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Abstract The geochemistry of lake (Rens-
tradtrésket) and estuarine (Pieni Pernajanlahti
Bay) sediment was investigated in a medium sized
watershed draining to the Gulf of Finland, Baltic
Sea. Catchment land-use types were compared
and found similar. Sediment cores were dated
using 2'°Pb- and '*’Cs-chronologies and analyzed
for Al, K, Cu, Zn, Fe, Mn, phosphorus fractions,
TN, TC and biogenic silica (BSi). Differences
between the sediment cores were studied by using
linear regression analysis and principal compo-
nents analysis (PCA). Despite similarities in
catchment land-use and history, the sediment
geochemical profiles of the sites varied signifi-
cantly. Some of the differences could be related to
differences in chemical sedimentation environ-
ment (lacustrine versus estuarine). TP concentra-
tion was found to be positively correlated with
sediment iron content in estuarine sediment but
negatively correlated with Fe in lake sediment. In
the estuarine core sedimentary iron was not
correlated to lithogenic potassium and aluminum
but in the lake core the iron seemed to be
lithogenic in origin, as suggested by the strong

S. Vaalgamaa (X)) - A. Korhola

Environmental Change Research Unit (ECRU),
Department of Biological and Environmental
Sciences, University of Helsinki,

P.O. Box 65, Viikinkaari 1,

FIN-00014 Helsinki, Finland

e-mail: sanna.vaalgamaa@helsinki.fi

positive correlations (7> = 0.95-0.96) between
these three variables. Most similarities among
the cores were found in Al concentrations.
Estuarine nutrient profiles appeared relatively
monotonous compared to the lake core. This is
probably due to more vigorous mixing of the
sediments that may ensure more rapid and
complete consumption of the organic matter
deposited on the bottom of the estuary. Therefore
the lake sediment appeared to preserve the
historical record of eutrophication better. Biolog-
ically less active and more particle-bound mate-
rials like the trace metals Cu and Zn seemed to
retain good records of anthropogenic impact also
in the estuarine core. The study highlights the
need to take the sedimentation environment into
account when interpreting geochemical record.

Keywords Baltic Sea - Estuary - Lake -
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Introduction

In a physical sense, lake environments differ from
marine areas in several significant ways. Viewed
in a long-term perspective, marine areas are much
more permanent features on the earth’s surface
than lakes. Lake levels tend to vary more rapidly
than sea level, and lakes are short-lived, transient
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features in the landscape that generally disappear
in a relatively short period of geologic time: they
accumulate organic and inorganic materials on
the their bottom, becoming shallower and even-
tually filled with sediment (Korhola 1995). These
differences strongly influence also the expression
of depositional sequences.

Coastal embayments such as estuaries, gulfs
and bays form a habitat intermediate between
these two depositional environments; they are
closely linked to sediment supply from the catch-
ment area but at the same time are interacting
with larger marine systems (Day et al. 1989;
Ridgway and Shimmield 2002). Physical pro-
cesses, such as wind, waves, tides, surges, etc.,
are usually very effective in coastal environments,
for which reasons they are more energetic and
dynamic systems than lake environments. Estu-
aries and other coastal inlets receive sediment
inputs from many different sources, including
allochthonous terrestrial materials transported
from land by rivers and groundwater, allochtho-
nous marine materials brought in through tidal
action from the open sea and autochthonous
production of algae and higher vegetation (Goii
et al. 2003). The sediment stratigraphic sequence
in such a hydrologically and morphologically
energetic environment rarely results from simple
particle settling and accumulation. Rather, sedi-
ments typically undergo many phases of deposi-
tion and erosion and the sediment layers, which
are finally preserved, can reflect these phases, as
well as the consequential exposure to bioturba-
tion, resuspension and seabed diagenesis (Can-
field 1989; Thomas and Bendell-Young 1999;
Billon et al. 2002; San Miguel et al. 2003).
Although the processes causing scavenging and
release of elements from the sediment are basi-
cally the same in lacustrine and marine environ-
ments (Stumm 1992), it is by reason of this
complexity, why lakes are generally considered
much more suitable for paleolimnological inves-
tigations than estuaries due to more stable short-
term sedimentological conditions and hence less
post-depositional disturbances in them. Estuarine
areas are much more challenging since it is not
always easy to determine the origin of the
sedimented matter due to the flow of fresh water
through the system on one hand and the currents
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and inflows of saline water from the pelagic area
on the other hand.

The estuaries and various inlets of the Baltic
Sea are exceptional in this context in that they are
far less energetic than the World’s marine coastal
environments in general. Tidal forces in the Baltic
are practically negligible (tidal ranges less than
0.2 m), and the coastal areas are usually well
sheltered against heavy wave action and currents
by surrounding islands, in particular along the
Swedish and Finnish coastlines. Hence, the shal-
low embayments and estuaries of the Finnish
coast resemble in many respects lake-like habitats
and are assumed to behave more like lakes also
from the sedimentological point of view.

There are nevertheless some additional differ-
ences in the marine chemical environment that
may cause changes in sedimentary products when
compared with lakes. These are predominantly
related to salinity and presence of sulfates in
marine waters. Increasing salinity increases the
aggregation of dissolved iron and phosphorus
(Forsgren et al. 1996). Sulfates form more or less
insoluble components with divalent metals. The
major sulfide component found in marine sedi-
ments is iron sulfide, due to the usually high
abundance of iron oxyhydroxides and their ease
of reduction to Fe(II) in anoxic conditions.
Amorphous iron sulfide (FeS) is a relatively
soluble metal sulfide, and therefore other metal
cations can displace Fe to form more stable
sulfides (Cooper and Morse 1999). Therefore,
through a complicated binding system the pres-
ence of many elements in estuarine systems are
somehow related to sulfides and iron.

Past studies have also revealed that marine or
brackish-water cores are much more difficult to
date using radioactive isotopes than lake cores
(Tikkanen et al. 1997; Plater and Appleby
2004). This is linked to more energetic conditions
in marine areas. Especially estuarine systems
receive both direct atmospheric radionuclide
deposition and also delayed river-derived inputs
from catchment soil erosion (Oldfield et al.1989).
Hence, the radionuclide chronologies require
careful integration of 2!°Pb activities and at least
one independent tracer, such as 137, 239+240py or
241 Am (Abril 2003). Also the presence of radon in
embayments that are located in tectonic fault
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lines, as is often the case, for instance, in Baltic
Sea estuaries might affect *'°Pb chronologies. Rn
is a member of the same radioactive decay series
as ?'Pb and therefore it might disturb the
normal decay-profiles. However, very good
219pb-chronologies have recently been obtained
from sheltered lake-like embayments on Fin-
land’s coastline (Vaalgamaa 2004; Weckstrom
2006) and reasonably good chronologies also
from some Danish estuaries (Adser 1999; Clarke
et al. 2003).

Although the processes affecting the settling
and release of elements in different types of
sedimentation environments have been widely
studied, no study has compared the paleopreser-
vation across different sedimentation environ-
ments. Too often the same analytical
methodology and the ways to interpret the data
are applied to new study sites, without much
consideration on the possible fundamental differ-
ences between the new site and the environment
for what the methods originally were developed.
Especially geochemical data need to be inter-
preted with caution in paleoenvironmental stud-
ies, since sediment diagenesis can alter the
geochemical signature significantly depending on
the sedimentation environment.

For this study we selected a medium-sized
Finnish estuary in the Gulf of Finland and an
adjacent coastal lake from the estuary’s catch-
ment for comparison. Our primary objective was
to compare sediment profiles in a lake and an
estuary from both sedimentological and paleoen-
vironmental points of view in a situation where
catchment-driven differences were minimized. It
is an important and challenging task to compare
lake and estuarine sedimentary environments as
repositories of geochemical record and pollution
history. The geochemical and/or mineralogical
study of such sediments can provide valuable
insight into the regional hydrodynamics including
patterns of sediment transport and deposition. In
addition, conservation and management of aqua-
tic systems require detailed information of the
processes that affect their functioning and devel-
opment. Understanding sediment dynamics is
important in view of the need to determine past
changes, monitor ongoing and ultimately predict
future trends.

Study sites

Pieni Pernajanlahti Bay (60°23" N; 25°54’) is a
medium-sized estuary of the Gulf of Finland,
approx. 75 km east of Helsinki with a surface area
of 9 km? and catchment area of 356 km? (Fig. 1).
The bedrock of Pieni Pernajanlahti’s drainage
basin consists mainly of granite, granodiorite and
other Svecokarelian rocks. Quartz-feldspar schist
and gneiss form a small area north of Lake
Renstrandtrisket. Geochemically these rocks are
not easily soluble. In the river valley the domi-
nating surface soils are clay and silt (Atlas of
Finland 1992). The catchment area consists
mainly of forests (64%) and agricultural areas
(26%). Industrial and residential areas cover 6%
of the catchment (Table 1). Pieni Pernajanlahti
Bay is located on a fault line valley and the
maximum depth of the bay is approximately
15 m. River Ilolanjoki drains into the Pieni
Pernajanlahti Bay with a mean annual discharge
of 2.9 m® s™! (Weckstrom et al. 2004). It is con-
nected to the open sea through a scattered
archipelago, which limits the water exchange in
the bay. The salinity is approx. 4.5 per mil.

Lake Renstrandtridsket is located in Pieni
Pernajanlahti Bay’s catchment area. It is a fairly
small (28 ha) and shallow (1.2 m) lake with a
catchment area of 489 hectares. 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 winter ice-cover. Land-use patterns
are similar to Pieni Pernajanlahti Bay’s catch-
ment: Lake Renstrandtrdsket has slightly more
fields (30%) and forests (68%) in its catchment
area than Pieni Pernajanlahti Bay, but less
dwellings and industrial areas (2%).

Methods

Sediment sampling and determination
of loss-on-ignition

The sediment master cores PP3 (estuarine core,
87 cm) and Rm (lake core, 79 cm) and additional
cores PP1-2, PP4-5 and R1-4 were collected in
summer 1998 wusing a mini Mackereth-corer

@ Springer



244

J Paleolimnol (2007) 38:241-260

Fig. 1 Map showing the
location of the study sites.
Lake Renstrandtrisket is
located in Pieni
Pernajanlahti Bay’s Q
catchment that is also
indicated in the map
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Table 1 Environmental characteristics and catchment
land-use types of the studied sites

Site Pieni Pernajanlahti Renstrandtrésket
Surface (ha) 906 28

Catchment (ha) 35612 489

Urban dense (%) 0.03 0

Urban sparse (%) 3.0 0.9

Industry (%) 33 1.7

Agriculture (%)  26.3 29.5

Water (%) 31 0

Forests (%) 64.3 67.9

Total 100 100

(Mackereth 1969) (Fig. 1). The cores were sliced
in the laboratory at 1 cm intervals and stored
in cold (4°C). The water content and loss-on-
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ignition (LOI) of the sediment was determined
after SFS 3008, which compares well with the
method given in Heiri et al. (2001).

Particle size measurements and data
normalization

Particle size distribution of minerogenic matter
was analyzed from the master cores in 2 to 5 cm
sample intervals using a particle size analyzer
(Coulter LS-200 laser diffractometer; Agrawal
et al. 1991). Before analysis, the organic matter
was removed with 30% solution of hydrogen
peroxide. An ultrasonic disintegrator was used to
deflocculate the clay fraction. The mean value of
two measurements was used.
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There is usually a close relationship between
metal concentrations and grain size both in
estuarine and lake sediments since metals tend
to associate with finer-grained particles. In
order to compare samples it is therefore often
necessary to diminish the grain-size effect by
applying a correction factor; otherwise finer-
grained samples may show relatively high metal
concentrations. The grain size effect can be
compensated for by rationing metal concentra-
tions to grain size for each sample, but this has the
disadvantage of being laborious. Accordingly, it
has become common to normalize metal concen-
trations to some element found dominantly in the
clay-size fraction. Aluminum has been frequently
used as a grain-size proxy in estuarine sediments.
To judge whether Al was suitable for use as the
proxy in this study, grain size from every other
sample was analyzed and plotted against Al.
However, regression analysis showed poor corre-
lations between the grain size and Al in both of
the sites (+* = 0.11 in the estuary and 7* = 0.22 in
the lake site) suggesting that Al cannot be used
for the correction purpose. In addition to this,
Van der Wejden (2002) discussed problems with
comparison of normalized trace element data in
marine sediments. According to him, from the
statistical perspective, normalization can lead to
spurious self-correlations between uncorrelated
variable. Hence, we decided not to normalize
concentration data for this survey. This decision
was further supported by the fact that there is
rather little variation in the sediment grain-size in
both cores (Fig. 2), for which reason grain-size
impact is thought to be negligible for the correct
interpretation of the element distributions.

Chemical analyses

For chemical analyses the samples were dried in
plastic bags at 80°C (Tanner and Leong 1995),
and subsequently homogenized in an Ika A10 mill
with a W-Co blade. A sub-sample was digested by
autoclaving the sample in 7 M Nitric acid at
125°C for 30 min for the analysis of Al, Ca, K,
Mg, Na, Cu, Fe, Mn, Zn and total P (SFS 3044).
Concentrations of metals were measured using a
Varian SpectrAA 10+ atomic absorption spectro-
photometer. Cs at a concentration of 2,000 pg/ml

was used as an ionization suppressor in the Al,
Na, and K analyses and La at a concentration of
1,000 pg/ml was used as a releasing agent in the
Ca and Mg analyses (Aasargd and Storaas 1996).
The total phosphorus (TP) concentration was
measured using the ammonium molybdate meth-
od with ascorbic acid reduction (SFS-EN 1189).
Organic phosphorus (OP) was obtained by sub-
tracting the inorganic fraction of phosphorus from
TP. Inorganic phosphorus was measured by
digesting samples in 1 M HCI for 18 h (Aspila
et al. 1976) and then analyzed according to
SFS-EN 1189. The total nitrogen (TN) and total
carbon (TC) content of the sediment was mea-
sured using a Leco-analyzer. The concentration of
biogenic silica (BSi) was measured using a mod-
ification of DeMaster (1981). For further details
regarding the Bsi determination, see Vaalgamaa
(2004).

The repeatability and precision of the proce-
dures used for digestion and metal and nutrient
determinations were verified using certified refer-
ence 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%. The average recoveries from the standard
reference materials were 91% for TP, 96% for Zn,
98% for Cu and for 89% for K (others not
certified). Quality control of BSi analysis was
carried out by using the same reference samples
used in an inter-laboratory comparison (Conley
1998). Due to the absence of certified BSi stan-
dards it was not possible to estimate the absolute
accuracy of BSi-measurements, but BSi recoveries
were nearly identical to the recoveries achieved
with similar techniques in the inter-laboratory
comparison.

Sediment dating

In order to achieve chronologies for the study
sites the samples were analyzed for *'°Pb,
?2Ra, and *’Cs by direct gamma assay at the
Liverpool University Environmental Radioactiv-
ity Laboratory, using Ortec HPGe GWL series
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Fig. 2 Sediment median grain size of the master cores PP3 and RM and LOI profiles of cores P1-P5 and RM, R1-R4

well-type coaxical low background intrinsic
germanium detectors (Appleby et al. 1986).

Data analyses

Regression analyses were performed by using
SPSS in order to point out how changes in
different indicators (possible carrier particles)
influence the change in other indicators in differ-
ent sedimentation environments. Principal com-
ponents analysis (PCA) was used to summarize
the variation within the data and to determine
correlations among the variables. PCA involves
a mathematical procedure that transforms a
number of (possibly) correlated variables into a
(smaller) number of uncorrelated variables called
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principal components. The first principal compo-
nent accounts for as much of the variability in the
data as possible, and each succeeding component
accounts for as much of the remaining variability
as possible (Prentice 1986). PCA-analysis with
scaling focused on inter-species correlations was
performed using CANOCO for Windows version
4.0 (Ter Braak and Smilauer 1998).

Results and discussion

Sediment dating

In Pieni Pernajanlahti Bay equilibrium between
total 2'°Pb and the supporting > Ra was reached
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at a depth of 60 cm (Fig. 3a). Since the maximum
unsupported *'°Pb activity was only 116 Bq kg™,
it is likely that this represents a period of not more
than about 100 years. The '*’Cs activity had two
subsurface peaks, at 4-5 cm and 16-17 cm. The
high concentrations and large total inventory
(69,360 Bq m™) suggests that both peaks derived
from the Chernobyl fallout. The deeper peak is
the most likely indicator of the 1986 horizon. The
more recent peak can be caused by shifts in the
pattern of sedimentation or delayed washout from
the watershed. A small but significant shoulder on

the '*’Cs profile at 31-32 cm may record the 1963
fallout maximum from the atmospheric testing of
nuclear weapons. *'°Pb dates were calculated
using the CRS model, together with the 1986
and 1963 depths indicated by the '*’Cs stratigra-
phy. Use of the CIC model was precluded by the
non-monotonic variations in *'°Pb activity. The
219ph and '¥7Cs results are in quite good agree-
ment. 2'°Pb chronology and sedimentation rates
are given in detail in Table 2. The mean sedimen-
tation rate up to 1940 was calculated to be
c.0.3 cm year . Since then sediment accumulation

Fig. 3 Fallout a 1000 1600
radionuclide
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rates have increased generally towards the pres-
ent, with peaks in the early 1950s, c. 1980 and
during the past few years. The mean post-1963
sedimentation rate was 1.2 cm year .

Lake Renstrandtrédsket retains a fairly poor
219pp-record. In all of the samples assayed, total
219pp activity was barely above equilibrium with
the supporting **Ra (Fig. 3b). The >'°Pb inven-
tory corresponds to a flux of 68 Bq m~ year!
and is comparable to the atmospheric fallout
value. The most likely explanation for the low
concentrations is dilution of the atmospheric flux
by relatively rapid sediment accumulation. Any-
how these sediment accumulation rates are lower
than in the top parts of the Pieni Pernajanlahti
Bay because the Renstrandtriasket Lake is

flat-bottomed and lacking clear sedimentation
focus. The '*’Cs activity versus depth profile has
a well-resolved peak at 8.5 cm, demonstrating
that the core retains a good record. Since the total
137Cs inventory (9,100 Bq m™) is three times
higher than typical weapons fallout values in
Finnish lakes, the '*’Cs peak almost certainly
records fallout from the 1986 Chernobyl accident.
This inference is also supported by the high
137Cs/?1°Pb inventory ratio (4.2). No clear evi-
dence of the 1963 weapons fallout maximum was
detected. Due to the poor 2'°Pb record the dates
calculated using the CRS model had large uncer-
tainties. The 1986 '*’Cs date gives a mean
sedimentation rate during the past 13 years of
0.15 + 0.004 g cm™ year ', and is comparable to

Table 2 2'°Pb

Depth Chronology Sedimentation rate

chronology,

sedimentation rates and cm g cm ™t Date (AD) Age (y) + g cm™2 y71 cm y71 +

standard errors for cores

(a) Pieni Pernajanlahti (a)

Bay (b) Lake 0.0 0.00 1998 0 0

Renstrandtrisket 0.5 0.07 1998 0 1 0.70 2.84 60.8
4.5 0.88 1996 2 1 0.39 2.24 21.3
6.5 1.33 1995 3 1 0.37 1.42 17.1
8.5 1.89 1994 4 2 0.32 1.12 16.8
10.5 2.48 1992 6 2 0.29 0.93 19.0
12.5 3.09 1989 9 2 0.23 0.84 15.2
16.5 4.31 1985 13 2 0.28 0.90 15.7
18.5 4.96 1982 16 2 0.31 0.90 18.9
21.5 5.95 1979 19 3 0.35 0.89 23.8
25.5 7.35 1974 24 3 0.23 0.62 23.1
29.5 8.71 1966 32 4 0.17 0.53 15.0
33.5 9.92 1959 39 5 0.19 0.62 24.6
37.5 11.17 1953 45 6 0.22 0.50 35.9
43.5 13.39 1940 58 8 0.10 0.38 33.2
47.5 14.68 1927 71 11 0.10 0.32 38.5
53.5 16.65 1908 90 16 0.10 0.31 62.5
57.5 18.05 1895 103 23 0.10 0.29 57.9
59.5 18.77 1888 110 26 0.10 0.30 62.4
(b)
0.0 0.0 1999 0 0
0.5 0.1 1998 1 1 0.14 0.71 15.2
4.5 0.9 1993 6 2 0.14 0.60 15.2
8.5 2.0 1985 14 3 0.14 0.52 15.2
12.5 3.1 1977 22 4 0.14 0.52 15.2
16.5 4.2 1970 29 5 0.14 0.48 15.2
20.5 54 1961 38 7 0.14 0.50 15.2
24.5 6.4 1954 45 8 0.14 0.57 15.2
28.5 7.4 1947 52 9 0.14 0.62 15.2
32.5 8.2 1941 58 10 0.14 0.73 15.2
36.5 8.9 1936 63 11 0.14 0.86 15.2
40.5 9.5 1931 68 11 0.14 0.96 15.2
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the mean sedimentation rate calculated using the
CRS model of c. 0.13 gcm?year’. In the
absence of more reliable evidence the safest
procedure is to calculate a sediment chronology
based on the average sediment accumulation rate
of 0.14 g cm™ year .

The estuarine site exhibits a major increase in
sediment accumulation rate during the past few
years, a phenomenon that has been observed also
from other estuarine sites from the Baltic Sea
(Vaalgamaa 2004; Weckstrom 2006). This is
caused by flattening of the unsupported *'°Pb
activity versus depth profile in the top sediment
layers. This feature can be explained by either
incomplete vertical mixing within the top sedi-
ment zone (Abril 2003) or by acceleration of the
sedimentation rate in recent years. Due to
uncertainties of the cause of the phenomenon
and the huge impacts it has on the recent
sediment accumulation rates, sediment geochem-
ical data were chosen to be presented in concen-
trations rather than accumulation profiles.

Lithology and particle size distribution

There were no major changes in the visual
characteristics of the marine sediment core. The
top 1 cm of the master core PP3 was oxidized
brownish sediment and below that the color of the
sediment was dark gray with FeS-patches. The
organic content of the sediment, measured as loss
on ignition (LOI%, dry weight), was around 12%
at the sediment surface and from there it grad-
ually declined to c. 8% at approx. 20 cm depth
(Fig. 2). From 20 cm downwards the organic
content of the sediment fluctuated around 8%.
There was no great variation in the median grain
size within this sediment core, the grain size
varying from 4 to 6 microns (um).

In the lake core there was one clear visual
change in sediment lithology. From the sediment
surface downwards to 34 cm depth the color of
the sediment was grayish. At 34 cm the sediment
color changed to dark brown. At the same depth
also the sediment LOI% increased. The LOI% of
the top layer varied around 12-14% (Master core
RM) and from 34 cm downwards the organic
content ranged from 16 to 25%. There was
slightly more variation in the sediment grain size

in the lake core in comparison to the estuarine
core. The grain size retained the same peak
horizon than the organic content with highest
values from 40 to 60 cm and lower values in the
top part of the core. The median grain size varied
from 3 to 8 microns (um).

Because geochemical analyses were done from
the single cores only (per site), additional sedi-
ment cores were taken from both study sites
in order to compare the sedimentation conditions
in different parts of the basins (Fig. 1). The
percentages and shapes of the LOI curves were
found very similar in different parts of the marine
site, suggesting rather stable sedimentation con-
ditions in this estuary (Fig. 2a). Slightly more
variation was observed in the LOI profiles of the
lacustrine cores (Fig. 2b). Four of the lake cores
had lower LOI values in the top parts and distinct
peaks around 30 to 60 cm (in R1 from 45 cm
downwards). However, core R3 had more com-
plicated stratigraphy with more variation in the
top part and no clear peak between 30 and 60 cm.
Nevertheless, the data suggest also rather stable
sedimentation conditions in the lake basin. Over-
all, the data suggest that the two master cores
seem to represent the general sedimentation
conditions in the two basins reasonably well.

The median particle size varied between 4-6 in
the estuarine core and between 3 and 8 in the
lake core. Despite the small variation observed in
the grain size data, there are nevertheless some
distinct trends in particle size distribution, in
particular in the lake core, with coarser grain size
in the bottom parts of the core and finer in the
top. Sediment grain size seems to vary in the lake
core approximately in the same manner as
nutrient elements. This is in contradiction with
the common assumption of increasing concentra-
tions with decreasing grain size (Thorne and
Nickless 1981, Duquesne et al. 2006). Possible
explanation for this anomaly could be related to
the abundance of diatom remains in the lake
core. BSi concentration, which is supposed to
reflect diatom abundance in the sediment (see
Conley 1988), is five times higher in the lacustrine
core than in the estuarine core (Fig. 4b). Average
diatoms are commonly 10-200 microns in length
which is a much more that the median grain size
in this core. When diatom remains are present in
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Fig. 4 (a) Metal and nutrient concentrations, Fe:Mn- and
C:N-ratios of Pieni Pernajanlahti master core (P3) plotted
against time. Corresponding depths in centimeters are
given on the right side of the figures. TC: total carbon, TN:
total nitrogen, TP: total phosphorus, OP: organic phos-
phorus BSi: biogenic silica. (b) Metal and nutrient

large abundance it is directly reflected in the
sediment by increased median grain size. It is
therefore likely that diatoms disturb the grain
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size distribution in this particular case so that that
the possible changes in mineral fraction are
masked.
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Fig. 4 continued

Sediment geochemistry

In both sites, erosion indicators (K and Al) had
high concentrations around the turn of the 19th
century suggesting increased catchment erosion
(Fig. 4a, b). In the 1920s and 1930s the values

LI LI L L | rrrrrrrT T T T
200 03 0609 0 5 1015 205.0 10.0 15.0

stabilized for a while and then rose again in the
mid 1940s referring to more peaceful erosion
conditions for a few decades followed by in-
creased erosion activity in both watersheds. In the
lake core the erosion indicators remained stable
from the 1940s onwards with a slight peak in the
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late 1960s. There was much more variation within
the estuarine core with a local maximum in the
late 1960s and a significant increase in the early
1980s. Mg and Ca concentrations followed the
same trends with Al and K in both sites, although
Ca showed more variation. Sedimentary Na
concentrations were stable in the estuarine core
except for the enrichment in the top sediment.
This enrichment is most likely due to higher water
content of the top sediment. In the lacustrine core
there is a marked decline in Na concentrations
from the bottom parts of the sediment to the top
(app. from 800 pg g~' to 440 pug g ™).

The estuarine iron profile is fairly stable in the
lower part of the core. From the 1960s to the1970s
there is a slight decline in concentrations and in
the top part of the core there is a slight increase
starting from 1990. The manganese profile retains
a broad peak from the 1930s to 1970. There is also
a clear increase in the top part of the core
beginning from year 1990. The redox indicator
(Fe/Mn-ratio) remained high from 1900 to 1930,
then decreased clearly and remained low until the
early 1970s when the most significant increase
occurred.

In addition to source changes there are several
factors influencing the precipitation and accumu-
lation of Fe and Mn into the sediments (ie. the
ionic composition of the water, redox conditions
and microbial activity). Therefore the interpreta-
tion of Fe, Mn and Fe/Mn profiles needs to be
done with caution. Despite the restrictions of the
method, the clear peak in Fe/Mn ratio from 1970
to 1990 could point to less oxic conditions in the
sediment, since the peak coincides with an
increase in planktonic diatom taxa, which indi-
cates more eutrophic conditions in the embay-
ment (Weckstrom 2006).

Lacustrine Fe and Mn profiles resemble each
other markedly. They both display a peak
around 1890 and a steady increase from the
1940s towards the top. In Fe/Mn-ratio there is a
slight increase from the 1860s to the late 1940s
followed by a more rapid increase from 1940s
onwards. Fe and Mn profiles, and also Fe/Mn
ratio to some extent, resemble lithogenic indi-
cator profiles suggesting that supply is control-
ling the presence of these elements in the
sediment.
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Copper and zinc profiles in the estuarine core
showed increases in their concentrations from the
1850s to the 1970s and decreases in the most
recent sediments (Fig. 4a). The copper profile in
the lake core showed the biggest increase from
the 1870s to 1930s. Zn concentrations were
highest from the 1860s to approx. 1935 with four
successive peaks between 1915 and 1930. The
overall Cu-concentrations were higher in the
estuarine core than in the lake core. Zinc
concentrations were clearly higher in the lacus-
trine core between 1850 and 1935, but slightly
higher in the estuarine core from ca. 1935
onwards. The zinc concentrations are well above
crustal average which points out to pollutant
contribution in both of the sites. The sediment
cores were not long enough to reach pre-industrial
reference levels, and therefore it is difficult to
define any background values. However Cu-pro-
files in both of the sites show constant increases
towards the top which could be related to
atmospheric pollution.

TC, TN and especially TP profiles in the
estuarine core were quite monotonous showing
increasing trends towards the top of the core
(Fig. 4a). However, there was a clear local min-
imum in TC and TN profiles in the mid 1940s. In
most marine sediment cores there is a typical
trend of increasing nutrient concentrations to-
ward the top section of the core, regardless of the
changes in nutrient loading or water nutrient
concentrations (Cornwell et al. 1996; Vaalgamaa
2004). This is due to preservational artifacts or so
called steady-state input-decomposition balance,
in which the recent sediments tend to have more
TN, TC and TP because less of the material has
degraded (Cornwell et al. 1996). This is a com-
plex process, which involves a certain amount of
mixing in the top sediment layers (Kelly and
Nixon 1984). The Renstrandtrisket core retained
an organic matter (LOI %) and nutrient peak
from 1900-1945. Preservational artifacts were not
seen in Lake Renstrandtrisket’s TC and TN
profiles.

The overall TC concentrations were found four
times higher in the lake sediment core than in the
estuarine core. The pre-1950 TP concentrations
were about in the same level in both the estuarine
and the lake sites. After 1950, TP concentrations
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in the estuarine core were higher than in the lake
core. Also the estuarine sediment seemed to
retain more OP compared to the lake sediment.
The C/N-ratio in the marine core was through-
out the past century around 9 indicating that most
of the carbon is derived from marine phytoplank-
ton. In the top sediment layers the C:N ratio
decreased gradually towards the Redfield-ratio
(6.6) and reached 7.5 in the top sediment
indicating stable decay of plankton-derived
organic matter. The lake core differed signifi-
cantly from the marine core with regard to C:N
ratio. The C:N ratio in the lower part of the lake
core was around 13, decreased markedly in 1880-
1900 and reached a relatively stable level of
around 9 in the top part of the core. This pattern
indicates a change from predominantly terrestri-
ally derived organic material to authigenic or-
ganic material (e.g. Kaushal and Binford 1999).
BSi fluctuated in the marine core reaching
highest concentrations in approx. 1930, 1970 and
1996. In the freshwater core there were quite high
BSi concentrations in the lower parts of the core,
a weak peak between 1900-1945 and lower
concentrations in the top part of the core. In the
lake core there was much more BSi throughout
the core compared to the marine sediment even
though the BSi concentrations decreased signifi-
cantly in the former in the recent sediments.

Elemental correlations

In order to study metal (Cu and Zn) and nutrient
(TP, OP, TN and BSi) relations to active sorbents
(i.e., organic matter, Fe- and Mn-oxides) and
lithogenic indicator Al, a regression analysis was
used. The relations of sediment Fe to Na and Al
concentrations were also studied. In both of the
cores the strongest positive relationships were
obtained between sediment nutrients and LOI
(Estuary: TP/LOIL, * =0.7; TN/LOI, /* = 0.86;
OP/LOL, #* = 0.45; Lake: TP/LOL, #* = 0.77; TN/
LOI, /* = 0.87; OP/LOI, /* = 0.6; and BSi/LOI,
r* =0.51). The strongest negative correlations
were found for lake sediment nutrients in rela-
tion to Fe concentrations (TP/Fe, P = -0.49; OP/
Fe, r* =-033; TN/Fe, r*=-0.5; and BSi/Fe,
¥* =-0.71). Mn correlations to nutrients were
negative in the lake core. A strong negative

correlation was also found for BSi and Al in the
lake core (r*=-0.57). Cu and Zn were not
strongly correlated to other indicators: best cor-
relations for Cu and Zn were obtained to Al in
the marine core (+* = 0.38 and 0.24, respectively).
In the lake core Cu was correlated most strongly
to Al (#* = 0.29) and Zn to LOI (+* = 0.38). In the
lake core there was a negative correlation
between Zn and Fe (+* = -0.27). When different
elemental correlations between the sites were
compared, the most important differences were
related to sedimentary iron. The presence of iron
in the sediment, and on the other hand, the
binding of nutrient elements (TP, OP, BSi) to
iron seems to be drastically different in estuarine
versus lacustrine sedimentation environments as
shown as linear regressions in Fig. 5.

PCA

For the PCA, the measured geochemical and
lithological data from both sites were combined in
order to compare the study sites and the chemical
composition of the samples. Since the first two
principal components (based on correlation
matrix) together captured 77.7% (59.5 and
18.2%, respectively) of the total variation in the
data, the PCA may be said to describe the
structure of the variance in the material reason-
ably well. The variables were spread out in two
main groups along the PCA axis 1. Nutrient
variables (TN, LOI, TC and BSi) formed a tight
group that scored high on PCA axis 1. Other
variables with positive values on axis 1 were Zn,
C/N-ratio and Ca. Variables such as Fe, K, Mg
and Mn formed another fairly tight cluster with
clearly negative values on PCA axis 1. The first
PCA axis divided the variables into lithogenic and
nutrient aggregates and can therefore be inter-
preted to reflect mostly the changes in sediment
organic and nutrient content. OP and TP both
scored high on axis 2 while Fe:Mn-ratio scored
lowest. Since it is known that TP is a redox-
sensitive parameter and Fe:Mn-ratio is a com-
monly used indicator of redox conditions PCA
axis 2 could represent, at least partly, a redox
gradient.

The lake core samples are spread out widely
along both the first and second PCA axis. The
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Fig. 5 Liner regression Pieni Pernajanlahti Bay Lake Renstrandtréasket
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main temporal trend along the primary axis was
that the older samples were more dominated by
nutrient elements while the more recent samples
were located around the mid-section of the
ordination space. In relation to the second PCA
axis the lake samples achieved highest scores in
samples that were formed around 1915 and lowest
scores in samples from around 1967. The estua-
rine samples did not form any clear time-related
trajectory along the first axis. In comparison to
lake samples the estuarine samples were posi-
tioned on the negative side of axis 1 while the lake
samples were mainly on the positive side. The
biggest change in the estuarine samples took
place along the second axis with increasing scores
with the increasing age of the sample.

General discussion

Differences in elemental composition
of lake and estuarine cores

The studied sites differ from each other signifi-
cantly in size, depth and energy levels and
therefore it was not expected that the sites would
retain same elemental concentrations and geo-
chemical profiles. Instead the main focus was to
study the differences in elemental relations
between the sites. As mentioned before, the most
important differences were related to sedimentary
iron. Roughly, the differences in sites can be
divided into two categories: the presence of iron in
the sediment, and on the other hand, the binding
of nutrient elements (TP, OP, BSi) to iron.
Firstly, in the marine core there was no
correlation between Fe and the lithogenic indica-
tor K (#* = —0.05) (Fig. 5). In contrast, sediment
Fe was very closely linked to lithogenic K
(¥ =0.95) in the lake core. Both iron and
potassium are lithogenic in origin but Fe(III)
oxides have an important role as electron accep-
tors in organic matter oxidation in both marine
and lacustrine microbial mineralization processes
(Froelich et al. 1979). Data from the lake core
show that Fe was most likely derived from the
catchment and that its sedimentation was gov-
erned by the same processes as the sedimentation
of other lithogenic metals: Fe-curve is notable

similar to Al and K curves in the lake core, also in
the lower parts of the core, and therefore we see
that it is more likely that there are similarities in
supply, capture and preservation of these ele-
ments at least in this lacustrine site. In the
estuarine core, in contrast, the sedimentation
and remobilization of iron was seemingly unre-
lated to catchment erosion. Instead, it seemed to
be more related to internal processes such as
oxidation and reduction reactions. In the marine
areas, in contrast to most lake systems, the
diffusion of Fe may be inactivated by FeS
formation (Trudinger 1979), which could be the
governing factor for the iron distribution in the
estuarine sediment core.

Also the nutrient-iron relations were found
different in studied cores. In the estuarine core
TP and OP were positively related to sediment
iron content, whereas in the lake core an inverse
correlation between these variables was found.
Several explanations for the observed phenome-
non are possible. Firstly, sediment supply from
the catchment could be different, even though the
catchments are similar and overlapping. Never-
theless, the overall catchment of the estuary is
much larger, as is also the estuary itself compared
to the size of the lake. Secondly, there are
differences in sedimentation of these two differ-
ent physical environments due to particle size
sorting via focusing, flocculation and resuspen-
sion. Thirdly, there are differences in Fe retention
of these sites due to different oxygen dynamics:
anoxia in freshwater systems can lead to quite
poor retention of labile Fe, leading to dominance
of Fe by the more resistant lithogenic component
(Eusterhues et al. 2005). Fourthly, there can be
differences in P cycling between these two
different sedimentation environments, related to
the area, volume and water retention time of the
basins.

In addition to these possible causes, there are
also marked differences in the chemical environ-
ment of estuarine and lacustrine systems. It is
widely known that sedimentary P cycling is linked
mainly to the Fe cycle in both lake (Caraco et al.
1990; Wang et al. 2005) and marine (Jensen et al.
1995) systems. In addition to this, marine P and
Fe cycles are tightly coupled with S-cycle (Jensen
et al. 1995), which could lead to differences in P
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cycling and deposition in SO3~ poor and SO3 rich
systems. Experimental evidence shows that in-
creased salinity can increase sedimentation of
iron and phosphorus aggregates (Carignan and
Flett 1981; Forsgren et al. 1996). Also clay par-
ticles, that are very abundant in estuarine waters,
absorb phosphorus aggregates and increase net
sedimentation. Therefore, P sedimentation seems
to be governed by multiple factors in estuarine
systems. In a freshwater environment, phosphorus
sedimentation appears to be more straightfor-
ward with a more direct linkage to organic matter
sedimentation, as shown also by the PCA (Fig. 6).

As compared to nutrient elements, regression
analysis didn’t reveal very strong correlations for
Cu and Zn to LOI% or Fe. In the marine core Cu
and Zn were strongly correlated with each other,
but in the lake core there was no significant
correlation between these variables. This could
suggest that there is a local point source of either
one in the lake catchment area. Based on the
shapes and concentrations of the downcore Cu
and Zn profiles (Fig. 4b) it is more likely that
there has been a point source of Zn in the lake
catchment area, possibly a fertilizer, since there
are no exclusion areas surrounding the lake. The
zinc concentrations are generally in the same
level or higher (around 170-210 pg g™') that has

been reported from the contaminated surface
sediments in Bothnian Bay, Bothnian Sea and
Gulf of Finland (Leivuori 1998) but not as high as
in badly polluted urban estuaries such as
Laajalahti Bay (300 pg g™') (Vaalgamaa 2004).
The lacustrine levels are even higher. Copper
concentrations are a bit higher in the estuary than
in the lacustrine site except for the surface
enrichment in the latter core. These surface trace
element enrichments are most likely linked to
trace element cycling in lakes which need not
have much impact on the longer term sediment
record (Boyle 2001). Despite of possible surface
enrichments, it seems that in relatively uncon-
taminated, mainly oxic sediments as these, the
trace metal concentrations may be more con-
trolled by local changes in deposition rates and
local geochemical background, rather than other
active sorbents such as iron and manganese
oxides and organic matter. Therefore they seem
to be indicators that work similarly in both
lacustrine and estuarine environments.

Interpreting sediment geochemical data
as a palaeoproxy: lake versus estuary

The discussion above shows that there are certain
critical issues related to elemental preservation in

Fig. 6 Principal
components analysis
(PCA) correlation biplot
of measured sediment
quality variables in both
of the studied sites for the
first two meaningful
principal components

[e) Estuarine samples
o Lake samples ;
2] —> Sediment age Axis 1
1.0 y +1.0
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sediment cores, which could be a significant
problem when using sediment geochemistry as a
palacoenvironmental proxy. There are also sig-
nificant differences in the chemical sedimentation
environment between lake and estuary that must
be taken into consideration when interpreting
sediment cores. For example, in the complex
estuarine environments a multitude of factors are
affecting the presence of iron compounds and
other chemical substances in the sediments and
therefore it is unlikely that clear temporal trends
could be seen in the sediment elemental profiles.

For this study our aim was to choose two sites
that were as similar as possible from the per-
spective of their catchment land use history in
order to focus on the differences that are caused
by the chemically different sedimentation envi-
ronments. Unfortunately, it was not possible to
totally rule out the differences in physical envi-
ronment (e.g. size, depth, energy levels). The
only similarities found in the geochemical signa-
ture between the studied cores were among
erosion indicators (K and Al). These records
indicated increased catchment erosion in the
1870s, while in the 1920s and 1930s the erosion
conditions in the watershed stabilized again.
Even though the curves of the lithophilic ele-
ments are not identical, similar trends are fairly
easily observed. The differences can be explained
by watershed scale: large watershed may mask
the effects of individual events, while in the
smaller lake catchment even minor changes will
be recorded in the sediment.

In general, our study suggests that lakes can be
considered more suitable for palaeoenvironmen-
tal studies than marine estuaries and embay-
ments, which is in line with previous
investigations. Even very closed, shallow and
lake-like marine inlets are much more challeng-
ing environments for palaeoecological studies
because of more complex chemical cycles. The
preservation of nutrient elements in the sediment
strata seems to be governed by many factors
including normal sediment diagenesis but also
cycling of other metals. This study revealed
similar, rather monotonous nutrient profiles in
the estuarine core as observed in many previous
studies (Cornwell et al. 1996; Ruttenberg and
Goiii 1997; Vaalgamaa 2004). This probably has

something to do with the more vigorous mixing of
the sediment by more abundant macrofauna and
by faster currents that may ensure more rapid and
complete consumption of the organic matter
deposited on the bottom (Yingst and Rhoads
1980). In contrast to lake sediments, which often
appear to preserve a historical record of increas-
ing eutrophication and organic deposition from
the overlying waters, the coastal marine sedi-
ments tend to be enriched in C, N, and P only in
the surface 5-10 cm, which could be the zone of
active mixing. Below this zone, nutrient concen-
trations in many cases fall to background levels.
This seems to be case with the cores studied here:
the lake site retains signals of historical nutrient
enrichment but the estuarine site follows the
monotonous patters typical of sediment diagenesis
(Anderson and Odgaard 1994).

The behavior of the above-mentioned biolog-
ically active elements contrasts with that of the
less active particle-bound elements like Cu and
Zn. Lake cores commonly retain fairly good
records of anthropogenic Cu and Zn inputs,
which was also the case here. Pieni Pernajanlahti
Bay, like many other estuaries in the world
(Nixon 1988; Cornwell et al. 1996; Vaalgamaa
2004), shows increasing concentrations of Cu at a
much greater depth in the sediment than where C,
N, or P began to increase. Independent datings
show that Cu profiles all around the world show
reasonable reflections of increasing anthropo-
genic inputs up to the 1970s. Since urban devel-
opment preceded and then increased with
industrialization and sewer system development
from the late 1800s onwards, the impact of C, N,
and P enrichment is not clearly recorded in the
sediment, but anthropogenic activity in general,
seems to be recorded as increases in human-
derived metal profiles.

An important consequence of the differences in
chemical and physical sedimentation environments
in freshwater and marine sediments is that while
lakes seem to act as sinks for both metals and
nutrients, estuaries and embayments may retain
and accumulate a smaller portion of the nutrients
that flow into them from rivers and anthropogenic
sources. At the same time, a relatively large
fraction of metals may be retained in coastal
sediments. For example, it has been shown that
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the retention of Cu in coastal sediment is as high
as 70-95% (Nixon et al. 1986).

From the paleoenvironmental point of view
strong cycling of nutrients is problematic, since it
makes the interpretation of sediment geochemical
data quite challenging. There are not very many
robust chemical paleoindicators for studying
eutrophication in coastal environments. From
the basic geochemical indicators studied the most
reliable seems to be OP, which is much less
mobile than TP. BSi seems to retain independent
trends from other nutrient indicators, but it has
not yet been proved that the observed changes in
BSi-profiles reflect changes in the productivity of
the basin, since a great deal of BSi can be
transported from terrestrial sources (Conley
2002).

Even though the interpretation of sediment
geochemical data from the paleoenvironmental
point of view is frequently challenging it is known
that even the most mobile pollutants leave certain
marks in the sediment composition that can be
interpreted later. Therefore, it is important to
study a broad range of different geochemical
indicators since they can support each other in the
interpretation of the land-use and pollution his-
tory. Sedimentary pigments, C and N stable
isotopes along with determination of phosphorus
and nitrogen fractions with nuclear magnetic
resonance spectroscopy could additionally pro-
vide valuable information on eutrophication
history. However, this study shows that the
differences in sedimentation environments, i.e.
marine or lacustrine, must be taken into consid-
eration when interpreting the geochemical re-
cords. Paleolimnological methods commonly used
to study lake histories cannot be directly applied
to brackish water or marine environments.
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