and HF) (Leivuori 1998). 

Also Zn concentrations are twice as high in Laa-
jalahti as compared to other sites (326 µg g-1). Th e 

lake site has somewhat surprisingly high peaks in zinc 
concentrations in lower parts of the core (329 µg g-1). 
Zn concentrations vary the most in Hillonlahti from 
very low to higher than average concentrations in sur-
face sediments of Gulf of Finland (175 µg g-1) as meas-
ured by Leivuori (1998). Fasarbyviken and Hellänlahti 
exhibit slight increase towards the surface sediments 
and Pieni Pernajanlahti until 1970s from where the 
concentrations start to decline towards today. 

4.3.3. Nutrient elements

TC and TN profi les from each site resembled each 
other signifi cantly (Figure 13). All marine sites showed 
a slight increase towards the top of the sediment core. 
TC concentrations were highest in Hellänlahti (app. 
50 mg g-1), whereas in the other marine sites they were 
close to 30 mg g-1. Th e lacustrine site had the highest 
TC concentrations of all studied stratigraphies. Diff er-
ing from the other sites, it showed highest concentra-
tions in the lower parts of the core and a signifi cant 
peak in 1900-1950 (120 mg g-1).

Of the marine sites, TN concentrations were high-
est in Hellänlahti varying from 5 mg g-1 to 7.5 mg g-1 
in the surface sediment, compared to the lower values 
in the other sites varying form 2.5 mg g-1 to 5 mg g-1. 

Figure 11. Fe and Mn profi les from the studied sites. (La: Laajalahti, PP: Pieni Pernajanlahti, Fa: Fasarbyviken, 
Ha: Hellänlahti, Hl: Hillonlahti, Rm: Renstrandträsket)
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In Renstrandträsket TN concentrations vary from 5 to 
12.5 mg g-1. TC and TN concentrations from Hillon-
lahti are not available. 

TP concentration profi les appeared to be quite 
monotonous similarly to TC and TN, except for a 
more prominent surface enrichment in the top sedi-
ment observed at some of the sites. Th e clearest enrich-
ment could be observed in Laajalahti and Pieni Perna-
janlahti, where concentrations were twice as high (ca. 
2 mg g-1) compared to the baseline concentrations (ca. 
1 mg g-1) in the cores. Fasarbyviken and Hellänlahti 
exhibited a slight increase towards the top. Th e TP 
profi le in Hillonlahti was more varying and showed a 
clear peak from the mid 1970s to the late 1980s. Th e 
baseline concentrations at this site were lower (< 1 mg 
g-1) than at the other sites with highest concentrations 
around 1.5 mg g-1. Lake Renstrandträsket also dis-
played a varying TP profi le: Th ere were local peaks in 
the 1880s and in 1900-1950, but the concentrations 
were not signifi cantly higher than in the marine sites 
varying from less than 1 mg g-1 to app. 1.5 mg g-1.

OP concentrations showed more changes through-
out the cores compared to other nutrients. In Laajalah-
ti, the greatest increase occurred in the 1930s with a 
peak in the 1970s. From there onwards the concentra-
tions decreased signifi cantly until the 1990s. A large 
surface enrichment of OP could be observed in the 
Laajalahti core, which is probably due to diagenetic 

changes in the sediment. OP concentrations increased 
towards the top of the sediment in Pieni Pernajan-
lahti, Fasarbyviken and Hellänlahti. Th ese increases 
occurred signifi cantly earlier than the increases seen 
in TC, TN and TP profi les. In Pieni Pernajanlahti, 
the increase started in the late 1960s, in Fasarbyviken 
from the 1920s onwards and in Hellänlahti from the 
1980s onwards. Of the marine sites, the highest OP 
values were reached in Laajalahti and in the top sedi-
ments of Pieni Pernajanlahti (app. 0.6 mg g-1). In Lake 
Renstrandträsket, OP peaked from 1900 to the 1950s, 
but the overall concentrations were not any higher 
than in the marine sites. 

Th e highest BSi concentrations of all sites were 
found in the bottom parts of Lake Renstrandträsket 
(nearly 20 wt % BSi as SiO2). In the top parts of the 
core the concentrations were similar to those found in 
the estuarine cores. Th e highest concentrations in the 
estuarine cores were observed in Hellänlahti, where 
concentrations declined from the 1940s to the present, 
except for a small increase around the 1980s. In Fasar-
byviken, there was a period of elevated BSi concentra-
tions from the late 1940s to the1980s. In Laajalahti 
Bay, overall BSi concentrations were quite low com-
pared, for example, to Hellänlahti Bay. Th e highest 
concentrations were reached between the 1940s and 
the early 1970s. Th e BSi record of Pieni Pernajanlahti 
Bay was variable, but it did not show any signifi cant 

Figure 12. Cu and Zn profi les from the studied sites (La: Laajalahti, PP: Pieni Pernajanlahti, Fa: Fasarbyviken, 
Ha: Hellänlahti, Hl: Hillonlahti, Rm: Renstrandträsket.)
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Figure 13. TC, TN, TP, OP and BSi profi les from the studied sites. (La: Laajalahti, PP: Pieni Pernajanlahti, Fa: 
Fasarbyviken, Ha: Hellänlahti, Hl: Hillonlahti, Rm: Renstrandträsket)
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increasing or decreasing trends. Th is could be related 
to the changes in the mean fl ow of River Ilolanjoki, 
since it’s the main source of external loading to Pi-
eni Pernajanlahti. Nutrients will enhance the organic 
production within the embayment, but the river will 
also carry more biogenic silica in form of freshwater 
diatoms during the high fl ow years. 

4.3.4. Elemental ratios

Elemental ratios were also investigated. Sediment Fe/
Mn and Cu/Zn ratios have been used to describe past 
sediment redox conditions (Heikkilä 1999). However, 
both of these indicators appear to be a bit problematic. 
Th ere are several factors infl uencing the precipitation 
and accumulation of Fe and Mn into the sediments, 
i.e. the ionic composition of the water, redox condi-
tions, and microbial activity. Especially in marine 
sediments the Fe-redox chemistry is closely related to 
the presence of sulphides, and therefore behaves diff er-
ently in marine environments compared to lacustrine 
ones (Sohlenius and Westman 1998).

Cu and Zn comprise a pair of elements that oc-
cur in reduced form in solution at diff erent threshold 
redox potential (Eh) levels. Th erefore, the Cu/Zn ratio 
has been used to describe sediment redox-conditions 
(Tolonen & Meriläinen 1983). However, in urban ar-
eas Cu and Zn loading can be irregular and especially 
in wastewaters the Cu/Zn ratio can vary for other 
reasons than redox conditions. Th erefore the use of 
this indicator might be limited in areas, which have 
experienced direct sewage loading or have been infl u-
enced by known specifi c point sources of either Cu or 
Zn. Also high organic sedimentation might limit the 
usefulness of this indicator. In addition, there is some 
doubt whether Cu and Zn occur in reduced form in 
sediments at all (Boyle 2001). 

Probably due to these limitations the indicators 
gave very contradictory results (Figure 14). In Laa-
jalahti, the Cu/Zn ratio data were in agreement with 
the data obtained from diatom and pigment analy-
ses (see Paper III). Th e Fe/Mn ratio showed a more 
blurred signal with an earlier improvement in oxygen 
conditions compared to the water chemistry moni-
toring data. Th e Fe/Mn ratio in Pieni Pernajanlahti 
showed a deterioration in sediment oxic conditions in 
the 1970s, which is supported by a slight increase in 
the Cu/Zn ratio. However, there is a peak in the Fe/
Mn ratio already in 1890-1930 that has no counter-
part in the Cu/Zn ratio. In Fasarbyviken, there is a to-
tal discrepancy between these two indicators, although 
both showed clear periods of deterioration (Fe/Mn-ra-
tio in the mid 1970s and Cu/Zn ratio in the 1920s). 
Th e Fe/Mn ratio of Hellänlahti Bay showed major 
fl uctuations and no clear trends. However, there is an 

increase in the Cu/Zn ratio in the 1980s that could 
correspond to the onset of fi sh farming in the outer 
area of the estuary. In Hillonlahti Bay both indicators 
show basically the same trends, although the peaks do 
not coincide perfectly. Only in Renstrandträsket, both 
of these indicators tell the same story of a tendency 
towards hypoxic conditions. 

C/N ratios have been used to identify the origin of 
organic matter in sediments. Due to the higher protein 
content of terrestrial fl ora and fauna, terrestrial organ-
ic matter tends to exhibit C:N ratios between 10-20 
(Wetzel 1975), whereas in plankton-derived organic 
material the C/N ratio varies between the Redfi eld ra-
tio (6.6) and 10 depending on the “freshness” of the 
organic material. C/N ratios were generally close to 
10 at all estuarine sites indicating that these sites are 
plankton dominated. Lowest C/N ratios in the top 
sediment were found at the two sites with the highest 
sedimentation rates (Fa and PP) due to fresher organic 
material. Th e lake core diff ered signifi cantly from the 
estuarine cores with regard to the C/N ratio. Th e C/
N ratio in the lower part of the lake core was around 
13 and then decreased markedly in the sediments cor-
responding to 1880-1900 reaching a relatively stable 
level of around 9 in the top part of the core. Th is pat-
tern indicates a change from predominantly terrestri-
ally derived organic material to autochthonous organic 
material (e.g. Kaushal and Binford 1999). 

5. DISCUSSION

5.1. Challenges in the 
interpretation of geochemical 
recorders 

Th ere are several issues that have to be carefully con-
sidered before the interpretation of geochemical data. 
Th e reliability and representativeness of the data must 
be evaluated at every step of the analysis starting from 
the study site selection and methods related to the 
sampling and storing of the material. Th e selection of 
extraction methods is essential in terms of whether the 
interest lies in readily available ions or total concen-
trations. Numerous fractionation schemes, digestion 
techniques and analyzing methods are available, and 
each has both its merits and limitations. Laboratory 
analyses must be performed with caution and quality 
control should be part of normal routine. 

After obtaining the data that meet the standards of 
good quality laboratory work, one runs into more fun-
damental problems. Th e big issue is how to represent 
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the data. Should the data be corrected in order to re-
move confounding signals in the data? Is the obtained 
chronology reliable and should the data be expressed 
as fl uxes (calculated by multiplying the concentra-
tion by the sediment accumulation rate)? How to deal 
with possible diagenetic changes in the sediment data? 
What indicators should be used in statistical analyses 
and what statistical transformations are appropriate 
without disturbing the signal? In the following section 
some of these issues are discussed, and the diff erent 
ways to represent the data used in this study are com-
pared to each other.

5.1.1. Normalization of data

Bulk chemical analyses and total digestion of sediment 
including hydrofl uoric acid (HF) do not reveal which 
sedimentary phases add to the concentration of a par-
ticular element. Such total analyses are insuffi  cient to 
interpret the sedimentary record in terms of paleo-
redox processes or sediment provenance. It is essential 
to defi ne the natural trace metal contribution, if lake 
or estuarine sediment records are to be used as record-
ers of pollution. Th e principle here is that some of 
the trace metals are associated with soil minerals and 
therefore vary with a soil mineral tracer, for example 
Al or TiO2 (Norton & Kahl 1987). Th e most com-

Figure 14. Fe/Mn, Cu/Zn and C/N ratios from the studied sites. (La: Laajalahti, PP: Pieni Pernajanlahti, Fa: 
Fasarbyviken, Ha: Hellänlahti, Hl: Hillonlahti, Rm: Renstrandträsket)



26

mon way to do this is to use ratios to Al to allow for 
variation in natural supply from the catchment (Kemp 
& Th omas 1976). Th is approach is particularly recom-
mendable when total extraction of sediment is used 
because a high fraction of elements such as Zn and 
Cu are fi rmly bound in mineral lattices. Also other 
elements (K, Li, Sc, Ga and Zr) have been used to 
normalize with similar results.

When acid extractable concentrations are meas-
ured, the correlation between trace elements and the 
normalizer weakens (Boyle 2003). Th erefore Renberg 
(1986) proposed an alternative solution. Organic mat-
ter has a role in binding metals such as Cu and Cd. 
He concluded that when working with acid extract-
able concentrations, normalization to organic matter 
could be an appropriate approach. However, the vary-
ing amounts of autochthonous organic matter prevent 
the use of total organic matter as a normalizing index. 
Acid-extractable Al is another alternative, since it is 
strongly bound with the soil organic fraction. Th is 
normalizer is particularly suitable in a system where 
physical transport of soil particles dominates the sup-
ply of trace elements to the basin.

In marine sedimentary data analysis, other ways 
of data manipulation have been frequently used, in-
cluding correction for contributions from pore water 
salt and the carbonate and organic matter content. 
In essence, these corrections have similar eff ects to Al 
normalization, because the bulk trace element content 
can be attributed to detrital phases (Van der Weijden 
2002). Al-normalized data has been further used, for 
example, in correlation analyses without paying any 
attention to the pitfalls of the procedure. Th e problem 
is that uncorrelated variables, each with a normal dis-
tribution, do not display zero correlations when plot-
ted as ratios with one of them as the common divisor 
(Kim 1999; Van der Weijden 2002). 

Sediment contaminant concentrations usually 
show an inverse correlation with grain size, i.e. there is 
usually a close relationship between metal concentra-
tions and grain size both in estuarine and lake sedi-
ments, since metals tend to associate with fi ner-grained 
particles. Th is can cause diffi  culties in distinguishing 
real diff erences in contamination from artifacts caused 
by variations in sediment texture.

In order to compare samples, it is therefore often 
necessary to reduce the grain-size eff ect by applying a 
correction factor. Th e grain size eff ect can be compen-
sated for by rationing metal concentrations to grain 
size for each sample, but this has the disadvantage 
of being laborious. Hence, it has become common 
to normalize metal concentrations to some element 
found dominantly in the clay-size fraction. Aluminum 
has been frequently used as a grain-size proxy in es-
tuarine sediments. However, if there are no signifi cant 

changes in grain size, the correction is not necessary.
Figure 15 shows what happens to Cu profi les when 

normalized to Al or LOI% from three diff erent sites 
in this study. In Laajalahti Bay, aluminum concentra-
tions are very stable and therefore the Al-normalized 
Cu-profi le is nearly identical to the Cu concentration 
profi le. Th is indicates that the increases in Cu concen-
trations are not related to catchment-derived organic 
soil particles. Th e LOI% normalized Cu-profi le is very 
similar to the Cu concentration graph, because there 
is much less variation in LOI graph than in Cu graph. 
Th erefore the increase in Cu concentration is not due 
to just increased binding to organic particles. Th is 
supports the conclusion that there is a strong external 
source of Cu in the area; in this case it is most likely 
the sewage load. 

In Pieni Pernajanlahti there are no signifi cant in-
creases in Cu-concentrations. When minimizing the 
catchment derived Cu-load by normalizing the Cu-
profi le with Al-concentrations, more clear increases 
are seen. Th is could indicate that the increase at ca. 
30 cm depth, which corresponds to the mid 1960s, 
is a result of an increase in either atmospheric Cu-
deposition or, for example, sewage derived Cu-load. 
Th e LOI% normalized Cu-profi le provides a diff erent 
result. Clearly the decrease in the Cu/LOI% profi le 
towards the surface is due to a marked increase in the 
LOI %. In this case it seems that the varying amount 
of (autochthonous) organic matter prevents the use 
of LOI% as a normalizing index. However, according 
to Renberg (1986), normalizing the Cu-profi le to Al 
could be suitable, because in such a vast drainage ba-
sin, it is possible that physical transport of soil particles 
dominates the supply of trace elements to the basin. 

Hillonlahti Bay shows very variable elemental pro-
fi les and also even visual changes in sediment grain 
size (see Paper I). When Cu-concentrations are nor-
malized to Al a new peak appears at the depth of ca. 
70 cm, where the sediment structure is clearly sandy 
i.e. there is a signifi cant change in the sediment grain 
size. In addition, the Cu peak at the depth of 30 cm 
broadens downwards. Hillonlahti Bay is dominated 
by catastrophic sedimentation events and therefore it 
is diffi  cult to draw conclusions about the Cu loading. 
However, since the grain size is so variable, it is diffi  cult 
to believe that the peak at 70 cm would indicate a sud-
den and marked increase in Cu loading, but is rather 
an artifact due to especially low Al-concentrations at 
that depth. An interesting fact is that the LOI% nor-
malized Cu profi le shows totally opposite trends in Cu 
loading. In Paper I it is shown that the LOI% peak 
around 30 cm is most likely due to sewage derived 
organic matter and organic production in the basin. 
It is known that wastewaters are signifi cant Cu carri-
ers to lakes and estuaries. When normalized to LOI, 
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this peak disappears totally. Also, this profi le indicates 
high Cu-loading prior 1954, which could be related 
to wood processing industry in the area. However, the 
loading from the wood processing industry continued 
further, and therefore this normalizing approach does 
not appear to be appropriate for this site either.

Th ese examples show that there is no single prefer-
able way to deal with sediment provenance and grain 
size issues. Th e need for normalization has to be con-
sidered carefully and is site dependent. Th erefore, in 
paleolimnological studies the safest procedure is to 
use acid-soluble concentrations (partial leach) instead 
of total bulk concentrations, and to apply normaliza-
tion procedures, if, for example, studying atmospheric 
heavy-metal deposition at a site, where sediment grain 
size varies signifi cantly. However, one has to keep in 
mind that partial leach is always dependent on the 
sediment matrix and therefore the results are not 100 
% comparable from site to site. 

5.1.2. Concentrations vs. fl uxes 

In geochemical studies, chemical elements are meas-
ured as concentrations. However, some problems exist 
in presenting data as concentrations. Concentrations 
are measured in relation to sample mass and are there-
fore not independent from each other, i.e. if one com-
ponent increases, the others decrease. One possible 
way to solve this dilemma is to use sediment accumu-
lation rate data and express the elements as fl uxes. Un-
fortunately, this is not a straightforward method either 
for a number of reasons. Firstly, even if 210Pb dating 
is available, sediment accumulation rate data are less 
precise than concentration data. 210Pb accumulation 
rate values are seldom measured for every sample and 
therefore interpolation is required. Secondly, accumu-
lation rate data from a single core might diff er from 
the history of the basin as a whole due to a variety 
of redistribution processes. For this reason any ac-
cumulation rate event (minimum, maximum) could 
be related to either a change in the supply rate or a 
redistribution event. However, this problem can be 
overcome by studying several sediment cores (Rippey 
& Anderson 1996). 

Th irdly, water column particles have a signifi cant 
role in capturing dissolved trace elements. Some ele-
ments are highly sensitive to sediment accumulation 
rate. Some, on the other hand, have supply rates that 
are completely independent of particle supply rates, 
but they are sensitive to variable dilution (Boyle 2001). 
If an element that is independent of the dominant par-
ticle supply (solution from the catchment or atmos-
pheric deposition) is captured effi  ciently by the lake 
or estuarine system, the variation in the particle mass 
accumulation rate will cause an inverse variation in its 

Figure 15. Cu concentrations (µm g-1), Cu/Al% and 
Cu/LOI% profi les plotted against sediment depth (cm) 
from the sites Laajalahti (La), Pieni Pernajanlahti (PP) 
and Hillonlahti (Hl). 
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sediment concentration. Th is is due to variable dilu-
tion and therefore it is not suffi  cient to measure the 
accumulation rate to correct this. A more complicated 
situation is reached when a signifi cant proportion of 
the element remains dissolved in the water column. 
Th en the proportion of the element retained by the 
sediment will vary with the sediment supply rate. If an 
atmospherically derived heavy metal is entirely sorbed 
to particles, changes in particle supply will directly 
aff ect the sediment concentrations (if particle supply 
doubles the concentration in sediment halves). But if 
only 10 % of the element is sorbed to particles, the 
sediment concentrations are nearly independent of the 
particle accumulation rate.

According to the 210Pb and 137Cs dating results 
all the estuarine sites, except the extremely irregular 
Hillonlahti, exhibit recent increases in sediment accu-
mulation rates. Th is raises a question whether these 
increases are real or an artifact. According to the wa-
ter quality monitoring data at least in Laajalahti there 
should be a signifi cant decrease in accumulation rates 
since the closure of the wastewater-treatment plant. 
However, the sediment dating is obtained using the 
best available techniques and knowledge, therefore 
there is no reason to believe, that the results would 
not be correct. 

Let us take a closer look at this data. In Figure 
16, sediment TN and Zn concentrations and accu-
mulations are compared between two diff erent sites, 
Laajalahti Bay and Pieni Pernajanlahti Bay. Laajalahti 
Bay has a fairly low sedimentation rate, except in the 
top 10 cm, where the sediment accumulation rate in-
creases ca. 3-4 fold. Pieni Pernajanlahti has very high 
sedimentation rates in the top 40 cm and a signifi cant 
increase occurs in the sediment surface.

It is known that Laajalahti has been extremely eu-
trophic in the 1970s according to the water quality 
monitoring data. Th e sediment TN concentrations in 
Laajalahti are close to 4 mg g-1 and they peak in the 
1970s when the known nutrient loading was highest. 
In the Pieni Pernajanlahti core, the concentrations re-
main under 3 mg g-1 until the 1990s when they begin 
to increase towards the top. Th e sparse monitoring 
data from Pieni Pernajanlahti Bay shows somewhat 
lower water TN concentrations than in Laajalahti Bay 
during the same time period (1980-1990s). 

When combining the sediment concentration 
data with accumulation rate data, strikingly diff erent 
results are obtained. In Laajalahti, TN fl uxes are very 
low even during the hypereutrophic period from the 
1950s to the 1970s. On the contrary, in Pieni Perna-
janlahti, where water TN concentrations have never 

Figure 16. TN and Zn concentrations (mg g-1, µm g-1) and accumulation profi les (mg cm2 yr-1, µg cm2 yr-1) from 
an urban site (Laajalahti) and a rural site (Pieni Pernajanlahti). 
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been as high as in Laajalahti, the TN fl uxes through-
out the past century have been much higher. Th ey 
show a clear rise from the 1970s to the 1980s, then a 
decline and a marked increase in the 1990s. TN fl uxes 
in Pieni Pernajanlahti during the past couple of years 
are 3 times as high as in Laajalahti. 

While comparing the Zn concentrations at these 
two sites, it can be observed that throughout the 20th 

century the Zn concentrations are clearly higher in the 
urbanized Laajalahti Bay in comparison to the rural 
Pieni Pernajanlahti Bay. Yet again, when calculated 
as fl uxes, Pieni Pernajanlahti shows much higher Zn 
accumulation rates than Laajalahti Bay. One possible 
explanation for this could be that Pieni Pernajanlahti 
gathers more Zn from its much larger catchment area 
compared to Laajalahti, even if the latter is highly ur-
banized. 

Based on these data, should we conclude that in 
general Pieni Pernajanlahti is more eutrophic than 
Laajalahti, which suff ers from harmful blue-green al-
gae blooms frequently? Or that Pieni Pernajanlahti is 
more severely polluted in terms of anthropogenically 
derived heavy metals? Are these values comparable in 
any way? Or should we conclude that the diff erences 
arise due to issues such as watershed scale and sediment 
focusing? Th ere is no one clear answer to this. Th ere 
are certain facts that have to be taken into considera-
tion when interpreting sediment accumulation rates 
and particularly nutrient profi les. One has to keep in 
mind that nutrients are dynamic in nature and there 
are several processes that may have infl uence on the 
sediment’s capacity to retain nutrients. However, the 
clear message here is that the calculated fl uxes of nutri-
ent or metal concentrations are not comparable from 
site to site. However, calculation of fl uxes is imperative 
if numerous cores have been analyzed and a basin wide 
fl ux is being determined (Rippey & Anderson 1996) 

Another clear problem with calculating fl uxes from 
the raw concentration data is that when looking at the 
concentration profi les within one embayment, there 
are clear diff erences in the distribution patterns of dif-
ferent elements. However, the changes in sediment ac-
cumulation rates are often so great that when fl uxes 
are used all the variation within the data is masked 
and all the profi les look similar (c.f. Virkanen 2000). 
Th erefore, it is sometimes more meaningful to inter-
pret concentration profi les. Th is same phenomenon is 
also seen in Pieni Pernajanlahti, which has a very high 
sediment accumulation rate (Figure 16). Even such 
diff erent types of elements as TN and Zn with very 
diff erent concentration profi les look the same when 
calculated as a fl ux.

For these above-mentioned reasons concentra-
tions are the preferred way to express data (Boyle 
2001). In comparison with accumulation rates they 

are more precise, less open to interference and often 
easier to interpret. Logical analysis of variation in the 
components is a powerful tool in indicating which of 
the components in the data have really changed due to 
changes in supply rather than due to dilution by other 
elements, i.e. if one component goes down while other 
independent components go up, it is most likely that 
the fl ux of the single component has changed. 

5.1.3. Major increases in sediment 

accumulation rates 

All these studied sites except the lake and the extreme-
ly irregular Hillonlahti Bay exhibit major increases in 
recent sediment accumulation rates. Th e overall sedi-
ment accumulation rate in the cores does not seem to 
aff ect the phenomenon; the surface increase occurs in 
both the sites with high and low long-term sediment 
accumulation rates. 

Th ere are several processes, which could create 
these distinct sub-surface increases in sedimentation 
rate at the study sites. Th e land use change from natu-
ral to urban areas has been shown to increase the sedi-
ment yield 5-10 fold, even when the developed area is 
only 25 % of the drainage area (Walling 1974; Nelson 
and Booth 2002). In urbanized estuaries, there is a 
general relationship between the population of the re-
gion and mass sedimentation rate (McCall et al 1984). 
Population growth is directly linked to wastewater 
inputs and therefore might increase organic produc-
tion and sedimentation of organic matter. At Huelva 
estuary, southwest of Spain, recent increases are due to 
industrial activities and the construction of two dikes 
in the area (San Miguel et al 2004). Intensive agricul-
ture could also cause the rise in sedimentation rates if 
the catchment was agriculturally dominated (Brezonik 
and Engstrom 1998). Th is could be related to more 
regular and deeper plowing

All the above-mentioned facts could cause the 
observed increases, but the main problem is that the 
increases do not necessary correspond with known nu-
trient loading or catchment land-use historical data. 
When dealing with major increases in sedimentation 
rates, it would be useful to know which sediment 
component causes the sediment accumulation rate to 
increase. Possible components in the sediment that are 
present in high enough concentrations include organic 
or minerogenic matter in general, Al (Mg and K), Fe, 
TC and biogenic silica. Th e other components form 
such a minor part of the bulk sediment, that it is un-
likely for them to cause major changes in sediment 
accumulation rates. One must keep in mind, that 
only nitric acid-soluble fractions of the elements are 
analyzed here. Th e residual includes silicate-minerals 
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that are not included in the analyses, although a major 
change in silicates increases the content of sediment 
minerogenic matter. In the studied sites, increases to-
wards the top sediment are seen in the sediment or-
ganic content and nutrient profi les. Th erefore it seems 
that the observed increases are mostly caused by in-
creases in the amount of organic material. 

Th is phenomenon could be related either to eu-
trophication and/or sediment diagenesis. Since organic 
production is quite high in the embayments studied, 
it is possible that organic production has outpaced the 
rate of sediment loss through oxidation and export. 
In other words, the organic production in the embay-
ment has remained high, but due to impaired oxygen 
conditions, the degradation of organic material has 
decreased. Th is is also related to sediment nutrient 
conditions and a situation is called steady-state input-
decomposition balance: As a result of the steady-state 
input- decomposition balance the surfi cial sediments 
tend to have higher organic matter and nutrient con-
centrations, because less of the labile portion has de-
composed (Berner 1980). 

If sediment diagenesis can not be ruled out, using 
only the data converted to fl uxes would provide a dif-
ferent and perhaps incorrect interpretation of a basin’s 
history. Since sediment diagenesis seems very common 
in Baltic coastal estuaries, and has also been reported 
from some other estuaries (Cornwell et al. 1996; Ruiz- 
Fernandez et al 2002), a careful consideration of all 
processes is needed when presenting and interpreting 
geochemical data. 

5.1.4. Sediment diagenetic changes

Th e slow decay of sediment organic matter is one form 
of changes that occur in the sediment after deposi-
tion and before (more) permanent burial. Sediment 
early diagenesis aff ects also the amount of nutrients 
preserved in the sediment. Interstitial water chemistry 
has brought more information on early sedimentary 
diagenesis where organic matter consumes various oxi-
dants (molecular O2, MnOx, FeOx and SO4) and al-
ters the redox environment from oxidizing to reducing. 
Organic matter is broken down and various species of 
C, N and P are released to solution. (In addition, solid 
metal oxides are reduced and ionic species of Mn and 
Fe and adsorbed metals are released to solution.) Once 
isolated from the water column, sediment diagenesis 
continues to proceed over a sequence of reactions from 
aerobic respiration to manganese and iron reduction 
and fi nally to sulphate reduction. 

Trace element depth-concentration profi les have 
been used to reconstruct historical changes in pollu-
tion for over 30 years (Th omas 1972). Th is approach 
is only valid if metals have not been aff ected by signifi -

cant post-burial remobilization. Migration can be due 
to physical sediment mixing; and the rapid exchange 
of heavy metals might occur between the surface or-
ganic sediment and the water column due to decay 
of freshly deposited organic debris (Boyle 2001). 
However, this rapid cycling appears to have little sig-
nifi cance for the long-term sediment concentration 
record (Boyle 2001). 

Diff usive migration within the sediment is pos-
sible via the pore waters, which could reduce the 
paleolimnological value of the sediment record. Th e 
redox properties of elements are very important when 
studying metal migration through pore waters. Some 
elements experience changes in their oxidation state 
and solubility, when redox conditions change. Most 
important redox-processes are related to Fe and Mn 
in both lake and marine sediments. Fe and Mn move 
slowly from reduced to oxidized sediment layers in 
response to strong redox-controlled gradients in solu-
bility (Davison 1993). Some studies have even argued 
that the binding of heavy metals in oxic sediments is 
so strongly linked to the presence of Fe and Mn oxy-
hydroxides that Fe and Mn migration will be accom-
panied by heavy-metal migration (Belzile et al 1989). 
Other investigation suggested that the kinetics of Fe 
and Mn reduction are suffi  ciently slow, so that there 
will normally not be a signifi cant eff ect (Hamilton-
Taylor & Davison 1995). 

It is still unclear whether elements such as Cu and 
Zn have more than one oxidation state in the sediment 
and if they are also subjected to alteration, but at least 
it is known that they could be aff ected by redox-medi-
ated changes in the ability of the sediment to bind ele-
ments (Boyle 2001b). However, in marine sediments, 
the presence of sulphides alters the process: Th e heavy 
metal sulphides are so insoluble that this inhibits re-
mobilization (Hamilton-Taylor & Davison 1995) and 
could make the interpretation of heavy metal profi les 
even easier in marine sediments compared to lacus-
trine ones. 

Th e eff ect of sediment diagenesis on measured sed-
iment accumulation rates was already discussed earlier. 
It has been noted that rapid sedimentation in aquatic 
systems results in the isolation of sediment layers from 
the water column before early sedimentary diagenesis 
can signifi cantly alter solid-phase concentrations of 
metals (Callender 2000). Once buried, the extent of 
diagenesis is limited geochemically and thus its impact 
on sediment chemistry is minimal. It has also been ob-
served that the quality of the organic matter input is 
important, since terrestrial organic matter is generally 
more refractory than autochthonous aquatic organic 
matter (Callender 2000).  
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5.2. Environmental history of 

the sites as refl ected by sediment 

geochemical data

5.2.1. Urban sites

Two of the studied sites have clearly been impacted 
by extensive urban development. Th e character of the 
sediment in Laajalahti Bay has changed substantially 
in response to rapid population growth, especially the 
construction of the sewage system. Hillonlahti Bay 
has been impacted from extensive building within the 
catchment, and particularly in the immediate vicinity 
of the embayment. In the case of Hillonlahti, it is pos-
sible to link the catastrophic sedimentary events to the 
history of the embayment. 

Both urban sites exhibit clear changes in sediment 
accumulation rates. In Laajalahti, there are clear in-
creases in sediment accumulation rates. It has been 
shown in various studies that this phenomenon is 
commonly observed in aquatic systems that have ex-
perienced large changes in land use (Brush 1989; Ap-
pleby and Oldfi eld 1983; Engstrom & Wright 1985; 
Dearing and Jones 2003), being especially prominent 
in urban reservoirs (McCall et al. 1984; Ruiz-Fernán-
dez et al. 2002). Rapid increases, if not only diagenet-
ic, are caused by increased delivery of minerogenic and 
organic material from the catchment or by increased 
algal production in the basin itself. Many urban sites 
have received wastewater discharges, which provide 
nutrient surpluses and hence enhance algal produc-
tion in the water. Th ese are probably the factors that 
cause the 2.5 fold increases in the sedimentation rates 
of Laajalahti from 1950 to the 1980s.

As an urban sedimentation environment Hillon-
lahti Bay is diff erent, since it has been impacted by 
various disturbances caused by construction activi-
ties directly at the waterfront. Th e construction of a 
railway embankment in 1954 caused clear visual and 
chemical signs in the sediment record. Th e building 
of an embankment to close a badly polluted cove of 
the bay in 1987 caused another catastrophic sedimen-
tation event that was clearly marked in the sediment 
record as stratigraphic and geochemical changes and a 
rapid burial of the Chernobyl-accident-derived 137Cs.

Th ere are some common features that can be con-
sidered characteristic for urban estuaries in general and 
also based on the results from these two sites. Many 
urban estuaries are eutrophic, but this is not necessari-
ly refl ected in the sediment as high nutrient concentra-
tions due to sediment diagenesis and internal nutrient 
loading (see Paper III). However, both of the urban 
sites studied here have been impaired from such an 

intense wastewater loading that the nutrient profi les 
diff er from the trends of gradual decline towards core 
bottoms that are seen in the nutrient profi les of the ru-
ral sites. TN, TC and TP profi les in Laajalahti display 
a slight increase in the profi le at time when wastewater 
loading was most intense (see Paper II with more ap-
propriate scale in the Figure). TC and TN profi les are 
not available from Hillonlahti, but TP profi le retains 
a clear peak during the time when wastewater loading 
was most intense and sedimentation conditions oth-
erwise stable. 

Organic phosphorus seems to show less monoton-
ic trends in all studied sites. In Laajalahti, it compares 
well with other proxies that refl ect long term changes 
in nutrient concentrations (DI-TDN), overall pro-
ductivity of the system (ChlaD) and diversity patterns 
(diatom species richness) (Paper III). Th e urban sites 
also show the highest Cu and Zn values; Laajalahti 
throughout the studied period and Hillonlahti during 
peak wastewater loading before the following cata-
strophic sedimentation event. Only the lake core has 
higher irregular Zn concentration peaks from 1850 
to1950. Based on this study, the best indicators de-
scribing urban development and associated pollution 
seem to be Cu, Zn and nutrients, particularly OP. 

5.2.2. Rural sites

High sediment accumulation rates are not only ob-
served in urban estuaries. Th e sedimentation rates and 
nutrient concentrations are generally high in these 
types of sites, but they can also be high in rural sites. 
Th is is due to the fact that intense agriculture can en-
hance erosion losses from the landscape accompanied 
by excessive applications of fertilizers that eventually 
get fl ushed into the basin stimulate algal growth and 
increase the amount of organic material accumulation 
in the sediment (Brezonik and Engstrom 1998).

Two of the rural sites have very high sediment ac-
cumulation rates ranging from 0.2 to 0.7 g cm-2 y-1 
(Pieni Pernajanlahti and Fasarbyviken), while sedi-
mentation at the third site is lower 0.1- 0.18 g cm-2 
y-1 (Hellänlahti). When compared to the urban sites 
with catastrophic and very rapid sedimentation events 
(Hillonlahti) or slower sedimentation with a marked 
recent increase (Laajalahti), it can be stated that a high 
sediment accumulation rate is not characteristic either 
to urban or rural sites. Th ere are a variety of factors 
that can cause the sedimentation rates to vary from 
site to site. Retention times and patterns of sediments 
might change in an embayment as a consequence of 
construction activities or isostatic land uplift. In ad-
dition, the material that causes the increases in sedi-
mentation rates can either be minerogenic or organic 
material derived from the catchment, or it can be de-
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rived from autochthonous production. Th ese factors 
vary greatly from site to site and can occur in either 
urban or rural sites. Th e sedimentation rates can also 
be linked to geomorphology and basin bathymetry. 

In this study, the embayments that are wide and 
fl at-bottomed have relatively low sedimentation rates 
(21 cm of accumulation over a century in Laajalahti 
and 25 cm in Hellänlahti Bay). In Fasarbyviken and 
Pieni Pernajanlahti, the sediment accumulation rate is 
64 and 55 cm over a century, respectively. Th ese two 
sites diff er from each other greatly both in terms of 
catchment size and surface area. On the other hand 
they also show common features: they both are elon-
gated, narrow embayments that are located in a fault 
line in the bedrock. In these types of embayments sed-
iment focusing processes create conditions for higher 
sedimentation rates. 

All rural sites have very monotonic TC, TN and 
TP profi les that can most easily be interpreted as re-
fl ecting the steady state sedimentation-decomposition 
balance. OP profi les may better refl ect the real trends 
in the trophic status of the embayments: Th e OP pro-
fi le of Hellänlahti correlates well with TDN inferred 
from diatom assemblages and also the known history 
of the area (Weckström et al. 2004). In the 1980s, 
when TDN and OP begin to rise, fi sh farming was 
established in the outer part of Virolahti Bay, at the 
bottom of which Hellänlahti is located. 

Two of the rural sites show high lithophile con-
centrations (Fasarbyviken and Pieni Pernajanlahti), 
but the third site (Hellänlahti) has the lowest con-
centrations of all the sites. Th erefore, high lithophile 
concentration is not a common characteristic of ru-
ral sites. Also the trophic status, various catchment- 
and basin-related factors are aff ecting the sediment 
lithophile concentrations.

Fasarbyviken and Hellänlahti have monitoring 
records of TN for ca. 25 years, whereas Pieni Perna-
janlahti has not been monitored regularly. According 
to the water monitoring data, TN concentrations in 
Fasarbyviken fl uctuate greatly and show no clear in-
creasing or decreasing trends towards today. However, 
Weckström (2005) reports an increase in the plank-
tonic diatom taxa of Fasarbyviken starting from the 
1980s. Th ese small planktonic taxa have been ob-
served to increase with coastal eutrophication in sever-
al studies (Cooper & Brush 1991; Andren et al. 1999; 
Cooper et al 2004) 

Changes in the sediment geochemical record of 
Fasarbyviken can most clearly be seen as increases in 
the sediment accumulation rate and the Fe:Mn-ratio, 
which could describe, despite the limitations of these 
proxies, a change towards more frequent anoxic condi-
tions. Th is could be related to the presence of a rela-
tively large pig farm (ca.700 heads) in the catchment 

area, which might aff ect the water quality of the em-
bayment since the manure is spread on nearby fi elds. 

Th e monitoring record of Hellänlahti Bay shows 
a clear peak from 1980 to 1990, which corresponds 
to the onset of massive fi sh farming in the outer area 
of the estuary. Th is corresponds well with the diatom 
data in Weckström (2006), which shows an increase 
in relative abundance of planktonic diatoms together 
with a decrease in species richness suggesting nutri-
ent enrichment and more turbid water. Also diatom-
inferred total dissolved nitrogen (DI-TDN) shows 
an increase corresponding time. In the sediment geo-
chemical record changes can be seen in corresponding 
time especially in sediment accumulation rate and OP. 
In Pieni Pernajanlahti, the diatom species composi-
tion changes in 1940s and 1990s. Sediment accumu-
lation rate increases at 1940s which could be related 
to the same changes. In 1920s and 1940s new fi elds 
were cleared in the catchment area of Pieni Pernajan-
lahti (Linnansalo & Penttilä 2003). Th is could have 
increased erosion resulting in increased turbidity and 
higher nutrient concentrations thus favoring plank-
tonic diatoms over benthic forms. 

5.2 3. Eff ect of land use on the 
elemental composition of sediments

Redundancy analysis (RDA) was used in order to 
study relationships between present land use data and 
sediment geochemistry (Figure 17). Only the sedi-
ment geochemistry from the past 10 years was used 
for this analysis. Since the sedimentation rates vary 
signifi cantly from site to site, the number of included 
samples varies from 6 to 31. Only variables that were 
available from all the sites were included in the analy-
sis. 

Th e RDA-triplot shows that the diff erent vari-
ables are evenly distributed along the plot. Also en-
vironmental variables and sites are distributed evenly. 
Th e eigenvalues of the fi rst two RDA axes were λ1= 
0.553 and λ2=0.112, together accounting for 66.5 % 
of the variance. Species-environment correlations for 
axes 1 and 2 were 0.996 and 0.958, respectively, and 
the cumulative percentage variance of the species-en-
vironment relation was 80.2 % for these two axes. Th e 
inter-set correlations and the position and length of 
the arrows in the ordination space were used to exam-
ine the correlations of the measured variables with the 
fi rst two RDA-axes. Axis 1 is mainly determined by 
TP, Mn, Cu/Zn and sedimentation rate with positive 
values and Fe, K, Al, Zn and LOI with negative. Axis 
2 is not so clearly determined by chemical indicators 
compared to axis 1; the most defi ning indicator for 
axis 2 is the Fe:Mn ratio at the higher values. Environ-
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mental variables defi ning axis 1 range from percentage 
of forest cover and mean depth of the studied site at 
the negative end to a high percentage of industrial and 
urban land use at the positive end. Th is axis describes 
a change in land use from undisturbed or mildly dis-
turbed mostly forested catchment areas to strongly 
anthropogenically aff ected catchments dominated by 
industrial and urban land use. Th e most defi ning land 
use types for axis 2 are percentage of the landscape 
covered by fi elds at the negative end and dense urban 
settlement at the positive end. Th is axis is related to 
human induced changes from intensive agriculture to 
dense urban settlement.

Th e samples from the highly disturbed Hillonlahti 
Bay have the highest positive values on axis one. Th e 
Hillonlahti samples are best described by urban and 
industrial land use types and the chemical variables 
TP, Mn and sedimentation rate. Pieni Pernajanlahti 
has a vast catchment area with high percentage of 

fi elds. Th erefore its samples are best defi ned by fi eld 
percent in the catchment. None of the chemical vari-
ables describes this group of samples well. Surprisingly, 
the samples from Renstrandträsket are located close to 
marine sites, especially to samples from Fasarbyviken. 
In this data set, the dispersion among the marine 
sites is so great that geochemical diff erences in dif-
ferent types of sedimentation environments (marine 
versus lacustrine) are not meaningful. Th ese samples 
are best described by percentage of forest, mean depth 
and catchment size. In terms of its geochemistry, Lake 
Renstrandträsket is largely defi ned by Zn and sedi-
ment LOI, and Fasarbyviken by Fe and Na. Th e most 
urban site Laajalahti scores high on axis 2. Cu and the 
Fe:Mn- ratio are the chemical variables that defi ne this 
site best. Hellänlahti Bay is located close to the land 
use type urban dense, which is unexpected, since its 
catchment area is dominated by forests. 

Even though there are certain limitations related 

Figure 17. Redundancy analysis (RDA) ordination diagram showing the relationships between diff erent land-use 
types and measured geochemical variables. Samples from diff erent sites are located in the oval-shaped areas. 
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to the usefulness of these type of highly variable data, 
some generalizations can, however, be made. It ap-
pears that in the least disturbed embayments with a 
percent of forest cover the sediments are dominated 
by lithogenic indicators Fe, K, Al and Mg. Sediments 
around urban settlements have high Cu concentra-
tions and the highest Fe/Mn ratio. A high Fe/Mn ratio 
could be a sign of defi ciency of Mn in the sediment in 
comparison to Fe. Th is type of situation can occur in 
anoxic conditions, since Mn is more easily mobilized 
than Fe when anoxic conditions prevail. Th is can be a 
result of high organic production in the basin. 

5.3. Sediment geochemistry as a 
paleoproxy and as a tool in coastal 
management

5.3.1. Infl uence of the sedimentary 
environment on element profi les 

Studies using sediment cores to reconstruct the con-
tamination history of coastal areas must consider sev-
eral factors that can compromise the interpretation of 
the data. Th e fi rst and most important one is obtain-
ing an undisturbed profi le without disturbance of the 
sediments due to inadequate coring techniques, bio-
turbation or physical mixing. If these factors can be 
avoided, the next problem is sediment diagenesis: the 
apparent nutrient enrichment such as the enrichment 
of P in the sediment surface is more related to cycling 
of Fe and Mn, and the decrease of organic matter 
downcore due to steady-state diagenesis. 

Many paleoenvironmental reconstruction studies 
rely on one or a few inorganic or bulk organic chemi-
cal indicators of environmental change. However, in 
estuarine environments, physical and geochemical 
conditions of deposition may change on short time 
scales and therefore many possible sources of metals 
and organic matter exist. Th erefore, combined ap-
proaches using variety of diff erent proxies of inorgan-
ic, stable isotope and lipid geochemical analyses are 
recommended (Zimmerman and Canuel 2000). 

Dearing and Jones (2003) have reviewed the suit-
ability of diff erent basin sizes in terms of studying 
sediment fl ux. According to their results sediment de-
livery following major human impact is typically 5-10 
folds higher than in undisturbed conditions. Sediment 
source studies have revealed that channel and gully 
sources often dominate the sediment load instead of 
surface soils even in small basins. Th ese fi ndings sug-
gest that small basins are most responsive to external 
impacts and will show the greatest changes in sediment 

fl ux. In coastal environments, the most rapid increases 
in sediment fl ux are caused by disturbances in small 
drainage basins feeding directly to the coast. Overall, 
marine coastal sediment archives provide a range of 
useful information and often with high temporal reso-
lution, which is diffi  cult to obtain by other means (i.e. 
insuffi  cient monitoring records). 

No general trends or rules can be established 
about what kind of sediment geochemical composi-
tion is typical in certain coastal embayments. Th e geo-
chemical trends are strongly site specifi c and depend 
on the local geochemical background, basin charac-
teristics and anthropogenic metal and nutrient load-
ing. Only distinct anthropogenic metals can be used 
for characterizing sites. Geochemical proxies prove to 
be most useful for looking at temporal changes and 
trends within a site. 

Th is study suggests that sedimentation rates vary 
signifi cantly from site to site, and the overall sedimen-
tation can be explained by geomorphology and basin 
bathymetry, which appear to be the major factors gov-
erning sedimentation rates. In this study, the embay-
ments that are wide and fl at-bottomed have relatively 
low sedimentation rates (21 cm of accumulation over 
a century in Laajalahti and 25 cm in Hellänlahti Bay). 
In Fasarbyviken and Pieni Pernajanlahti, sediment ac-
cumulation is 64 and 55 cm over a century, respec-
tively. Th ese two sites diff er from each other greatly 
in both size of the catchment and the embayment 
surface area. However, they both are elongated, nar-
row embayments that are located in a fault line in the 
bedrock. In these types of embayments sedimentation 
focusing processes create conditions for higher sedi-
mentation rates. 

In paleolimnology, comparisons of multiple-core 
profi les within a site have been limited. A common 
assumption is that a single, centrally located core pro-
vides a representative record of a basin’s history. How-
ever, this is not suffi  cient when studying whole-basin 
chemical and sediment accumulation rates (Jordan et 
al. 2002; Anderson 1998). Jordan et al. (2002) found 
that the total phosphorus accumulation rate was the 
only variable increasing similarly in epi- and hypolim-
netic areas of the sedimentary basin. Th e other chemi-
cal variables (Ca, Na, Fe and Mn) showed increases 
only in the epilimnetic part of the basin. 

Of signifi cance is also whether the site is lacus-
trine, brackish or marine. Traditionally, paleolimnolo-
gy deals mainly with lacustrine sites. Often sedimenta-
tion conditions in lakes are stable and lakes are closely 
linked to sediment supply from the catchment mak-
ing lacustrine sites ideal for palaeolimnological stud-
ies. Estuarine and marine sites are more complex with 
multiple sources of sediment input and more energetic 
conditions. Th e processes causing scavenging and re-
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lease of elements from the sediment are basically the 
same in lacustrine and marine environments (Stumm 
1992). However, there are some additional diff erenc-
es in marine chemical environments that may cause 
changes in sedimentary products when compared with 
lakes. Th ese are predominantly related to salinity and 
the presence of sulphates in marine waters. Increas-
ing salinity increases the aggregation of dissolved iron 
and phosphorus (Forsgren et al 1996). Sulphates, on 
the other hand, form more or less insoluble compo-
nents with divalent metals. Th e major sulphide com-
ponent found in marine sediments is iron sulphide. 
Amorphous iron sulphide (FeS) is a relatively soluble 
metal sulphide, and therefore other metal cations can 
displace Fe to form more stable sulphides (Cooper and 
Morse 1999). Hence, through a complicated binding 
system, the presence of many elements in estuarine 
systems is somehow related to sulphides and iron. 

Paper V in this thesis focuses on fi nding the dis-
cussed diff erences between brackish and fresh water 
sedimentation environments. A regression analysis 
was used to fi nd correlations between possible carrier 
particles (organic matter represented as LOI, Fe and 
Mn oxides represented as Fe and Mn acid soluble con-
centrations). When diff erent elemental correlations 
between the sites were compared, the most important 
diff erences were related to sedimentary iron. Th e pres-
ence of iron in the sediment and the binding of nu-
trient elements (especially TP) seem to be drastically 
diff erent in estuarine versus lacustrine sedimentation 
environments as shown in the linear regressions in pa-
per V, fi gure 5, in this thesis. Also, the correlations of 
Fe, OP and BSi were very diff erent in lacustrine and 
estuarine conditions. 

Th is paper also shows that in the estuarine cores 
there was no correlation between Fe and the lithogenic 
indicator K. In contrast, sediment Fe was very closely 
linked to K in the lake core. Both Fe and K are litho-
genic in origin, but Fe(III) oxides have an important 
role as electron acceptors in organic matter oxidation 
in both marine and lacustrine microbial mineraliza-
tion processes (Froelich et al. 1979). Th e lake data 
show that Fe is most likely derived from the catchment 
and that the same processes governed its sedimenta-
tion as the sedimentation of other lithogenic metals. 
In the estuarine core, in contrast, the sedimentation 
and remobilization of iron is seemingly unrelated to 
catchment erosion. It appears to be more related to 
internal processes such as oxidation and reduction 
reactions. Fe could also have been inactivated by FeS 
formation (Trudinger 1979).

Th e nutrient-iron correlations were also found dif-
ferent in the lake and estuarine cores. Th ere are several 
possible explanations for the observed phenomenon, 
beginning with diff erences in sediment supply from 

the catchment. Sedimentation could be diff erent due 
to particle size sorting via focusing, fl occulation and 
resuspension. Oxygen dynamics could aff ect the reten-
tion of Fe in particular in the lacustrine site, and P cy-
cling can be markedly diff erent depending on the area, 
volume and water retention time of the basins.

It is also known that sedimentary P and Fe cy-
cles are tightly coupled with the S-cycle (Jensen et al. 
1995), which could lead to diff erences in P cycling and 
deposition in SO4

2- poor and SO4
2- rich systems. Fur-

ther, there is also experimental evidence, which shows 
that increased salinity can increase sedimentation of 
iron and phosphorus aggregates (Carignan and Flett 
1981; Forsgren et al. 1996). And fi nally, clay parti-
cles, that are very abundant in estuarine waters, absorb 
phosphorus aggregates and increase net sedimenta-
tion. Th erefore, P sedimentation seems to be governed 
by multiple factors in estuarine systems. In contrast, in 
a freshwater environment, phosphorus sedimentation 
appears to have a more direct linkage to organic matter 
sedimentation. 

5.3.2. Th e best paleoproxies based on 
the present study 

Th e discussion above shows that there are several issues 
related to the interpretation of sediment geochemical 
data, which can be a potential problem when using 
sediment geochemistry as a paleoenvironmental proxy. 
Also, there are some geochemical processes that must 
be taken into consideration when interpreting sedi-
ment cores such as denitrifi cation, sulphate reduction 
etc. 

When compared to the water chemistry moni-
toring data, the sediment geochemical record does 
not generally refl ect the measured changes in water 
chemistry very well. Based on the observations from 
Hellänlahti and Laajalahti, OP might prove to be a 
better sediment geochemical tool than bulk sediment 
TN, TC and TP- analyses, yet this still has to be veri-
fi ed in further studies. Th e highest OP concentrations 
were found in Laajalahti during the period when the 
embayment was most eutrophied based on available 
water chemistry monitoring data. In Hellänlahti, there 
is a recent increase in OP concentrations, which cor-
responds to water TP and TN concentrations in the 
monitoring data. In Fasarbyviken, the most signifi -
cant increase in OP occurs at the same time as diatom 
species richness begins to rise in 1920s (Weckström 
2006). Th ere is no monitoring data available from 
this time period. Pieni Pernajanlahti and Lake Ren-
strandträsket lack suffi  cient monitoring data, so it is 
impossible to say whether the sediment OP-data re-
fl ects the real trends in the trophic status. 
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BSi shows independent trends from other nutri-
ent indicators and it is generally assumed that the ob-
served changes in the BSi profi le refl ect changes in the 
productivity of the basin. However, some of BSi can 
be transported from terrestrial sources (Conley 2002) 
and is probably more signifi cant when low BSi con-
centrations in sediments are encountered.

Th e behavior of these biologically active elements 
contrasts with that of the less active particle-bound 
materials like Cu and Zn. All the studied cores show 
fairly good records of anthropogenic Cu and Zn in-
puts. Th ese estuaries and many other estuaries and 
coastal areas globally (Owens and Cornwell 1995, 
Finney & Huh 1989) show increasing concentrations 
of Cu at a much greater depth in the sediment than 
that at which C, N or P begin to increase. Independ-
ent datings show that Cu profi les all around the world 
adequately refl ect anthropogenic inputs. Urban devel-
opment usually results in excess nutrients being divert-
ed into rivers and coastal areas. However, this nutrient 
enrichment is seldom recorded in the sediment. Since 
wastewaters are rich in Cu and Zn, anthropogenic ac-
tivity in general seems to be recorded as clear increases 
in anthropogenically derived metal profi les.

Lithogenic indicators such as Al and K are thought 
to refl ect changes in catchment erosion rates. Th ese 
changes are linked to eutrophication through cut-
ting of forests and clearance of fi elds that enhance the 
transport of nutrients to coastal ecosystems. Sediment 
redox indicators (Fe/Mn and Cu/Zn) can preserve 
changes in the sediment redox-status, which could 
be a result of excessive phytoplankton production in 
the embayment. In Fasarbyviken, the diatom data 
(Weckstrom 2006) shows a marked increase in the 
abundance of planktonic diatoms in mid 1970s. Th is 
coincided with a clear change in Fe/Mn-ratio. 

In addition to sediment (in)organic geochemi-
cal profi les, a more comprehensive picture of the eu-
trophication history at a specifi c site can be obtained 
by also studying sedimentary pigments (Reuss et al. 
2005), C and N stable isotopes (Savage 2004), lipid 
biomarkers (Zimmerman & Canuel 2000), and by 
performing detailed OP fractionations to functional 
classes with nuclear magnetic resonance spectroscopy 
(Turner 2005). By using a multi-proxy approach, it 
was possible to assess long-term changes in nutrient 
concentrations (Paper III) by combining geochemi-
cal indicators with diatom indices such as DI-TDN 
and diversity patterns (diatom species richness), and 
general productivity (ChlaD). All these methods have 
specifi c problems: DI-TDN can have large uncertain-
ties, if diatom species optima are poorly modeled or 
the species have a broad range of tolerance, (see more 
Weckström 2005, p 33), pigment data are aff ected by 
preservational artifacts etc. Since none of these meth-

ods are perfect, it is recommended to combine diff er-
ent approaches in order to obtain a more reliable his-
tory of eutrophication (Clarke et al 2006).

5.3.3. Managing coastal areas

Th is study shows that the sites used in this study are 
not comparable to each other, with the exception of the 
profi les of anthropogenically-derived metals. Hence it 
would suggest that it is more fruitful to study tem-
poral trends within a site. Studying a whole sediment 
stratigraphy from a given site reveals possible recent 
recovery and further baselines for diff erent elements, 
which can be set against which restoration measures 
can be planned. However, studying whole sediment 
cores can be quite time consuming and obtaining sedi-
ment accumulation rates by using radioactive isotopes 
is expensive. 

Th erefore, sampling the tops and bottoms of sedi-
ment cores approach has been introduced particularly 
in diatom studies (e.g. Cumming et al 1992; Bennion 
et al. 2004). Top sediment represents present con-
ditions, and the bottom of the retrieved core repre-
sents baseline conditions prior to human infl uence. A 
problem related to this approach is the estimation of 
“bottom”, since the sediment accumulation rates vary 
signifi cantly from area to area and the disturbance his-
tory also varies. As studies of well-dated cores from 
these coastal areas become more abundant, they might 
give a reliable enough range of accumulation rates, 
which helps the estimation of accumulation rates in 
similar sites. In sediment geochemistry, this approach 
is most suitable for studying the pre-industrial and 
present day concentrations of anthropogenic met-
als, since nutrients are particularly sensitive to post-
depositional changes. And it would probably be wise 
to combine the top fi ve centimeters as a top sample 
instead of just the top 1 cm, since even the season of 
sediment sampling might aff ect the concentrations in 
the top sample.

Th e sediment record at 6 sites chosen for the study 
range from less impacted sites to heavily altered and 
disturbed sites (Table 2). Most heavily impacted are 
the two urban sites Hillonlahti and Laajalahti. Hillon-
lahti is the most aff ected by massive and still continu-
ing construction activities. Formerly the embayment 
received heavy metal loading from wood processing 
industries, which could become an environmental 
problem, if previously sedimented heavy metals are 
resuspended into the water phase. In addition, the site 
has suff ered from nutrient loading by poorly treated 
wastewaters. Laajalahti has been impaired by massive 
wastewater loading, which is refl ected in the sediment 
record as high anthropogenic heavy metal concentra-
tions. Although future deterioration has been prevent-
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Site Laajalahti Pieni 
Pernajanlahti

Fasarbyviken Hellänlahti Hillonlahti Lake Renstrand-
träsket

Driving forces Urban 
development, 
sewage loading

Agriculture, 
discharge 
via River 
Ilolanjoki

Diff use 
nutrient 
loading from 
fi elds, pig farm

Multiple sources; 
agriculture, 
municipal 
wastewaters, fi sh 
farming 

Wood processing 
industry, 
municipal 
wastewaters, 
construction 
activities

Agriculture

Special 
characteristics 
in sediment 
geochemistry

Especially high 
Cu and Zn 
Concentrations

Highest
lithogenic 
metal 
concentrations

High sediment 
accumulation 
rate, highest 
nutrient 
accumulation 
rates

High nutrient 
concentrations

Very variable 
element profi les, 
rapid changes in 
sedimentation 
rates, visual 
changes in 
sediment 
stratigraphy

Change in 
organic material 
source as 
indicated by 
C/N-ratio, 
sediment seems 
to preserve 
nutrients better 
than estuarine 
sediments 

Historical 
changes

Most severely 
polluted 1955-
1975 by waste 
water loading

Fluctuating 
changes in 
sediment 
accumulation 
rates from 
1940s, 
increase in OP 
from 1970s

Possibly an 
increase in 
production in 
the 1940s as 
indicated by 
BSi, possibly 
a switch 
towards anoxic 
conditions in 
the mid 1970s 
indicated by 
the Fe/Mn-
ratio

A clear change 
beginning 1980 
indicated by 
multiple proxies, 
probably related 
to the onset of 
fi shfarming 

Huge changes 
in 1954 and 
1987 as a result 
of construction 
activities

Well preserved 
organic material 
and nutrient 
peak 1900-1950

Current status High internal 
nutrient 
loading from 
the sediment

Moderately 
eutrophic

Moderately 
eutrophic

Moderately 
eutrophic

Construction 
continues, 
no stable 
sedimentation 
conditions.

Very shallow, 
anoxic during 
winter ice-cover

Environmental 
management 
and restoration 
measures

Slowly 
recovering 
from the 
high nutrient 
loading, still 
far from 
the WFDs 
reference 
conditions.

Needs to be 
monitored. 

Anoxic state 
in the bottom 
sediments 
is alarming, 
very high 
sedimentation 
rate for 
such a small 
catchment. 
Nutrient 
loading needs 
to be reduced.

General 
productivity has 
increased during 
the past 20 years 
(increase in i.e. 
OP). Needs to 
be monitored.

Cu, Cr and V 
in the sediment 
could be a 
problem because 
of resuspension

Anoxia could be 
a threat to fi sh 
stock

Table 2. Th e environmental status of the studied sites as refl ected by sediment geochemistry and other available data.
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ed by cessation of the wastewater treatment plants, 
Laajalahti still does not meet the environmental qual-
ity objectives set in the WFD. Th is is due to internal 
nutrient loading which causes frequent blue-green al-
gae blooms in the bay. 

Pieni Pernajanlahti is probably the least disturbed 
of the sites, but similarly to all other sites chosen for 
this study, the current status of Pieni Pernajanlahti 
Bay is at least moderately eutrophic. However, diatom 
data (Weckström 2006) shows a clear increase in the 
abundance of planktonic diatoms in the beginning of 
the 1970s coinciding with an increase in sediment OP 
concentration. Th is site also exhibits a clear increase in 
the sedimentation rate from the 1940s, and altogether 
the sedimentation rates in Pieni Pernajanlahti were 
high compared to other sites. High lithogenic metal 
concentrations indicate that most of the sediment ac-
cumulated is minerogenic and allogenic in origin.

Adjacent Fasarbyviken has very high sedimenta-
tion rates as well, which is surprising since the catch-
ment area of the embayment is fairly small. LOI%, 
TC and TN concentrations are a bit higher than in the 
larger Pieni Pernajanlahti, but phosphorus concentra-
tions are lower. Since the redox-indicator Fe/Mn-ratio 
suggests a change towards anoxic conditions, it is pos-
sible, that Fasarbyviken suff ers from internal P-loading 
from the sediment. Th is could indicate that Fasarby-
viken is close to a threshold where more intense eff ects 
of eutrophication can be seen. 

Hellänlahti is more eutrophic compared to the 
other rural sites based on sedimentary organic material 
and nutrient concentrations. Th is is probably natural, 
because of higher baseline concentrations. Higher 
baseline concentrations seem to be typical for this type 
of a shallow, fl at-bottomed embayment with a slow 
sedimentation rate. However, the general productiv-
ity appears to have increased during the past 20 years, 
possibly related to the increased fi sh farming in the 
outer area of the estuary. 

Lake Renstrandträsket was included in this study 
in order to have a lake counterpart for comparison. It 
is eutrophic like the other sites and it has repeatedly 
suff ered from periodic anoxia during winter ice-cover. 
Lake sediments tend to have higher organic material 
and nutrient concentrations than estuarine or marine 
sediments, therefore these results are not directly com-
parable. However, Lake Renstrandtäsket has the high-
est Zn peaks of all the studied sites (twice as much Zn 
as in typical estuarine sediment). It also features an 
interesting change in the sediment C/N ratio, which is 
indicative of a change in organic material origin from 
terrestrial to aquatic. In general, lake sediments seem 
to preserve nutrients better than their estuarine coun-
terparts.

6. CONCLUDING REMARKS

Th ere are several issues that have to be carefully con-
sidered before the interpretation of geochemical data. 
Th e reliability and representativeness of the data must 
be evaluated in many phases starting from the study 
site selection to data representation. Th ere is not one 
preferable way to deal with sediment provenance and 
grain size issues. Th e need for normalization has to be 
considered carefully and is totally site dependent. Th is 
study also shows that calculated fl uxes of nutrients or 
metals are not comparable from site to site. For the 
above-mentioned reasons concentrations are the pre-
ferred data type for these kinds of studies. 

Th is study suggests that sedimentation rates vary 
signifi cantly from site to site and overall sedimentation 
can be linked to geomorphology and basin bathym-
etry, which appear to be the major factors governing 
sedimentation rates, i.e. high sediment accumulation 
rate is not characteristic of either of urban or to rural 
sites. In addition, no general trends or rules can be 
established about what kind of sediment geochemical 
composition is typical for certain coastal embayments. 
Th e geochemical trends are strongly site-specifi c and 
depend on the local geochemical background, basin 
characteristics and anthropogenic metal and nutrient 
loading. 

In the sites studied, increases towards the top sedi-
ment are seen in the sediment organic content and 
nutrient profi les. At least some of these changes are re-
lated to steady-state input- decomposition balance, i.e. 
surfi cial sediments tend to have higher organic matter 
and nutrient concentrations, because less of the labile 
portion has decomposed. However, the urban estua-
rine sites with extreme disturbances and high nutrient 
loading seem to show changes even in the TC, TN 
and TP profi les, which are generally considered very 
challenging to interpret. Organic phosphorus (OP) 
seems to show less monotonic trends in all studied 
sites. Compared to other available data, OP appears to 
be the most reliable geochemical indicator describing 
trophic development whereas Cu and Zn appear to be 
good indicators for anthropogenic infl uence.

Th e links between the catchment land use and 
sediment geochemical data were studied using RDA. 
Based on the analysis the least disturbed embayments 
with high forest cover the sediments have high con-
centrations of the lithogenic indicators Fe, K, Al and 
Mg. Embayments close to urban settlement have par-
ticularly high Cu concentrations and a high sediment 
Fe/Mn ratio. 

As sedimentation environments, estuarine and 
marine sites are more complex than lacustrine envi-
ronments with multiple sources of sediment input and 



39

more energetic conditions. In general, lake sediments 
seem to preserve nutrients better than estuarine sedi-
ments, while salinity and the presence of sulphates in 
marine waters aff ect elemental profi les. Th e crucial 
diff erences between the lacustrine and estuarine sedi-
mentation environments are mostly related to Fe: In 
estuarine environments the sedimentation and remo-
bilization of Fe is seemingly unrelated to catchment 
erosion. It appears to be related to internal processes 
such as oxidation and reduction reactions. Th erefore 
P sedimentation is mostly governed by Fe redox-re-
actions in estuarine environments. In freshwaters, the 
presence of Fe is clearly linked to the sedimentation 
of other lithogenic metals, and hence P sedimentation 
and preservation appears to be more straightforward 
with a more direct link to organic matter sedimenta-
tion.

Human actions produce marked geochemical 
variations in coastal sediments. Th ese variations and 
signals are often challenging to interpret due to various 
sedimentological and post-depositional factors aff ect-
ing the profi les. However, using a suffi  cient number of 
fairly straightforward analyses and sophisticated multi-
variate methods, much information can be mined out 
of geochemical data. Although sediment geochemistry 
provides plenty of information of past conditions in 
the sites studied here, the multi-proxy approach gives 
a more comprehensive picture of ecosystem structure 
and functioning. 
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