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Trends of modem rates of sediment accumulation have been studie in four cores from the Skagerrak, 
one of which was also analysed for anthropogenic zinc fluxes. The cores were collected from the 
Norwegian Channel off Kristiansand at 522 m, off Hirtshals at 239 m and 454 m, and from the NE slope 
off Larvik at 230 m water depth. Accumulation rates of the last 100 to 150 years were determined by 210pb 
dating, partially supported by 131Cs analysis. 

Average sedimentation rates were 2.5, 2.1, and 1.6 mm/year or 0.14, 0.10, and 0.15 glcm2 year for the 
cores from 522, 454 and 239 m water depth, respectively. Sediment accumulation might have varied 
systematically during the last 150 years. One pronounced break occurred some 100 to 140 years ago. 

An extremely rapid sediment growth of 11 mm/year or O. 75 glcm2 year was found for the NE Skagerrak 
core. The first significant appearance of man-released zinc in this core was dated at about A.D. 1860. The 
total Zn flux to the sediments has tripled since then, with the modem impact amounting to 260 mg Zn/ 
cm2 year from anthropogenic sources. 

Acid extractable supported 210Pb was found to be fractioned among the ela y, silt and sand size classes 
of the sedimentary particulates as 65:24:11. For the silt plus clay fraction, excess 210Pb specific activities of 
the surface sediments appeared to be largely independent of dry matter accumulation rates ( thus 
favouring the constant concentration model of 210pb da ting), and excess 210Pb is supplied to the sediments 
at rates greatly in excess of atmospheric fall-out. Both these results are considered to reflect export of 
fine-grained particles from higher energetic shallow water environments in the North Sea and/or Baltic 
and sediment transport to the depositories at greater water depth on a time scale comparable with the 
half-life of 210pb. 
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The Skagerrak and northern Kattegat presum
ably provide the depositional sites for much of 
the finegrained matter discharged to the North 
Sea by continental rivers (Veenstra 1971, 
McCave 1971, Postma 1975, van Weering 1975). 

The generally cyclonic circulation pattern of 
the North Sea (Dietrich & Ulrich 1968, Svansson 
1975, Kautsky 1977, 1981) causes the finegrained 
matter to pass northward off the coasts of N. 
Germany and Denmark and makes it enter the 
Jutland current as the southern branch of the 
predominantly anticlockwise circulation of the 
water masses in the Skagerrak (Larsson & 
Rohde 1979). The high flux of suspended matter 
transported by the Jutland current is corroborat
ed by the huge amount of sedimentary matter 
depositing east of Skagen and along the Swedish 
coast (Eisma 1975, 1981, Floden 1973, Falt 
1982). The mineralogical composition of the de
posits off Jutland (Jørgensen et al. 1981, Rosen
qvist 1981, Rønningsland et al. 1982) and in the 

NE part of the Skagerrak (Pederstad et al. 1980) 
gives additional evidence for the southern origin 
of the mineral assemblage. 

Comparatively little is known in detail about 
the role that the Skagerrak itself has had in the 
near past and is playing at present as a presum
ably important sink for the North Sea fines. An 
investigation of the depositional processes gov
erning the distribution and accumulation of sedi
mentary matter in the Skagerrak could have a 
broader significance from different points of 
view. Evaluating the recent rates of sedimenta
tion will provide basic data for mass balance 
consideration of the North Sea sedimentary 
provinces. In combination with oceanographic 
studies (Larsson & Rohde 1979) and numerical 
models of the water circulation in the Skagerrak 
(Davies 1980) such studies could help to eluci
date the relationship between sediment accumu
lation, bottom current features, and meteoro
logical impact. This in turn may provide an im-
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Fig. l. Bathymetry of Skagerrak and core locations (water depths in m). 

portant basis to understand and predict the depo
sitional fate of pollutants entering the North Sea. 
Last but not least, such studies are expected to 
shed light on the response of the sedimentary 
environment of the Skagerrak as to the climatic 
changes, particularly the increased frequency of 
stormy weather during the Little lee Age (Lamb 
1977). 

As a first approach, the present work has stud
ied the recent history of sediment accumulation 
on four cores from the Skagerrak, one of which 
was also analysed for pollution as recorded by Zn 
concentrations. 210Pb dating was considered the 
most promising tool to establish a comparatively 
well resolved chronostratigraphy of the sedi
ments from the last 100 to 150 years. The 14C 
dating method, apart from its lower time resolu
tion, is much less advantageous for dating marine 
sedimentary matter of shallow water prov
enance, as the radiocarbon contents of both the 
carbonate and the organic fraction is subjected to 
various environmental effects and, for the North 
Sea and the Skagerrak sediments, depicts large 

scale sediment reworking and particle redistribu
tion rather than the depositional age (Erlen
keuser 1979, Jørgensen et al. 1981). 210Pb dating 
has been successfully applied to a wide variety of 
sedimentary environments (for references see, 
for example, Nittrouer et al. 1979), and general 
use of this dating method and its limitations has 
recently been reviewed by Krishnaswami & Lai 
(1978). 

Material and methods 
The sediment cores were collected on various 
cruises of RN 'Poseidon' from 1977 to 1980 by F. 
Werner and J. Rumohr, Kiel. The cores were 
taken from the centre of the western Skagerrak 
trench off Kristiansand, from the south-eastern 
slope of the Skagerrak basin off Larvik (Fig. 1). 
Details on core collection are given in Table l. 
The Decca System Mark 21 was used for naviga
tion. 
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Table l. Core collection data. 

Co re Coring location 
no. 

N Lat. E Long. si te 
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Water RIV POSEIDON Core type 
depth cruise no. Dimensions 
m cm 

R0 3.2 57° 51,8' 8° 10,8' W Skagerrak, trench center 522 55 b Rumohr core• 
off Kristiansand, Norway 8° X 73 

57° 54,9' 9° 14,8' S slope of Skagerrak 239 21 b Piston core 
trench off Hirtshals, Denmark 6° X 500 

2 57° 59,8' 9° 20,0' S slope of Skagerrak 454 21 b Piston core 
trench off Hirtshals, Denmark 6° X 735 

s 11-2 58° 46,3' 100 8,6' NE slope of Skagerrak 230 35 Box core 
basin off Larvik, Norway 15 X 15 X 255 

• Meischner & Rumohr, 1974. 

Water content was determined by weight loss 
upon drying at l10°C on 10 cm spaced samples 
for cores l, 2, and Sll-2 (Figs. 2, 3) and was 
continuously profiled for core RO 3.2 (Fig. 4) by 
means of a high resolution non-destructive scan
ning technique based on gamma-ray absorption 
(Erlenkeuser, in prep.). For cores l, 2, and Sll-
2, grain size composition (Figs. 2, 3) was ana
lysed by wet sieving and gravity settling methods. 
These data (Figs. 2, 3) are discussed in detail by 
Jørgensen et al. (1981) and Pederstad, in prep. 

For zinc analysis, 1.0 g of dry sediment was 
transferred to 100 ml plastic bottles, dispersed in 
50 ml of 0.3 N HCL, and shaken for 3 hours at 
room temperature. The filtrate was diluted to 
100 ml, and Zn was analysed using a Perkin 
Eimer Model 503 atomic absorption spectropho
tometer. Detection limit is l ppm. The leaching 
procedure used here does not provide a quantita
tive extraction, but removes the Zn fraction 
loosely adsorbed to minerals and organic matter 
(Jørgensen 1981, pers. comm.). 

210Pb (half-life: 22.3a, Seelmann-Eggebert et 
al. 1974) was measured via its granddaughter 
2 10Po assuming radioactive equilibrium between 
these nuclides. Due to the short half-life of 210Po 
(138.38d), radioactive equilibrium will have been 
established in deposits older than 2.5a to hetter 
than 99 %, and 210Pb disintegration rates are 
spoken of throughout this paper, whereas 210Po 
was the nuclide actually measured. 

Typically 5.0 g of dry sediment was finely 
ground, digested twice in 10 ml aqua regia in a 
PTFE (Teflon R) beaker on a sand bath, and 
taken to (near) dryness each time. Excess HN03 
was fumed with 2 aliquots of 10 ml conc. HCL. 

The sample was transferred to the filter, the 
beaker washed, and 210po extracted in steps of 2 
portions of 5 ml hot 6 N HCI and 4 portions of 
2.5 ml cold 2 N HCI, using for leaching a handy 
plastic pressure filtering device (paper filter, 40 
mm diam., Schleicher & Schiill, no. 5893) operat
ed with tank nitrogen at about 2 atm. Following 
Flynn (1968), 8 ml of 20% (weight by vol.) 
hydroxylaminehydrochloride and 2 ml of 25 % 
Na-citrate solution were added to the extract, 
and pH was adjusted to 1.3 to 1.6 by means of 
NH40H. 

210Po was removed from the sol uti on ( 40 ml 
final vol.) by selfdeposition on to one side of a 
silver disc (18 mm diam.). The halftime of 210Po 
was 28 min at 85 ± l oc and a stirring rate of 400 
rpm. Deposition took 210 min. The total yield of 
acid extractable 2 10po was hetter than 98 %, as 
shown by replicate leaching of the same sample. 

2 10Po-alpha-particles (energy 5.3045 Mev) 
were counted in vacuo with a 450 mm2 silicon 
surface-barrier detector. The chemical prepara
tion is highly selective for Po, and single-chan
nel-analyser (window: 4.90 to 5.45 MeV) proved 
sufficient for pulse height discrimination. Count
ing yield was dose to 20 %, so that the count rate 
per 5 g initial weight ( cpm/5 g) is numerically 
equal to the specific disintegration rate (dprnlg). 
The reproducibility of the 210Po analysis was gen
erally well within the limits of the counting errors 
which commonly ranged between l and 6 %. 
Therefore, it was not considered necessary to 
make use of 208Po as a yield tracer (e.g., Bacon 
1976, El-Daoushy 1978). 

137Cs in the sediments was identified from 40 
to 70 g dry sample weights by the 661 Ke V 
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Fig. 2. Cores l and 2: Geotechnical and tex
tura! data for core l (upper) and core 2 (lower 
part). See Jørgensen et al. (1981). 
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Fig. 3. Core Sll-2: Geotechnical and textural data (from Pederstad et al. in prep.). 

Fig. 4. Core RO 3.2 (522 m): 210pb activity (dprnlg) vs. sample depth, 210Pb age profile, and water contents (water weight by dry 
matter weight, % ) . Dashed line indicates leve! of supported 210Pb. 
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Table 2. Specific activity of acid-extractable supported 210Pb and grain size composition. Silt/clay-ratios are mean values (see text). 

Core l; silt/ela y = l. 95 Core 2; silt/clay = 1.1 Core Sll-2; silt/clay = 1.1 

Depth 210pb Sand Depth 
cm dpm/g % cm 

17- 18 0.514 ± 0.036 58.6 67.5- 70.5 
2J- 26 0.637 ± 0.026 29.8 70.5- 73.5 
26-- 28 0.569 ± 0.028 35.6 77.5- 80.5 
30- 34 0.447 ± 0.018 58.8 85.5- 87.5 
34- 37 0.590 ± 0.027 52.3 97.5-101.5 
60- 64 0.485 ± 0.021 49.9 117.5-121.5 
6S- 70 0.475 ± 0.027 54.9 162.5-165.5 
93- 97 0.397±0.016 61.1 267.5-270.5 
97-100 0.490 ± 0.023 48.8 318.5-321.5 

127-130 0.421 ± 0.023 59.2 
160-164 0.542 ± 0.026 41.2 
240-244 0.570 ± 0.019 30.3 

gamma-radiation which was measured with 
Ge(Li)-detector coupled to a multichannel pulse
height analyser. Appropriate corrections for self
absorption and geometry effects arising from 
varying sample size were applied. The total 
counting yield has not yet been determined, but 
is estimated to be about 0.09% (or 0.8 pCi/cph, 
picoCurie/counts per hour). 

210pb ages were calculated from the excess 
210pb activities e10pbex) defined as the differ
ence between total activity and supported back
ground e10pbsupp)· The 210Pb distribution with 
sample depth in the sediment typically reveals an 
upper section where the 210Pb specific activity 
(disintegration rate per unit weight of dry mat
ter) exceeds the 'background' found in the strata 
below. The excess 210Pb is mainly supplied from 
the atmosphere. A usually minor contribution 
derives from the decay of dissolved 226Ra in the 
water column. The 210pb background (more 
strictly: supported 210pb) in the sediment results 
from in-situ production due to the presence of 
238U respectively its radioactive descendant 
226Ra. In the ideal case, the decline of excess 
radiolead with sample depth reflects the radioac
tive decay upon ageing with the time since depo
sition. The age-calculation presumes (Krishnas
wami & Lai 1978) that 210Pb is immobile in the 
sediment and that the concentration of excess 
210pb in the freshly arriving sedimentary matter 
has been constant with time at the depositional 
si te studied ( constant concentration model of 
dating). This implies that the fluxes of 210pb and 
particulate matter to the sediment vary in con
stant proportion to maintain a constant (specific) 

sand (%) = 1.0 

210pb Sand Depth 210pb 

dpm/g % cm dpm/g 

0.690 ± 0,035 10.1 137-139 0.840 ± 0.034 
0.727 ± 0.032 10.1 147-149 0.840 ± 0.057 
0.797 ± 0.033 7.6 157-158 0.847 ± 0.027 
0.835 ± 0.035 6.5 164-165 0.851 ± 0.036 
0.816 ± 0.028 4.7 213-215 0.816 ± 0.024 
0.819 ± 0.033 4.0 254-255 0.831± 0.014 
0.847 ± 0.036 3.7 
0.844 ± 0.038 7.4 
0.965 ± 0.037 4.8 

activity. Evidence for the constant concentration 
model to hold for the Skagerrak sediments rather 
than the constant flux model (Krishnaswami & 
Lal 1978) is discussed below. Mass accumulation 
rates of particulate matter were based on the 
water contents measured and on a solid state 
density of 2.54 g/cm3 (Skei & Paus 1979). 

Results and discussion 

Core RO 3.2 (522 m) 

The water contents (Fig. 4) change due to con
solidation from above 300% (%dry weight) just 
below the top of the core to about 110% at the 
base of the core. Superposed on this trend are 
small-scale fluctuations which mainly reflect 
changes of grain size composition or physical 
conditions in the sedimentary environment at the 
time of deposition. Burrowing organisms can af
feet the texture of the sediments significantly and 
may produce inhomogeneities of the bulk density 
both in vertical and horizontal extension. Hori
zontal variations in water contents are evidenced 
by differences between the two pore water scans 
which represent independent views of the core 
from 90° angular distance. Such differences are 
particularly pronounced between 12 and 21 cm 
depth (Fig. 4). Gas bubbles formed in the sedi
ment could also account for some of the small
scale variations in the pore water scans. 

The 210pb contents (Fig. 4) amount to about 17 
dpm/g at the surface and decrease downcore till 
36 cm depth, where the radium-226 supported 
background leve! of about 0.9 dpm/g appears to 
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be reached. However, a faint trace of excess 
210Pb activities is assumed to reflect radioactive 
decay of 210pbex with depositional age, then a 
sedimentation rate of about 2.5 mm/year is indi
cated as the average over the upper 36 cm (or 
150 year) interval (Fig. 4). The decline of the 
210pb activities with depth is interrupted between 
18 and 21 cm. The 210Pb data below that level, at 
least between 23 and 31 cm, suggest that the 
sediment growth was faster during that time, 32-
31 cm, than it was in the last 80 years. 

Interestingly, the rapid accumulation suspect
ed 100 or 120 years ago is paralleled by reduced 
water contents; i.e., a higher state of sediment 
consolidation. This might indicate an increased 
supply of older pre-consolidated aggregates from 
erosional sites elsewhere, leading to a true 
change of the depositional rate. On the other 
hand, both the 210Pb distribution and the poros
ity of the sediment may have been subject to 
bioturbation, which made the 210Pb-poor materi
als centred at 18 cm affect the adjacent strata as 
well. The 210Pb ages are misleading in this case. 
Broadening of the low-activity pulse by bur
rowers is suggested by the inhomogeneities of 
the bulk density recognized from the water pro
files between 13 and 25 cm sample depth. This 
discussion reveals the complications which 
hinder a detailed interpretation of the 210Pb data 
and render it difficult to evaluate trends of 
broader significance from the data of a single 
co re. 

Core l (239m) 

The results of the 210pb analyses are shown in 
Fig. 5. Excess 210pb is clearly evident in the 
upper 17 cm, revealing a decrease of activity 
from a total of 6 dpm/g at the surface to the 
supported base line leve! of about 0.5 dpm/g. 
The sedimentation rate appears to be about 1.6 
mm/a on the average, but in detail may vary with 
depth. The organic carbon contents amount to 
about 2 % with little variance along the core 
(Fig. 2). 

The break in the slope of the 210Pb curve at 3 
to 5 cm depth could reflect an episode of rapid 
sedimentation, possibly paralleled by an in
creased admixture of 210pb-poor, old or sand-rich 
sedimentary matter. Altematively, a large bur
row, such as of Calianassa, may have led to a 
post-depositional increase of activities at distinct 
layers, when it becomes refilled with freshly ar
riving particulates from the sediment-water inter-
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face. Such an effect might account for the activi
ties being too high between 4 and 8 cm depth, 
although the absence of 137 Cs in the 6-8 cm 
sample does not give support to this view. 

Looking for evidence for possibly higher rates 
of sedimentation before A.D. 1900, special at
tention has been paid to the problem of whether 
the comparatively high activities between 19 and 
26 cm do indicate the presence of excess 210Pb at 
these depths. The study of this question is com
plicated by the fact that the sand contents in core 
l are high and strongly variable (Figs. 2, 5). 
Sand-sized material dilutes the activities, since 
210Pb is predominantly confined to the silt and 
clay fraction. This relationship between support
ed 210pb activities and sand contents can be read
ily seen from Fig. 5 and will be analysed in detail 
below. According to these results, the samples 
between 19 and 26 cm depth do appear to exhibit 
excess 210Pb. Unfortunately, shortage of material 
did not allow measurement of the sand contents 
on each of the sample analysed for 210Pb, and the 
evaluation of the 210pb age bad to be partially 
based on less reliable sand figures by interpreta
tion. 

The age-depth distribution shown in Fig. 5 is 
based on the model no. l of the relation between 
supported 210pb and sand contents, as will be 
discussed below. The initial excess 210pb activity 
referred to was considered constant at 5.4 dpm/g 
for all depths. As an alternative approach, the 
unsupported radiolead was assumed to be frac
tioned among the different grain size classes at 
the same ratio as the supported 210pb. The age 
values, however, did not change significantly as 
compared to the counting statistics and hence are 
not shown here. 

Core 2 (454 m) 

The grain-size distribution in core 2 is quite uni
form with depth, revealing sand contents be
tween 2 and 6 % (Fig. 2) and an almost constant 
silt/clay ratio of about 1.1 (Jørgensen et al. 
1981). Organic carbon is almost constant at 
3. 5% throughout the core (Fig. 2). 

The 210Pb profile (Fig. 6) reveals excess 210Pb 
extending downcore to about 40 cm of depth. A 
break is indicated in the lower part of the excess 
210Pb section, a feature which seems to occur in 
the cores from the slope off Jutland. The level of 
supported 210pb (0.84 dpm/g) in core 2 is about 
the same as in cores RO 3.2 (Fig. 4) and Sll-2 
(Fig. 7), both of which display a similar fine-
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Fig. 5. Core l (239 m): 210Pb activity (dpm/g), sand contents and 21"Pb-age vs. depth. The 210Pb age values are corrected for 
variation of background activity with sand contents. Approximate background leve! of 210Pb is shown by the dashed line. 137Cs 
units are cph/g. 

Table 3. Specific activities of acid-extractable supported 21"Pb 
for the sand, silt, and clay grain size classes: results from 
regression analysis. 

Regression Data included 
analysis from cores 
run no. 

l l, 2 
2 l, Sll-2 
3 l, 2, Sll-2 

Approximate errors (%) 

Ratios of activities (run 3) 

Spee. activities of supp. 
210pb ( dpm/g) 

sand silt ela y 
as A asi llcL 

0.21 0.46 1.33 
0.21 0.54 1.18 
0.22 0.47 1.29 

±20 ±25 ± 10 

11 24 65 

grained composition. However, the surface ex
cess 210pb activity of core 2 appears to be too low 
as compared to these cores by a factor of about 
2. This possibly indicates that a top layer of 2-5 
cm thickness is missing. 

The 210pb age profile displayed in Fig. 6 was 
based on the background - sand - regression 
model no. l (Table 3), a silt/clay ratio of about 
l. l, and sand contents of 6.7% which were con
sidered constant for the upper 40 cm of the core. 
The surface excess 210Pb activity referred to was 
6.68 dprn/g. If, however, a 2 to 5 cm thick top 
layer is missing, the age values would be too 
young by about W to 25 years. 

The 210pb-age curve (Fig. 6) indicates a sedi-
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Fig. 6: Core 2 (454 m) : 210Pb activity (dpm/g), sand contents, and 21"Pb age vs depth. Approximate background activity is shown by 
the dash ed line. 

mentation rate of about 2.1 mrnlyear on the aver
age for the upper 30 cm of the core and a slightly 
lower rate of 2.0 mrnlyear above 17 cm depth. A 
much more rapid growth of the sediment (at ca. 9 
mrnlyear) would result for the section below 20 
cm down to at least 40 cm, if the 210pb date at 
38.5 cm sample depth can be relied upon. 

Core Sll-2 (230m) 

210Pb distribution 
The sediments mainly consist of silt and clay 
(Fig. 3) with a silt/clay ratio of about 1.1. The 
sand fraction constitutes less than 2 % of weight 
and the contents of organic carbon are nearly 
constant (3%) throughout the core. 

Excess 210pb can be traced downcore to about 
130 cm depth (Fig. 7). The constancy of the 
supported activity below that depth is in accord
ance with the uniform silt/clay ratio in this core, 
and the background level compares well with 
that in core RO 3.2 and core 2 of a similarly fine
grained composition. Irregularities in the 210pb 
profile below 73 cm sample depth might be due 

to vertical distortion due to slumping structures 
in the deeper part of the core at 70 to 80 cm and 
105 to 127 cm depth. Unfortunately, no radio
graphs were available from the 80 to 100 cm 
interval. 

The 210pb profile suggests sedimentation rates 
of 9 to 10 mrnlyear on the average and a still 
faster growth at 11 mrnlyear, below 25 cm of 
sample depth. The latter rate corresponds to a 
dry matter accumulation of 0.75 g/cm2 year on 
the average. These high rates are confirmed by 
the distribution of anthropogenic Zn which is 
indicated already at 120 cm depth (Fig. 7) and by 
the first appearance of 137Cs between 20 and 25 
cm. This fission product arising from nuclear 
weapon tests and power plants entered the natu
ra! environment in about 1954 and is considered 
to provide a reliable dating mark in unturbated 
clay-rich sediments where in situ diffusion of 
137 Cs seems to be minimal (Pennington et al. 
1973, Robbins & Edgington 1975). 137Cs in the 
present core is dated by 210Pb to occur already 
before 1951. This early date may be accounted 
for by biological mixing or in situ migration of 
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Fig. 7. Core SIJ-2 (230m): Distributions of 21"Pb (dpmlg), 137Cs (cphlg), and zinc with depth, and 21"Pb age profile. The leve! of 
the supported 21"Pb is indicated by the dashed line. The 21"Pb profile between 10 and 20 cm is interpreted as to reflect a hiatus of 
about 20 years at ca. 15 cm, subsequently blurred by bioturbation. Zinc was extracted with 0.3 M HCI. Excess zinc over the 
background (dashed line) is considered to be released by man. 

radiocesium. On the other hand, the onset of 
137Cs coincides with a break in the slope of the 
210pb profile and a relative minimum of the Zn 
contents. This points to some reworked sedimen
tary matter which might have diluted the anthro
pogenic Zn and excess 210pb contents in the 34 to 
13 cm depth interval, while on the other hand the 
simple presence/absence alternative in the case 
of 137Cs was not basically offset. 

According to this interpretation, the sedimen
tation rate has been at a minimum of about 4 
mm/year (Fig. 7) between 25 and 12 cm (i.e., 
1940 to 1970) or at about 6 mm/year between 36 
and 11 cm (i.e., 1930 to 1970) if the 210Pb data of 
this latter interval are discarded on account of 
the admixture of allochthonous materials sus
pected above. The apparent accumulation rate 
for the upper 10 cm is a bo ut 15 mm/year. The re 
is no evidence for the rapid increase of excess 
210pb, and the corresponding drop of the appar
ent sedimentation rate between 25 and 12 cm 

depth to be related to a general change of the 
grain-size composition or concentration of organ
ic matter (Fig. 3). 

The interpretation of the 210Pb profile simply 
in terms of depositional ages may disregard a 
possibly much more complicated situation. For 
instance, the rather uniform 210pb distribution of 
the upper 5 to 10 cm might result from a distur
bance of these soft layers upon coring, or could 
have been caused by bioturbation, although the 
pronounced gradients of both 137Cs and Zn just 
below the surface do not give evidence for inten
sive mixing. Alternatively, a hiatus comprising 
ca. 20 years or ca. 20 cm of the sediment might 
be hidden at about 15 cm depth in an activity 
transitional zone, the width of which resulting 
from physical or biological sediment mixing. Ac
cording to this view, the sedimentation rate of 
the uppermost layer may be assumed to be about 
the same as in the deeper core section, i.e., 11 
mm/year (or somewhat higher if the different 
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state of consolidation is taken into account). We 
consider the hiatus model to provide the most 
probable explanation. Sediment sliding or, per
haps more like! y, trawling activity, can be readily 
thought of as a cause for this discontinuity of the 
sedimentary record. 

The 210pb activity of the surface layer (12.2 
dpm/g) appears too low as compared to core RO 
3.2 (17 dpm/g). This is probably not result of 
surface mixing - as was outlined above - but may 
reflect a higher clay content in the deep-water 
core RO 3.2 or may result from dilution of core 
Sll-2 by low-activity allochthonous matter con
tributing at a higher proportion to these rapidly 
accumulating deposits than is the case at the site 
of core RO 3.2. 

Enrichment of Zn 

The concentration of acid extractable (0.3 M 
HCI) Zn gradually increases from 18 ppm at the 
base of the core to 53 ppm in the top layer (Fig. 
7). This enrichment reflects changes in the annu
a! input of Zn to the sedimentary environment 
and helps to evaluate the natura! and anthropo
genic fluxes. Assuming the Zn concentrations in 
the deepest samples to represent the natura! lev
el, the upward increase is considered to reflect 
the net input delivered from anthropogenic 
sources. 

The fluxes of anthropogenic Zn to the site of 
core Sll-2 were calculated from the excess Zn 
concentrations above 150 cm depth on the basis 
of the dry matter accumulation rates derived 
from the 210pb datings and the water contents as 
measured. The results obtained for the hiatus
model are displayed in Fig. 8. In order to over
come the difficulties arising from the scatter of 
the 210pb ages, a constant dry matter flux of 0.75 
g/cm2 year was used for calculating both the Zn 
fluxes and the age scale in Fig. 8. As this flux of 
solids represents an average, the age scales of the 
Zn profiles in Figs. 7 and 8 are slightly different. 

The data from core Sll-2 indicate that the flux 
of anthropogenic Zn has steadily increased from 
O to 150 mg/m2 year between 1840 and 1945. 
Slightly reduced concentrations between 35 and 
26 (possibly 18) cm sample depth, i.e. between 
1931 to 1941 (or possibly 1945), could reflect the 
economic crisis of the early 1930s (and possibly 
the impact of World War Il on industrial produc
tion), but could also be due to the redeposition 
of some older, less polluted sedimentary matter 
as was discussed above. This period of time is 
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followed by markedly increasing concentrations. 
However, redox-dependent geochemical pro
cesses in the sediment surface zone may have 
contributed to some of the Zn enrichment ob
served in the upper 3 or 6 cm la y er, and the flux 
rates calculated in Fig. 8 for these samples may 
overestimate the actual rates of present-day Zn 
supply. Correcting for this, the net-flux profile of 
Zn appears to have been steepest in the first 
third of the century and to have flattened since 
then. A similar feature was observed for sedi
ments from Kiel Bight, western Baltic and the 
Bornholm Basin (Suess & Erlenkeuser 1975). 
The data in Fig. 8 suggest an increase of Zn 
supply from anthropogenic sources by a factor of 
1.7 since about 1950. This can be compared with 
the industrial consumption of Zn which has more 
than doubled since that time (Forstner & Muller 
1974) and with a similarly high increase noted for 
the Zn fluxes to some coastal areas (Olausson 
1975, Larsen 1979, Forstner 1980). It thus ap
pears that the coastal sites probably have become 
more efficient traps for pollutants in the recent 
decades, and it is interesting to ask whether this 
phenomenon is related to meteorological trends. 
Variations of the atmospheric circulation may 
occur on a time-scale of decades, as was ob
served, for instance, in the first half of the pre
sent century (Lamb 1977). Such changes could 
affect the bottom current regime and the deposi
tion of sedimentary matter and may influence, 
on the long-term average, the export rate of 
particulates from the coastal zone. 

Depending on the sedimentation model ap
plied, the present accumulation rate of anthropo
genic Zn is about 60 mg/m2 year (supposing a 
near surface sedimentation rate of 4 mm/year) 
or, more likely, 260 mg/m2 year (Fig. 8). Within 
this large margin of uncertainty, it is of the same 
order of magnitude as found in the sedimentary 
basins of Baltic (100 mg/m2 year, Suess & Erlen
keuser 1975). However, the flux density of an
thropogenic zinc to the Skagerrak sediments is 
likely to be much lower on the average than 
found for core Sll-2, which appears to have been 
accumulating at an atypically high rate. 

Supported 210 Pb vs. grain size composition 

The 210Pb analyses of core l present evidence 
(Fig. 5) that the concentration of the supported 
210Pb is negatively correlated with the sand con
tents or, more generally speaking, depends on 
the grain-size composition of the sample. This 
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Fig. 8. Core Sll-2: Anthropogenic Zn-fluxes vs. age. The diagram is based on a constant dry matter flux of 
0.75 glcm2 year as the average flux rate derived from the 210Pb-age profile and the measured water contents, 
assuming a hiatus of ca. 20 years at about 15 cm depth. The top layers may be affected by geochemical enrichment 
ofZn. 

relationship was analysed in doser detail primar
ily in order to pinpoint the onset excess 210Pb in 
core l with greater confidence. In view of the 
limited number of data available, a simple model 
has been applied which considers the sedimenta
ry partides to fall into the day, silt, or sand size 
dass, each of which is assumed to represent a 
homogeneous unit with respect to the differential 
210pb distribution with grain size within the dass. 
Accordingly the model is written as 

a= (asASA + a51SI + acLCL) with 
SA+ Si+ CL= l 

SA, Sl, CL: relative weight of sand, silt and day 
fraction, resp. 

a,asAasr.acL: specific activity (dpm/g) of total, 
sand, silt, and day fraction, resp. 

Unfortunately, the silt and day fraction have not 
been determined on the samples used for 210pb 
analysis, and interpolation from published data 
(Jørgensen et al. 1981) was not considered ad
missible because of the rapid variation of sand 
contents with sample depth in core l. However, 
Jørgensen et al. (1981) have shown for core l and 
core 2 that the silt/day ratio is largely independ
ent of variations in the sand fraction and is quite 
constant throughout each core (see Fig. 2). Ac
cordingly, the silt and day fractions were calcu
lated as 

SI= K(l- SA)/(1 + K); 
CL= (l- SA)/(1 + K); 
K= SI/CL. 

The coefficients (a) were calculated by multiple 
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Fig. 9. Variation of supported 210Pb activity with grain size composition. Results of regression analysis: Thin lines, 210Pb vs. sand 
contents for constant silt fraction. Heavy lines, 21"Pb vs. sand contents for the silt/clay ratio of the respective core. Numerical 
figures next to the individual sample results from core l and core 2 give silt fraction (% ), calculated from the measured sand 
contents and the (average) silt/clay ratio of the respective core. 

o. o: Samples not considered in regression analysis (see text); for these cases, sample depths are indicated for easy 
comparison with Figs. 5 and 6. 

<>: Samples are likely to show excess 21"Pb. 

Weighted average of supported 210Pb activity in core Sll-2. 

regression analysis. Various sets of input data 
(Table 2) were used in order to study the effects 
of obvious inconsistencies in the raw data on the 
numerical results. The results are presented in 
Table 3 and are shown graphically for the input 
data set no. l in Fig. 9. 

Run no. l is based on the data of core l and 
core 2 only. The 210pb values are nicely fitted 
(Fig. 9) by the regression line calculated for the 
silt/ela y ratio of the respective core, with the root 
mean square deviation from the fit being only 
slightly larger than could be expected from the 
count rate statistics. As a result, excess 210Pb is 
clearly indicated at the 17 to 18 cm depth level 
and is possibly recorded already in the 23-26 cm 
sample. 

A few of the background samples, which obvi
ously show too large a deviation, were not in
cluded in the final calculations presented in Ta
ble 2 for the following reasons. (l) Of core l, the 
sand contents of the 34--37 cm sample appear to 
be erroneously too high by about 20 % as com
pared to the results of Jørgensen et al. (1981) for 
this depth range. (2) The high activity at 318-321 
cm depth in core 2 is not well understood yet. 
Radiocarbon data (Jørgensen et al. 1981, Erlen
keuser, unpubl.) suggest an age of about 3500 
years for this sample. The increased 210Pb con
tents in core 2 at this age can be compared to a 
similar finding in another core from the Skager
rak, where the level of supported 210Pb was sys
tematically higher in the mid-Holocene samples 
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as compared with the late-Holocene sediments 
(Erlenkeuser 1981). (3) An episodically high silt/ 
clay ratio, perhaps as high as 1.9 as compared 
with the average of 1. 1 underlying the regression 
analysis, might be associated with the compara
tively high sand contents at 67 to 74 cm depth in 
core 2 and would account for the apparent 210pb 
deficiency in these samples. 

The background 210Pb data for core Sll-2 
from the north-eastern slope of the Skagerrak 
basin (Table 2, average shown as * in Fig. 9) also 
fit the model derived from the sediments off 
Jutland. This may indicate a broader significance 
of the model arrived at. There is a small discre
pancy between core Sll-2 and core 2, which is 
likely to be caused by systematic errors in the 
grain size composition data. Such errors could 
arise for core 2 (and to a minor extent also for 
core l) from poor resuspension of the 210pb sam
ples, which had already been dried prior to sand 
analysis. Furthermore, the grain size classes are 
surely not units of homogeneous 210Pb contents, 
and differences in the grain-size spectrum within 
a dass between core:; from different sedimentary 
environments may partially account for discre
pancies left. According to the results of the re
gression analysis, the supported 210pb is pre
dominantly confined to the clay fraction and de
creases with increasing grain size. The specific 
activities of the grain-size classes adopted are 
interrelated approximately as (Table 3, run l) 

asA:a81:acL = 11:23:66. 

This relationship of background 210Pb activities 
and grain size may be ascribed to different ef
fects. First, it could result from changes of the 
mineralogical composition with grain size, e.g. 
varying abundances of clay and quartz minerals, 
if the specific activities of the various minerals 
involved are not the same. Such differences 
could reflect different a priori concentrations of 
the 238U parent, but more probably relate to the 
specific surface and hence adsorption capacity of 
the mineral grains (and organic matter). The 
adsorption capacity will affect the amount of the 
long-living precursors of 210Pb, particularly 2:IDrh 
and 226Ra, which have become adsorbed to the 
particles in the course of the depositional and 
geochemical his tory. 

Second, the variation of supported 210Pb with 
grain size may be an artifact reflecting dilution by 
minerals which are not being digested by the 
chemical treatment. Nittrouer et al. (1979) have 
shown for sandy sediments from the Washington 
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shelf that acid extractable 210pb background ac
tivities were only half the disintegration rate of 
total 226Ra (the next long-living parent, half-life: 
1600 year, preceding 210Pb), whereas radioactive 
equilibrium was found established upon com
plete dissolution of the particulate matter. On 
the other hand, a 10 m long core from the Ska
gerrak basin has revealed pronounced long-term 
changes of the background 210Pb during the mid
and late-Holocene history of sediment accumula
tion (Erlenkeuser 1981). These changes were not 
parallelled by variations in the sand contents 
(Stabell & Thiede 1981), major changes in min
eralogy (Rosenqvist 1981), or total uranium con
tents (Bjørnstad, Salbu & Rosenqvist, pers. 
comm. 1983). It appears that the acid extractable 
fraction of supported 210Pb bears its own signifi
cance as to the sedimentation processes in the 
Skagerrak area (Erlenkeuser, in prep.). 

Summary and inferences 
Accumulation rates 

The average sedimentation rates observed for 
about the last 120 years ranged between 1.6 and 
2.5 mm/year in the cores from the southern slope 
of the Skagerrak basin. The dry matter accumu
lation rates of the fine-grained deposits in the 
deeper parts of the basin (O.l to 0. 14 g/cm2 year, 
cores RO 3.2,2) were about the same as for the 
sandy sediments at shallower water depth (0.15 
g/cm2 year, core 1). This result emphasises the 
important ro le of suspended matter for the depo
sitional processes in the Skagerrak (Eisma et al. 
1979). 

An extremely high flux of silt and clay-sized 
matter (0.7 to 0.8 g/cm2 year) was found in core 
Sll-2 from the north-eastern slope of the Skager
rak basin. According to the rnineralogical com
position, this material very likely originates from 
the south i.e., the North Sea or the Baltic. The 
high sedimentation rate in core Sll-2 is not 
considered representative for the area as a 
whole. Off the Norwegian coast, numerous de
pressions and irregularly scattered small basins 
are known to act as traps for Holocene sedimen
tary matter (van Weering & Paauwe 1979), and 
core Sll-2 might reflect such a situation. Still 
higher rates of sediment supply have been ob
served in the Djupa Rii.nnen off the Swedish 
west-coast (Floden 1973, Falt 1982). 

The supply of sedimentary matter to the coring 
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sites in the Skagerrak is in considerable excess 
over that to the basins of the Baltic. Sediment 
cores from Kiel Bight, the Bornholm Basin, and 
the Gdansk Basin gave dry matter fluxes of 0.05, 
0.08 and 0.05 g/cm2 year, respectively (Suess & 

Erlenkeuser 1975, Erlenkeuser unpubl. data). 
The obviously high discharge of particulate mat
ter to the Skagerrak is in accordance with the 
various other aspects of sedimentation, such as 
the thickness of Holocene deposits (van Weering 
et al. 1973, van Weering 1975), the mineralogical 
composition (Jørgensen et al. 1981, Rosenqvist 
1981, Pederstad et al. 1980) and mass balance 
considerations for the North Sea depositories 
(Eisma 1981), all of which suggest a high mass 
transport from the North Sea provinces to the 
Skagerrak. 

The almost regular shape of the 210Pb profiles 
in the cores studied as well as the 137Cs distribu
tion do not present evidence for strong effects 
from biological sediment mixing on the 210Pb 
stratigraphies. Nevertheless, caution is necessary 
when interpreting the decline of the excess 210Pb 
activities simply in terms of depositional age. 
The significance of bioturbation as to the depth 
distribution of radionuclides in the upper 10 or 
20 cm of the sediment column has been frequent
ly demonstrated (e.g. Koide et al. 1976, Robbins 
et al. 1977, Nittrouer et al. 1979, 1983). Usually, 
rnixing results in a more or less homogeneous 
radionuclide distribution in the upper sediments 
forming the so-called 'mixed layer', but may also 
affect the strata below, producing practically reg
ular-looking tracer profiles. This deep-mixing is 
difficult to detect unless other radionuclides with 
different time characteristic (e.g., halflife) are 
studied in addition (e.g., Koide et al1976, Ben
ninger et al. 1979, Krishnaswami et al. 1980, 
Nittrouer et al. 1983), and gives rise to apparent 
sedimentation rates which may be in consider
able excess of the actual growth of the sediment. 

210 Pb and grain-size composition 

Our study has shown that the supported 210Pb is 
predominantly associated with the finegrained 
fraction of the sedimentary particles. This result 
should also hold true for excess 210pb activities. 
Nittrouer et al. (1979) found the extractable ex
cess 210pb to be allotted among the sand, silt, and 
clay size fractions at nearly the same activity 
ratios (15:25:60) as we did for the extractable 
supported 210pb (11:23:66). In view of the differ
ent geochemical history of the two 210Pb frac-
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Table 4. Tentative allotment of (acid-extractable) excess 21'1>b 
activity among grain size classes for the top sediment layer of 
the Skagerrak cores. Calculations assume specific excess 210Pb 

activities of the sand, silt, and clay size classes to be interrela
ted as 11:23:66, i.e. at the same ratios as were determined for 
the supported 21'1>b. 

Co res R03.2 

Grain Size composition 

Silt/clay-ratio1 (0.12)5 1.95 
Sand (%)2 ( 0)4 47 
Silt(%), calc. ( 11)' 35 
Clay (% ), calc. ( 89)5 18 

Specific activities of excess 210Pb (dpm/g) 

Total sediment2 16.4 5.4 
Sand fraction 2.4 
Silt fraction 5.0 
Clay fraction (17.W 14.2 

1: from Tab. 3; 

2 Sll-2 

1.1 1.1 
6.5 2 

49.0 51.3 
44.5 46.7 

7.9 11.4 
2.1 2.9 
4.4 6.1 

12.6 17.6 

2: extrapolated to nominal sediment-water interface from be-
low; 

3: tentatively adopted from core Sll-2; 
4: presumed; 
5: hypothetical grain size composition calculated as to match 

measured total ex cess activity, adopted ela y activity, and 
presumed sand content. 

tions, this agreement is striking and possibly re
flects a principal feature, such as might be ex
pected to arise from adsorption effects related to 
the specific surface area of the particles deposit
ing. 

The results of Nittrouer et al. (1979) lead us to 
estimate the effects of grain size distribution on 
the excess 210Pb concentration in the surface 
sediments under the assumption that both sup
ported and unsupported 210pb relate to the grain
size fractions (sand, silt, clay) in the same pro
portion (11:23:66). The reconstructed specific ac
tivities of the respective grain-size classes turn 
out to be about the same in cores l, 2, and Sll-2 
(Tab. 4). Correcting the piston cores for small 
possible losses (l to 2,5 cm) of top sediments 
upon coring would further improve this agree
ment. 

Excess 210Pb and lateral particle transport 

The unsupported 210Pb of the surface sediment in 
core RO 3.2 and S11-2 is roughly the same for 
these fine-grained argillaceous deposits regard
less the large differences in sedimentation rate. 
Accordingly, the flux of excess 210Pb to the sedi-
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ment increases with the accumulation rate. For a 
quick numerical estimate, 210Pb flux rates were 
calculated from the average sedimentation rates 
and mean water contents for the "excess 210Pb 
section" of the respective cores instead of com
puting in detail the inventories. 210pbex accumu
lation rates are 2 dpm/cm2 year for core RO 3.2 
(sed.-rate s = 0.25 cm/year, water contents 
w = 1.4} and 6 dprnlcm2 year for core Sll-2 
(s = 0.9 cm/year, w = 1.3). These rates are much 
higher than to be expected from direct atmo
spheric fall-out (i.e. c. 0.5 dprnlcm2 year in Unit
ed Kingdom, Krishnaswami & Lal 1978, Tab. 4}, 
an observation which has also been reported for 
other depositional environments (Koide & Sau
tar 1972, Krishnaswami & Lai 1978, Table 5, 
Krishnaswami et al. 1980, Moore et al. 1981). On 
the basis of data available on 210Pb fluxes from 
the atmosphere (e.g. Krishnaswami & Lal 1978), 
and 226Ra concentrations in pelagic and coastal 
waters and in rivers (Bruland et al. 1974, Bacon 
1976, Krishnaswami & Lal 1978), the high flux of 
210pbex entering the sediments of the Skagerrak 
is not likely to be accounted for by local anoma
lies in the atmospheric fall-out or by in situ pro
duction of 210pb in the water column from decay 
of 226Ra. Also, the coring sites studied are not 
subject to direct discharge of particulates which 
could be imagined to supply excess 210Pb at con
siderable rate if soil erosion in the watershed is 
high (Lewis 1977). 

Near bottom scavenging of 210Pb from the ne
pheloid layer can be an important process to 
accumulate excess 210pb in the sediments if ad
vection of 210Pb-rich seawater is high (Carpenter 
et al. 1983). This is the case for the upwelling 
area off the Washington coast where apen-ocean 
Pacific water masses with a high load of dissolved 
210Pb from in situ decay of 226Ra are flowing over 
the slope and the shelf. For the North Sea -
Skagerrak area, the bathymetric, hydrographic, 
and oceanographic situations are completely dif
ferent, and direct advective transport of dis
solved 210pb from the apen ocean sites of the 
Norwegian Sea to the bottom waters of the Ska
gerrak can be expected to be low. Therefore, 
deposition of excess 210pb from this source by 
bottom scavenging will be of minor importance 
for the Skagerrak sediments. 

Recalling that the excess 210pb is an associate 
of mainly the small-sized particulates including 
organic matter, we consider that the high input 
rates of excess 210pb to the deeper lying sedi
ments are related to lateral transport processes 
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which cause the fine-grained matter to become 
recruited from the higher energetic environment 
and concentrated at the low energetic deposition
al sites in greater water depth. The high 210pb 
activities observed then suggest that this trans
port mechanism is rather fast and largely affects 
depositionally young i.e., 210Pb-rich particulates. 
These are most likely to be exported from shal
low water and coastal zones where waves and -
bottom currents prevent the long-term deposi
tion of fine-grained materials. Excess 210Pb may 
be scavenged from the water column by suspend
ed matter (Li et al. 1981) being conveyed toward 
the depositional basins. The export of the fines 
appears to involve time scales which are campa
rable to the half-life of 210Pb (22 years). This 
result should be significant as regards the spread
out of tracers other than excess 210Pb e.g., pollu
tants which likewise are frequently associated 
with the fines (e.g., Olsen et al. 1978; Benninger 
& Krishnaswami 1981}. The importance of later
al transport processes and the focusing of fine
grained matter and tracers associated with it to 
the clay and silt depositories have also been em
phasised by studies on various radionuclides in 
the Santa Barbara Basin (Moore et al. 1981), the 
New York Bight (Benninger & Krishnaswami 
1981}, and the Long Island Sound (Benninger 
1978, Aller et al. 1980). 

Frequent redistribution and physical mixing of 
the fines in the coastal zone should result in a 
comparatively uniform excess 210pb activity of 
the particulates finally exported. This may ac
count for the relatively constant activity level 
observed for the ela y fraction of the top sediment 
in different cores regardless the rate of sediment 
accumulation, and was considered an argument 
for applying the constant concentration model 
(instead of the constant flux model) in order to 
evaluate the 210pb chronostratigraphy of the Ska
gerrak sediments. 

The anset of anthropogenic zinc in the sedi
ments of the northeastern part of the Skagerrak 
was dated by 210Pb at about 1860. This date is 
nearly the same as reported for the western Bal
tie (Suess & Erlenkeuser 1975, Muller et al. 
1980} and shows once more the nearly contem
poraneous appearance in the north-west Europe
an marine environment of man-released sub
stances tracing the industrial explosion. 

It remains yet unsolved to what extent the 
amount of excess Zn presently accumulating at 
the site of the core Sll-2, possibly at a rate more 
than twice of that in the Baltic, reflects a trans-
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port of this pollutant from the North sea or is 
discharged from a less distant source. 

Conclusions 
The study of 210pb and Zn in the Skagerrak 
sediments revealed the following results: 

l. The dry matter accumulation rate of the fine
grained deposits of the south-eastern basin 
was as high as for the sandy sediments on the 
southern slope (O.l to 0.15 g/cm2 year). It was 
extremely high on the north-eastern slope 
(0. 75 g/cm2 year). Much of the Skagerrak sedi
mentary fines appear to originate from the 
south. 

2. A possible change of sedimentation rate by 
the outgoing Little lee Age (c. A. D. 1850) 
cannot be substantiated with confidence. 

3. Anthropogenic zinc appeared first about 140 
years ago and has strongly increased since 
then. 

4. Grain-size composition exerts the dominating 
control of the level of acid extractable sup
ported 210pb, This appears also to hold true 
for the excess radiolead in the surface sedi
ment. Extractable radiolead relates to the 
sand, silt, and clay size fraction as about 
11:24:65. 

5. Excess 210Pb fluxes to the sediments greatly 
exceed the 210pb supply from the atmosphere 
and are considered to reflect rapid focusing of 
210Pb-rich particulate fines from shallow water 
environments to the deeper laying deposi
tories. 
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