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pistribution and Enrichment of Redox-Sensitive
Metals in Baltic Sea Sediments

frans Xaver Gingele and
Thomas Leipe

Giipecle. EX. & Leipe, T 1998: Distri-
faition and Enrichment of Redox-5en-
sitive Metals in Baltic Sea Sedimenis.
Haltea, Vol 11 pp. 5-16. Vilnius.
|55 (NG T-3004

franz Xaver Gingele & Thomas Leip,
Fiaiie Sea Nesearch Instiute, Svestrafle 15,
[ i 19 Rosiock-Warmennande, Crennany;
weceved 23d Decepber 996, aecepied
[y March 1907,

The distribation and enrielmment of the redoesensitive mctals Mo, Fo,
Co, Ni, Ca, Zn and Pbowere investigated 1 3 eores from the Arkona
and Bornholm Basins in the western Baltic Sea. Noosubstantial en-
richment of Mn cin be observed o the marine Holowene muils. The
lock ol @ sueficial Mn accomulntion indicates that oxie comditions vear
the sediment surface - recently associated with periodical saltwater
mflows from the North Sea - doo not persist long cooush o fonn g
significant Mn peak. However, layers rich o Mo and o oare Toaml
in sciliments of the Yoldin Scn stage and Mastoglobn Sca stage below
the anoxic muds, These aectamuolations are believes) W record an oxiee
suboxie sequence during the times ol deposition. Strong luetaations
i the input of omganic matler amd bollom water osveen [ostering 2
mpid decpening and shallowing of the redox bovndiry ano - ocal,
rapid sedimemation. cvents may by n.:.'-.]snn.\'ihlc lior the |11-._-~.._-n-.-||i;m o
this sequence. BEnrichments of Zn oaml Phoare encowmteral mear the
suboxic top of the corcs. The lack ol similar enrichments in ihe [re-
served suboxie sequences conlinms the anthropogenic souree of tear
surface heavy metal accumulations,

Keywards: Baltic Sca, Bormbalm Basin, Arkoon Bosin, geochomistry,
redoxsensitive metals, heavy metals, paleocnvirmomment.

INTRODUCTION AND APPROACH

Ihe distribution of the reactive part of many Iran-
sihion metals in marine deposits is partly controlled
by the redox status of the sediment. The reactive
lraction of manganese, iron, copper, zing, lead,
nichel, eobalt, molybdenum, uranium and others
fesponds 1o changes in the early diagenctic envi-
fomment and  gives limited evidence on the redox
control on - the post-depositional  redistribution of
these elements (Lynn & Bonatti 1964 Jarvis &
Fliges 1957; Shaw et al. 199 Thomson et al. 1993),
Lhe driving process is the decomposition of or-
cinte matter resulting in # characteristic succession
- the consumption of oxidants, starting with oxy-
ten, the electron acceptor, which yields the preal-
esb amount of [ree energy per mole. Aller oxypen
is depleted, nitrate and manganese oxihydroxides
e wlilized (Froelich er al. 1979), Redox-sensitive
metals may be released from organic matter in the
oxic zone (Cu, Zn, PO (Whitlield & Turner 1987;
Cierringa 1990; Lapp 1991) or from minerals, which
become unstable during burial into the suboxic and
anoxic zone (Mn, Fe, Co: Wallace ¢t al. 1985
Heppic & Lewis 1984). Their mobilization, diffu-
stion along  gradients in the pore waler and
feprecipitation leads 1o the formation of metal-rich

layers and zones where the sediment is depleted of
these metals (Klinkhammer et al. 1982), Under
ideal conditions solid phase enrichments are theo-
retically arranged in a clear suceession ol coneen-
tration peaks along the redox gradient | Thomson
et al. 1993). However, this succession is rarcly Tound
due 1o a high sorptive capacity of Mn- amd Te-
hydroxides [or many trace clements, low solubility
ol sulphides and organic compleses or a wide
sample spacing. Manganese, being most susceptible
o early dingenctic redistribution is widely used 1o
study redox conditions. Tlnder “steady state” con-
ditions a conspicuous manganese spike develops
near the oxic-suboxic boundary and migrates up-
ward with continuing sedimentation. The ranga-
nese peaks oceurring at deeper sedimentary fevels
are related 1o depositional or paleocnvironmental
changes (Thomson et al. 1984 Finney et al, 1988
Dean et al 1989 Pruysers et al. 1993). Charges in
organic carbon Mux, bottom water oxveen and sedi-
mentation rates can resull in changes of the redox
boundary and interfere with “steadv-state”™ condi-
livns,

Fhe manganese eyele was a0 well studicd topic
in the Baltic Sea basins during the last few years
(Hartmann 1964 Huockriede 1994: Neumann et al
1990), In the anoxic basing dissolved  manganese
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diffuses [rom the sediment into the stagnant bot-
tom water (Kremling 1983). In the course of peri-
odical sall-water inflows from the North Sea bot-
lom waters get oxygenated and manganese precipi-
tates on the sca-floor alter oxidation 1o MnpO |
The following stratification of the water column
and rain of organic matter re-establishes anoxic
conditions and manganese is reduced again, How-
ever, in the deep basins a certain share of Mn(),
is transformed to Ca-rich rhodochrosite during
burial in the suboxic zone and remains stable un-
der anoxic conditions (Jakobsen & Postma [989),
thus resulting in mangancsc-enriched layers, These
layers of rhodochrosite, detected in laminated sedi-
ments of the Gotland Basin and central parts of
the Bornholm Basin were vsed 1o reconstruct the
history ol saltwater inflows into the Baltic Sea
(Hockriede 1994; Neumann et al. 1996). In the
Arkona and most of the Bornholm Basin bio-
turbation destroys laminated sequences, 5o far, most
studies coneenirated on the Holocens muds in the
deep basins. Metal enrichments in sediments of the
Baltic lee Lake, Ancyvlus Lake and Yoldia Seca are
rarely recorded.

Accumulations of Cu, Zn and Pb in carbonate
phases in the suboxic zone were observed in the

567N

Arkona (Damm 1992), Bornholm {Leipe et al I‘-"-":,
amd Giotland Basins (Salonen et al. 1995) Accon,
tor the authors, :mlhn}r.u:-g,unin: sources (Leipe of i
1995) or early diagenetic redistribution (Damm 199
are regarded as the responsible processes, '

The purpose of this study was 1o compare (h
distribution of redox-sensitive metals in cores [y
the Arkona and Bornholm Hasins, which contain
sedimentary sequence ypical of the western Baly
Sea. The drastic changes in the sedimentany oy
ronment from the Late Cilacial 1o present is by
lieved to leave a characieristic imprint on et
distribution. The development ol metal enrichmen
is expected and can be used 1o reconstret pale
environmental condilions. The results may also cog
tribute o the discussion of authigenic or anthrope
penic origin ol heavy metal enrichments in th
suboxic zone of Baltic Sea sediments.

MATERIAL, METHODS AND STRATIGRAPHY

Three sediment cores [rom the Arkona- and Borg
holm Basins were recovercd with a gravity core
during RV, A, v. Humboldr cruises AvHO244/25 iy
AvHO3A4450 in 1992 and 1993 (Fip. 1, Table 1), 2
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Niemisli-corer was used o relricve 1.1m|i:ilurl'.u:TJ
gamples from the uppermost 1-2 em of the s‘um-
ment surface. Cores were split in hall, described
for lithology and colour and sampled in 2 em, 5 cm
and 11 em intervals, depending on lithological varia-
fions cncountered. After [recze-drying. subsamples
were analysed for organic carbon, carbonate and
sulphur with a 'S infrared analyzer (ELTRA
Metalyt 1D00CS). Nitrogen was determined with a
CHMN-analyzer (FOSS-HERAELUS). Pyrite concen-
irations were assessed with quantitative XRD-mea-
qurcments on a Philips PW 1830 device, using CoKu
radintion (40 kY, 40 mA). Details of the procedure
and the compilation of the pyrite calibration curve
are given in Gingele (1992). Geochemical data were
abtained from total digestions with various acids
(1M, HE, HCIO,, HCI) and measured with an
[1-AES, Precision was better than 0% for Co,
(. Ni and Pb and better than 3% for Al, Mn, Fe
and Zn (Neumann et al. 1996). Absolule concen-
tritions were normalized 10 Al o compensate for
dilution by nonterrigenous components (Table 2).
A lithostratigraphic framework was established [ol-
lowing o classification introduced by Larsen (1974)
and Kigler & Larsen (1979) in the West Bornholm
Fosin, and Bjorck (1993) in the Baltic Sea in gen-
cral. They distinguish three main units (1-111). which
rest on the glacially deposited boulder clay. The

features used for classilication are colour, lithology
and grain size, supported by average valwes of
organic compounds (organic carbon, carbonate, ni-
trogen, phosphorus, sulphur). Recently, evidence
from diatoms and palynological investigations on
cores from the Bornholm Hasin (Emelyanov &
Lukashina 1995; Emelyanov et al. 1995) conlirms
this lithostratigraphical approach. Since our cores
did not penetrate into the basal boulder clay three
main lithostratigraphical units (“Unit 1117} could
be distinguished (Fig. 2). A detailed stratigraphical
classilication of cores BBO2 and BHI12 relating litho-
stratigraphical units 10 Baltic stages was published
by Huckriede et al. (1995). It is based on carbon
eyeles calibrated on cores from the Gotland Deep
and supported by diatom assemblages,

Unit 1 (= 10 300 years H.1') comprises scdi-
ments of the late glacial Baltic lee Lake, mainly
brown or multicoloured varved clays, Pale brown,
indistinetly varved clays are encouniered. in cores
BBRO2 from 472-536 cm core depth and core B2
from 395-436 em (Fig. 2). They were related to the
youngest deposits of the Baliic lee Lake (Huckriede
et al. 1993). In core QP19 greyish-pink clays with
sandy layers from 190-480 cm core depth were clas-
sificd as the Balic lee Lake sediments

Unit 11 (10 300 - 7800 years B.1Y) represents
clays of the postglacial Ancylus Lake (Boreal stage)
and Yoldia Sea stage (Early Preboreal). It ois found
in both cores from the Bornholm Basin end in
core P19 from the Arkona Basin (Fig. 21, The
rather homogenous grey clays have been divided
into three subunits (A-C7) by carbonate and crganic
carbon content (Kagler & Larsen 1979), Subunit A
can be clearly attributed to the freshwater Ancylus
lake. However. no clear temporal correlation is

ke 2. Mean values and standard deviation for Al-normalized redox-sensitive metals for cach core and steatigraphic unit.
Values were multiplied by 107 for convenient handling. Lithogenic background for Maltic Sea sediments after Damn (19%92)
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given pw Kigler and Larmsen (1979) for the sub-
amits 1 and O They may be mnlcmrmr;m-::rn.:s‘In
Jater SEAECS ol the Baltic lee Lake, the Yoldia Sca
or carly stages of the Ancylus Lake., Based on com-
arison  with  sediments of the “::Illilll'll! Hasin
|.]"¢-L;r1ul|: et al. (1995) illirrilmlt‘:.l subunits A and
i to the Ancylus and Yoldia stages, whereas sub-
unit 018 interpreted as deposits of the Balue lee
jake. 1hus unit | in cores BBOI and BB12 may
pe corrclated with subunit € of Kogler and Larsen
(1979). A better resolution of Yoldia stage scdi-
ments s proposed by Wastegird et al. (1995) and
sohlenius (1996), They distinguish an carly fresh-
watcr phase, a short brackish phase and a late
ireshwiler phase, which leads 1o Ancylus stage
sediments. The brackish phase is characterized by
high carbonale conlents and corresponds o sub-
umit

Spbinils A and 13 are observed in the cores
rrom the Bornholm Basin, In core BBI2 subunit A
from 215-304 em core depth consisis of grey clays
with sulphidic black spots. Grey clays persist (o the
end of the core. A drop in TOC-contents and
increasing, amounts of carbonate characlerize suly-
unit [+ from 304-395 em core depth. The onset of
subunit € (unit 1) is indicated by a sharp drop in
earbonnte. In core BBO2 subunit A from [92-304
em core depth consists of bluish-grey clays in the
upper 60 cm, which tm into brownish-grey clays
below. Subunit 13 from 304-472 cm core depth
comprises grey to brownish-grey clays with increas-
ing smounts of carbonate. A conspicuous TOC-
peak Trom 280-320 em core depth is of terrigenous
arigin as evidenced by TOC/N-ratios, possibly re-
deposited peat (Huckriede et al. 1995). We sum-
murize subunits A<D with the term AY-clays intro-
duced by Kagler & Larsen (1979). The transition
from the upper Ancylus clay (LA, Tgnatins et al,
1965} 1o the Holocene marine mud was extensively
studicd by Sohlenius et al (1996) in the Gotland
Basin. They suggest a transitional Mastogloin Sca
Stape (Mywviirinen 1988) in the basin sediments. Near
the tramsition TOC-records of core BBI12 closely
mitlch that of the core from Sohlenius ¢ al. (1996),
supeesting that the upper part of subunit LA cor-
responds 1o the transitional stage of Sohlenius et
al r19%G), This was confirmed by Huckricde et al,
(1H5), They found diatom evidence lor a transi-
lonal Mastogloia Sea stage in cores BBO2 and
B2 (Fig. 2), However, this is not reflected by
Bthilogy or colowr,

Only 0.3 m ol greyish clays framed by thin sandy
fvers are recorded between greyish pink Late Gla-
vl clays and olive green Holocene muds in core
CITD. This may be due to erosion or nondeposition
ol Aneylus Lake deposits in the early Holocene
[HDuphorn et al. 1995}, Thus unit 11 in core QP19
may represent deposits of the Mastogloia Sea.

Unit 11 s equivalent to “marine™ muds, which
were deposited in the basing ol the Balte Sea,
following the Litoring transgression from T80 years
B.E 1o present, Clive grey sandy muds and  mudds,
rich in organic matter accumulated in varying thick-
ness in the depressions of the western Baltic
Marine mud with a thickness of 2 m in the
Bornholm and Lo m in the Arkona Basin cores is
recognized mainly by colour, lithology and high
content of organic carbon (Fig. 23 Though bio-
turbation is intense Huockeiede et al. (1995) pro-
pose i subdivision of the marine  mud  into
lithozones. This subdivision was based on carbon
eycles ealibrated on cores Trom the Gatland Deep.

RESULTS
Sedimentary and Early Diagenctic FEnvironment

As diseussed above burial rate and availability ol
the reductant organic matter and oxypenat.on ol
bottom waters are the main Lictors Tor the carly
diagenetic envitonment, which control the mnobili-
Zilion and carichmen! of redox-sensitive elements,
It can be inferred Trom TOC-contents, sulplnr and
phosphorus concentrations and abundance ol bio-
genic constituents.

Sediments of the late placial Baltic lee Lake are
characterized by low contents ol TO and sulphur,
Pyrite was mostly below detection limits in bulk min-
eralogical analyses (Fig. 23 The lack ol sulphides
and low TOC-contents may be interpreted as evi-
dence for a low input of reactive organic natter
andfor a1 well-oxypenaicd environment in which or-
ganic maiter was remineralized efficiently. This is
confirmed by positive redox potentials (1h) me sored
in Baltic lee Lake sediments in the Bornholm Hasin
(Emclyanov et al, 19937, There was no salinity strati-
fication ol the water body established. Though local
sedimentation conditions might have varied consid-
crably, the general source lor the terrigenons natler
was glacially croded material supplicd by meliwater
suspensions. The average sedimentation rale was
I mmfa (Emelyanoy el al, 19493),

Sediments of the lower Holocene are summa-
rized with the term AY-clays and comprise Jdepos-
its ol the Yoldia Sea stage as well as the Ancylus
Lake stage. Correlation between cores B2 amd
BBO2 is achicved by carbonate and TOC-contents,
Similacly Jow in TOC and sulphur content 1o the
sediments of the Baltic lee Lake, but containing
biotrbation structures, subunit 13 was most likely
formed under oxic bottom water conditions, Pyrite
and sulphur inerease slightly only in the middle ol
subupit B, This points 1o some marine inlluenoe
here, because the formation of sulphides is Broured
by sulphate in the water and by anosic comlitions

9
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as a consequence of salinity stratification. Supported  The rain of organic carbon 1o the bottom ina Citse |

qg0z WM FelAl  CoAl NN Cul Al PD/AL A%
by carbonale conlents of up 1o 0%, which are  resulling in higher oxygen consumption and  Joy

0 10 20 0 SO0 1000 0 05 0 0510 0 DS 1D D1 234 0 1 IIIE-iEfi-fdl'_l

diagnostic for saline phases of the Yoldia stage oxic bottom water conditions (Sohlenius et al. 199) | L T — 1 A - :

(Wastegird et al. 1995; Sohlenius 1996), subumit B The latter fostered the formation of pyrites in the } ] ’

is related to the brackish Yoldia Sea stage (Fig. 2).  sediment, which reached up 1o 3% in the maripe! o If i
The most striking feature in the record of bio-  Holocene muds (Fig, 2). Average sedimentaliog o - i

genic compounds (Fig, 2) is the transition from sub-  rates computed for the 2 m ol Holocene nud s i ] ] ;

unit B to A, COrganic carbon and sulphur contents  the Bornholm Basin and L6 m in the Arkana Basiy - e ;

rise considerably and negative Eh-valucs are encoun-  reach .25 mm/n and 0.2 mm/a respectively. e 5200 4 1 1 1 L 1 "

tered (Emelyanov et al. 1995), In core BBI2 the tran-  cent datings with “"I'h {Leipe et al. 1993} on sedi. 5 } b ) ':"? "

sition from 1B 1o 1A is mainly marked by a sharp  ment  surlaces sugpest sedimentation  rates g o 20 i B | i

increase in sulphur contents. A TOC-rich layer in 3.2 mm/a [or the Bornholm and | mmfa [or the 'i 0 — 4 = — —_— = — 4= *ﬁ 4 il

core BBO2 [rom 280-320 cm resulls from locally re-  Arkona Basin, which is one magnitude higher thay 5 ] 3 -

deposited peat (Huckriede et al. 1995), Subunit A is  average values. This rather indicates regional dif S : ‘f E

believed to have formed in the freshwater coviron-  ferences in sedimentation conditions than Jdrastic 400 1 ] - ] '; -y

ment of the Ancylus Lake (Kdgler & Larsen 1979),  changes in sedimentation rates during the Holoeene ] 1 I

This is supported for our cores by [reshwater diatom Since no pore waler analyses have been per 450 1 1 : na

assemblages described by Huckriede et al. (1995).  lormed on the cores for this work, pore waler 500 - 1 1 1 H- \ E { I

Pyrite spherules were reported in subunit A from the  profiles near the sediment-waler interface are ine g

Bornholm Basin (Kogler & Larsen 1979 Huckriede  ferred from investigations in the immediate vicinil BB12 .

et al. 1995). Abundant pyrite was detected insubunit  of our cores (Damm 1992; Emclyanov ot al. 1995), O w20 0s001000 05 o 05 1.0 0 05 3 D «4 E.' ; W0

A ol cores BBO2 and BB12, supporting the assump- Giencrally, the basins of the western Baltic Seq . ;

tion of Borg (19585) that anoxic conditions were ¢s-  are characlerized by a salinity stratification and low a0 1 . 1.{

tablished during this time (Fig. 2). Stressing the  oxic bottom water conditions. The enclosire by i

positive correlation between TOC. and sulphur con-  shallow sills allows only limited and periodic waler 100 ] ] E m

tents Huckriede et al. (1995) concluded with mate-  exchange with the Morth Sea. Substantial mangs- % b

rial from the Gotland Deep that oxygen deficient  nese enrichments near the sediment surface, ding I 150 1 ¢ 5

bottom waters due to salinity stratification were es-  nostic for o truly oxic layver were not detected o E ‘}

tablished in the upper part of subunit A However,  cores from the Bornholm and Arkons Basing (this 2 2m ’ %"

Bocsen & MPostma (1988) and Sohlenius et al. (1996)  paper; Damm 1992 Emelvanoy e gl 19950 The @ :—%_

have shown that pyrites ol late Ancylus Lake clays  flux of dissolved manganese from pore walers (o 8 250 ! oA

are ol late diagenctic origin, formed by downward  anoxic bottom waters was shown [or the Arkom i

diffusion of sulphide from anoxic Litorina stage sedi-  Basin (Damm 1992). Il can be concluded that the 200 - — — 1 &1

ments, In cores BHO2 and BB12 pyrites occur through-  appermost centimetres of cores OF19 and BEO2 }

out subunit A TOC records show a poor correlation are presently free of oxic conditions. A doubling o 4 1 t" e

o pyrite and sulphur contents, Therefore we agree of mangancse concentrations is observed in the i 2 ] -

with Bocsen & Postma (1988) and Sohlenius et al.  upper 10 em of core BBI2 indicating at least tem- { i I

(1996) that the pyrites of the Ancylus Lake clays are  porary persistence ol oxic conditions at this site
most probably of late diagenelic origin, Suboxic  conditions are  characterized by the oP189

AY-clays reach an average thickness of 28 m  mobilisation of mangancse and iron, formation of
and 2.0 m in cores BBOZ and BBI2, which is con-  Fe-carbonates and corichment of Cu, 2o oand P
sistent with records lound by Emelyanoy et all (Damm 1992). The downeore extension of the

o W 2D 0801000 085 0 0510

(1993), resulting in an average sedimentation rate  suboxic zone was estimated a1 16-23 cm [or the v
of 1 mmfa. Arkona Basin (Damm 1992). A reduction ol man- -
In the Arkona Basin only 0.3 m of lower Ho-  ganese in the uppermost 20 cm and an enrichment E
locene sediment was encountered, which may be  of Cu, Zn and Pb in the uppermost 30 cm may E Il
related 1o the Mastogloia Sea 8000 - 7500 P outline the extension ol the suboxic zone in core =
(Hyviininen 19584, E}llp'hﬂrr! et al 1995). A transi-  OPIY9. In the cores BBO2 and BBI12 from the E
tional Mastoploia Sca stage was also described in Bornholm Basin it s estimated at 20 and 10 cm 8
cores BBO2 and BBI12 by Huckriede et al (1995), [t s respectively, DBelow 30 cm anoxic conditions within
characterieed by a Drst maximum in TOO contents, the Holocene mud are assumed Tor all cores
Low oxie bottom water conditions and salinity |
strafification were established with the onset of
marine-brackish ingressions initiated by the Litorina  Distribution of Redox-Sensitive Melals
transgression 780 B The inflow of higher saline
dense bottom walers pushed the halocline to shal-  Concentrations of redox-sensitive metals were nor-

lower depths and supplicd nutrent rich water to the
phaotic zone. A rise in primary production followed,

malized 1o alominivm o account Tor variations in
the terrigenous background concenteations, 11 can

[dowvnoore distribation of Al-pomalized concentrations of redox-sensitive metals. Reference line between durk amd
leht slaling & the backgroumd metalfalumininm-ratio representative of terrigenous muds in the Baltic Sea (Do 1792)
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be ruled out that metal-rich layers in our cores are
due to variations in the terrigenous background
(Fig 3)

Manganese

Mun/Al ratios in the core from the Arkona Basin show
litthe variation throughout all lithological units (Fig. 3).
In the uppermost 20 cm a manganese minimum in-
dicates the suboxic zone. Manganese concentrations
range in 280-530 ppm. which is well within the range
ol 330-740 ppm given for sediments of the Arkona
Hasin {Brigmann et al 1980}, In the Bornholm Basin
vitlues vary widely from 280 to 10300 ppm (| Tartimann
1964). Core BBO2 [rom the southwestern margin
ranges in 220-1400 ppm, whereas SU0-7400 ppm are
recorded [or BBI2 in the deeper part of the basin,
Mn/Al ratios depict 8 manganese depleted suboxic
layer in the uppermost 20 em of core BBO2 and a
manganese-enriched oxic surface layer (0-5 ¢m) in
core B2, However, a more substantial enrichment
is recorded in subunit 118 (BBU2) from 370-470 ¢m
core depth and in 3 sharp spikes in subunit 1A of
BB12, (Fig. 3).

Iron, Coball and MNickel

Cienerally, sediments in basing of the Ballic Sea
are relatively rich in Fe and Co. This s conlirmed
by Fe/Al and Co/Al ratios (Fig. 3), which exceed
background values caleonlated by Damm (1992) as
well as those from Turckian & Wedepohl (1961)
for terripenous slates (Fig 4). Fe/Al ratios are
highest in the anoxic core sections of unit 111 and
subunit 1A and decrease below. Tnereased Fe/Al
ratios in unit | of core BBO2Z may be due 1o the
presence of iron-rich chlorites in these late glacial
sediments (Gingele & Leipe 1997). With the ex-
ception of site BBO2 Co/Al ratios show a pattern
similar 1o Fe/Al ratios with maxima in the anoxic
core sections. The same behaviour can be abserved
for NifAl ratios. Fe as well as Co and Ni show
highest values in the decpest core BEI12,

Copper

Cw/Al ratios do not show a common pattern in the
analysed cores. In the Arkona Basin they are be-
low or near the natural background throughout most
ol the core. A surficial enrichment in the suboxic
sone U-20 em coincides with Pb oand Zn maxima.
Al the BBO2 site Cu/Al ratios are remarkably con-
sistent with Ni/Al ratios, showing higher values in
the anoxic sediments of unit 11 and subunit 1A
Cu contents are low in core BBI2, which results in
Cw/Al ratios of 30% below the expected  terrig-
enous background (Fig. 3. 4). Two conspicuons Clu
mixima appear in subunit A and can be corre-
lated to Mn and Ni peaks.
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Zine and Lead

Zn and Pboare the only elements, which display
similar pattern in all three cores. They e en-
riched near the sediment surface in the sabouie
cone and fluctuate tightly around background vl
ues throughout the rest of the core. Enrichmen
factors are 2-2.5 for Zn and 5 for Ph. A surfice
layer enriched in heavy metals was found in many
cores from the Baltic Sea basins. Some authors
favour anthropogenic input as o major source
(Leipe ¢t al 1993) others stress “the carly diage.
netic mobility as the main process (Damm 1997),

DISCUSSION

Enrichments of redox sensitive metals are fonnd in
all our cores. Unfortunately. they rarcly veanr in
similar stratigraphical positions. which makes it
difficult 1o relate them 10 common changes in
paleoredox conditions. Enrichments are not direetly
related 1o TOC peaks. Manganese being the cle-
ment most susceptible 1o redox changes shows sig-
nificant enrichments only in the cores from the
Hornholm Basin cores. In core BBO2 the lower part
(350-470 cm core depth) of subunit 1 is charac-
terized by increased Mn values (factor 2-5). A
subunit 1B is related 10 the Yoldia Sea stage these
enrichments may record rapid and multiple uc-
tuations of inflow of saline waters and periods of
stagnation, thus providing the fist record of 0 Mn-
enrichment scenario typical for present-day basins
of the Baltic. Subunit 11H is likewise deplered of
Ni. Cu and Zn (Fig 3). Enrichment of Mn and
depletion of Ni, Cu and Zn arc typical features af
present day oxic layers (Gobeil ¢t al, 1957) Suly-
unit 1B is poor in organic carbon, which may
explain the development ol a broad oxic layer, The
preservation of this “oxic™ element distribution re-
quires rapid burial to seal reactive  manganese
phases in subunit 1B from the reductant reactive
organic matter present in anoxic Holocene muds
above, This could have been achioved by the local
but rapid sedimentation of terrigenous  malter,
which marks the onset of subunit 1A in core B0
The high input of organic carbon is related 10
refractory organic matter (peat, Huckricde et al,
1995) as evidenced by a maximum in 700 Nera-
tios (Fig. 2). The local sedimentation event could
have caused atemporarily increased sedimentation
rate in general. This scenario would resull in g
rapid shallowing of the redox boundary thus bury-
ing most ol the “oxic” laver of subunit 113 below
the zone of manganese mobilization.

In core BBI2 no manganese enrichments are
found in subunit 1B, Thickness of the subunit is
hall of that in core BBO2. Near the transition 1o

Wl of phe iil1il|._'r'
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subunit 1A only a slight and steady increase in
organic carbon content and TOC/N-ratios s re-
corded. Obviously redox conditions in this core were
not favourable for the preservation of reducible
manganese phases. However, substantial manganese
enrichments (factor 5-10) are found in 3 sharp
spikes below the transition from subunit 1A 10
unit | {(Mastogloia Sea stage). In combination with
a peak in copper concentrations a few centimeters
below they may represent a fossilized oxic-suboxic
sequence. The coprecipitation of manganese and
copper phasces was suggested by several authors
(Hem et al. 1989; Jarvis and Higgs 1987 Thomson
et al 1993} A scceonid and smaller peak in copper
concentrations oceurs near the base of subumit 1A
A related mangancse peak may have been eroded
by carly diagenetic mobilisation. Since mangancse
is more susceptible 1o redox changes (Thomson et
al, 1993} copper phases may survive longer. Mn
enrichments in Mastogloia Sea sediments may
record rapid (uetuations between oxic and anoxic
boltom waler conditions triggered by increased
inflow of brackish-saline water from the North Sea
(Meumann et al. 1996). They are also observed in
Mastoplnia Sea sediments of the Gotland Deep
(Huckriede ¢t al. 1995). However, a scenario [or
the preservation ol the mangancse peaks al this
stratigraphic position is difficult 1o conceive. They
correspond directly 1o a first prominent maximom
in organic carbon content (Fig. 2), which can also
be observed in sedimemts of the Gotland Deep. A
drop in organic carbon fux (Wilson el al. 1985),
oxyeenalion of bottom waters (Finney ct al. [988)
and reduced sedimentation rates can deepen the
oxic layer and prescrve manganese peaks. A drop
in organic carbon flux in the initial phase of the
Litorina transgression (unit 1), could be the main
preservation factor. In later stages. when anoxic
Holocene  mud  has been  deposited a  rapid
shallowing of the oxic-postoxic redox boundary is
required 1o save these mangancse peaks from
remobilization. A1 the  transition  between  the
Ancylus and Litorina stages there was a number of
eovironmental parameters, which changed more or
less simuliancously: salinity, primary  production,
climate and water circulation {Sohlenius et al, 1996,
thus making it difficull to assign changes in redox
conditions o a single paleoenvironmental factor,
Ulnfortunately no manganese enrichments are found
in Mastogloia Sea sediments in core OP19 and only
a minor peak is detected at this level in BBO2.
This may be due to different sedimentation condi-
tions in the Arkona Basin and/or insufficient watler
depths at site BBO2 and OF19. Therefore the sug-
gested sceparios for the preservation of Mn en-
richments cannot be confirmed with our material
alone. The study ol additional cores and acquisi-
tion of pore water data are required. The oceur-
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rence of metal rich layers at similar steatigrophe

levels - as observed in the Gotland Deep - cayjy
substantially support paleoceanographic interpregy,
tions. Finally, we have 1o consider a lae diage.
netic origin for the Mn enrichments. Late diage.
netic formation ol pyrites. was shown in Ancyly,
Lake sediments by Boesen & Postma (1985) apy
Sohlenius et al. (1990). Theoretically these pyriteg
could carry substantial amounts of other g
metals. However, in our cores from the Bornholy
Basin the most prominent Mn and o enrichmeniy
are correlated o minima in the pyrite record (Fig

2.3). Thus it seems unlikely that the enrickmenis

are related 1w pyrite genesis,

Surficial enrichments of “n, Ph and to a lessep
extent U can be observed in our cores as well ag
on many other sites in the western Hallic Sey
(Brigmann & Lange 1983, 1990; Damm 1992; Lvipe
et al. 1995; Szefer & Skwarzec 1985). An antlirp.
pogenic source (Leipe et al. 1995) or mainly carly
diagenctic origin (Damm 1992} s sugpested. Zn
and Pb distribution is similar in cores BRU2 il
BREI12. No significant enrichment is recorded below
the subsurface maximum (Fig. 3). In the subunis
1A and 11B, where buried oxic and suboxic layers
are indicated by manganese maxima no increase in
Zn and Pb concentrations can be detected, [here-
fore we conclude that the surficial Zn and Ph
carichments represent mainly anthropogenic pallu-
tion accumulated in the course of industrialization,
P'h, which is mainly introduced by airborne polin-
tion (Pheiffer-Madsen & Larsen 1986) reaches high-
est values in the Arkona DBasin (Fig. 4). This may
be due to the proximity of industrial centres or
the additional input of aquatic Pb [rom river sus-
pensions (Leipe et al. 1995). Zn has its major
souree in aguatic input with North Sea water
(Damm 1992). Dilution by different sedimentation
rates may be responsible for the Muctuations in
Zn-values within basins (Fig. 4).

Maximum concentrations for Cu, which excecd
those in the subsurface layer ocour in o fossilized
metal rich layer in core BBI2 from the Bornholm
Basin. Thus it cannot be ruled out that carly di-
agenelic redistribution is responsible for a large
fraction of Cu enriched in the subsurface peaks

CONCLUSIONS

Enrichments of the redox sensitive metals Mn anl
Cu are found in sediments of the Yoldia Sca stage
and transitional Mastogloia Sea stage in the
Bornholm Basin, Occurring below the anoxic Ho
locene muds they are considered as buricd oxje-
postoxic metal distributions of carly diagenetic ori-
gin. They are believed 1o record a Mn enrichment
mechanism, which is active in present-day anoxic

Distribution and Enrichment of Redos-Sensitive Metals in Baltic Sca Sediments

Lo A

i the Baltic Sea, triggered by [uctuations
i o water oxygenation. Their preservation is
elated 10 changes in organic -:'arlmn supply, .wd.i-
mentation rate, local sedimentation events and rapid
fluctuations ol the oxic-suboxic redox boundary. No
yn enrichments are found in the .'slmlhwlr Arkona
pasin. 1he Mn record from the deep Bornholm
pasin site can be correlated to records from the
Gotland e . .

The lack of substantial enrichments of Zn and
b in “preserved” oxic-suboxic layers of ;\T—!.:I:{}rs
oints 10 an anthropogenic source for surficial
enrichments of these metals,

s
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The dating, of the colian deposits necds wew precise physical meth-

ods, In the paper the reliability of resulls of thermo- aml optically
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stimulated luminescence dating method are  disenssed,
dates of colian deposits from the coastal and inland dunes of
fit well with predicted  geologieal ages,
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INTRODUCTION

It is cxtremely complicated 1o determine the age
of colinn deposits due to multiple redeposition of
sediments and lack of suitable dating methods,

The deficit of organic matter in colian deposits
makes it difficult to obtain material for conventional
radiocarbon dating. Besides, seeds and other organ-
ies mav be reworked in colian deposits and, there-
fore, predate the depaosits in which they occur. I sine
organics such as soil horizons typically indicate peri-
ods of dune stability, and hence can only be used 1o
broadly bracket periods of dune activity. Thermo-
and optically stimulated luminescence (TL and OSL)
dating, on the other hand, is ideally suited for dune
deposits as it provides a date corresponding 1o the
last time the sediments were exposed to sunlight,
and thus can be used to determine a period of colian
activity (Prescott 1983; Rendell et al. 1994: Clarke
1994; Wintle et al. 1994).

The ©SL dating method, using quartz, was pro-
posed by Huntley et al (1985). Currently, the in-
ffared optically stimulated luminescence (1R Ubl}
dating lechnique, based on alkali [eldspars, is of
Wider use due to the simple technical solution. The
method, the first results of dating and physical bases
Were proposed by Hitt et al. (1988), Hin & Jaek
1996, by,

Compared to the TL method, an advantage of
051 dating is the new readout tcuhmquc which
Permits 1o choose more light sensitive grains. It is
Just 1his phenomenon that leads 1o more suecessful
fealizalion of zero-point: minimum nonbleached.
fesidual signal to the time of sedimentation. In
8¢ 0l dunes, which have been exposed 1o sun

The samples under study were

during a very long period, this residual can be
reconstructed in the laboratory.

LUMINESCENCE DATING PROCEDURE

taken from differ-
ent age sections all over Estonia. Alkali feldspars
(100-160 gm) were extracied [rom these sediments
following the technigues described carlier (Mejdahl
1983; [Hitt & Smirnov 1983),

The light souree used for stimulation was 3 semi-
conductor laser with emission in the wavelength re-
gion Bl0x1 nm. The light beam intensity vn the
sample was 0 mWjem', thus corresponding o ondi-
nary sunny day conditions. The laser was operated
in the pulse mode with a pulse length of 3 scconds.
An exposure of this duration and intensity did not
cause bleaching of the sample. which could be seen
from the fact that repeated light pulses produced
emission signals of the same intensity. The use of a
very weak stimulation light pulse gives two advan-
lages. Firstly. the most light sensitive grains i.c. those
best bleached in nature, will mainly be touched upon.
Sccondly, a weck stimulation pulse will not change
the dosimetrical propertics caused by changes of
clectron population in the traps, For detection of
the emitted light an OSL/TL reader consticted in
Tallinn jointly by the researchers of the Instilnte of
Gieology and the Ingrid company was used,

The optical response for the samples studied
was determined and the wavelength region used
for stimulation was chosen in order 1o reach elee-
trons in stable traps. The emitted light was de-
tected in the TV-band around 380 nm.
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After pamma irradiation [rom a "Co source { s
rate | Gy/min) the samples were stored al room
temperature for three weeks before measurement.

e accumulated dose was reconstrucled using
the additive dose method. The dose-rale was cal-
culited from the 1), thermoluminescence and K
concentrations, determined by gamma-speclroscopy
from the bulk sample with natural water content,
and the internal potassium content in the Leldspar
grains was measured by (lame-photometry.

Fhe error of the determined accumulated dose
has been caleulated using the jack-knifing method,
folliwing Cirlin & Macldonald (1989 bt EVETYOne
must keep in mind that it is only an analytical error.

Hesidual signal was reconstricted in the labora-
tory after natural sun bleaching during 20 hours,
which corresponded to the age less then 300 years
in the case of TR OSL, and about 1000 years [or
TL. In age calculations, residual signals were taken
into accounl

DISTRIBUTION OF EOLIAN SEDIMENTS
IN ESTONIA AND THEIR PREMCTED
GEOLOGICAL AGE

In Fstonia both inland and coastal dunes are en-
countered. The eolian redistribution of fine agueo-
glacial and beach material is highly controlled by
land uplift, palacoclimatic parameters (wind diree-
lion and activity, soil moisture) and the grain size

e

- ~
: e Sy,
.h_ht:jh-ﬂ‘ i =L

Photo 1 Dunes in Fswnm are relavely low amnd renderad statonary by vegotation. Ranmumetsa, Plioto 1y
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of initial sediments (Raukas 1968). Due to ihy
defliciency of sand. concentration ol beavy slormg
to autumn and winter time and high precipitatio
rate, dunes are relatively low (mainly 5-15 m) apg
rendered stationary by vegetation ('hoto 1)

The Estonian continental dunes, loeated in the
Lisaku-TMuka arca (Rahni 1959), are of paraboiic ang
transversal (Photo 2) type and indicale @ weslerp.
northwestern palacowind direction (Zecherg 1993
Both mark the transport pathways [or sceimen)
through older dune systems or placiolacustrine k.
mes. They are 0.2-2.7 km long and up 1o 1520y
high. Their west and north-west windward slopes are
slanting (3-187). while the opposite leeward slopes
are much steeper (15-247. COin the lop and slopes of
dunes there are small cover-samd hillocks.

Muost probahly, these cover-sands, dunes and drift
sands originate from the Younger Drvas and the
beginning of the Pre-Boreal, when in the Alutaguse
Lowland a significant regression of Lake Peipsi took
place and the so-called Small Peipsi was [ormed
(Raukas & Rihni 1969 Sand and sill mater:al has
been derived here [rom local souree maderial, cp
from glaciofluvial and glaciolacustrine deposits (Fig 1)
reworked by ancient Lake Peipsi. ones were coms
menced here immediately alter souree deposits be-
came available and the process stopped whea they
became overgrown with vegetation,

Nowadays the inland dune arcas in north-cast-
crn Pstonin are surrounded by peat bogs and oo
ered by pine forests, Their maximum ages may be
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On the Luminescency Dating of Eolian Deposits in Estonia

Transversal ridge-like duncs oeeur wsually parallel twoone another in eschelon-like serics. Continental duics
pear lsaku. Photo by A, Haukas
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inferred from the sediments or soils of which the
dunes started W develop. These, mostly  glacio-
lacosirine plains and Kame lickls, were formed some
12,200 years BP (Raukas et al, 1971). However,
the sand became available for redeposition only
aller 0t had drained and dried, possibly after the
retreal ol the placier of the Palivere Stadial some
LU vears BI* (Raukas 1992). Unlortunately, this

cannol be checked by palynological sampling of

diune sands or dating of organic remains,

[he BEstonian coastal dunes are scatlered all over
Lower Estonia where sandy-silty sediments urgent
[or their formation have been available (Fig 2). The
largest dunes, up 1o 20-25 m in height, formed dur-
ing the transgressive phases of the Baltic lee Lake,
Ancylus Lake and Litoring Sea (Ellermann & Raokas
[966), Rising sea levels lead to shoreline crosion,
destruction of fore-dune and beach ridge vegetation,
and initiation of transgressive dunes (Cooper 1938).
The most prominent dunes in the vicinity of the Baltic
lee Lake transgressive shoreline are located in the
Lahemaa National Park and on the Kdpu Peninsula
The dunes originating from the Ancylus stage oceur
on the West Saareman Upland, on the Tostamaa and
Kopu peninsulas and near Haddemeeste, Those re-
lated to the Litorina Sea transgressive shoreline an
found at Sininomme (Photo 3), Rannametsa (Photo 4
and Tostamaa (Photo 3). The greatest number ol
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and mam logalitios, mentioned in the test: | -
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il eolim Bmminaton, Photo by

A

HRauk:is

Ianneindtsie, Pl Is Y

Swlavalike sl

1l

Tl

Phntead sectnom o] wolian sands @l

dunes oeeur on west-facing shores, where westerly
and sen Th-westerly winds predominate

As restult of the neotectonic I.LFHI'I ol the
Eartl's crust, coastal dunes are nil‘l'r':!tlil:ﬁ"h siluated
M some distanee from the contemporary shore and
A dilferem absolne heights (Eltermann & Raukas

1%6; Martin 1988). At the present seashore only

W fore-dune ridges, some meires in height, oc-
YIE e gt Kloogarand, Narva-Jocsun and Valge-
fml The higgest contemporary dunes with spe-

Gfic my rphology, termed the “basket trap” duncs
W Orviku (1933), are situated on the northern coast
o Lak, Peipsi. Sonwe small dunes occur also around
Lake 4 wisjiry [ lavast e oal. T963).

ks

Cin the Lamincescence Diting of BEolzn Deposits in istonia

lhe colian sands ol FEsto-
mostly  line-geained
(O.1-0025 mm) and bimineral,
consisting mainly ol guartz and
feldspars {HRakas 1968). [n the
notthern part ol the ety
il Lhe

ma e

o western i lands,
where the inital |.|1.'|'||rh‘ s are
rich SO
places the dune sands contain,

im carbonaies, in

next o guarty and Teldspars,
also preatl amounts ol carbon-
ates (ol Pabvere 11.2-26025%  1n
the 510 Andreas dune Lield on
the Kopu Peninsula 2.2-15.17 ).

Depending on their clise-
ness Lo the apcient shocelines
the Bstonian coastal dures are
teaditionally called the Aneylus
lransgressive shoreline Jdunes,
Litoring dunes ele. hoaever,
they have been most likely
repeatedly  re-blown in the
upper part and mayv he rather
young in ape. Porest cutlings
and [res, military actions and
other human may
tripgeer  the  movement ol
surficial sand (Phota 63, bt
transported . by
currents o the
re-blown [rom

HeHVILes

mustly  sand
Wiy shore
Ieach
ridges into close<lving  dunes
which soon became  isolated
by relative waler level lower

Wilk

ing. The soil profile. owasion-
ally several metres thiek (e
Lemmuoeogn), shows that alter
the deposttion at least some
dunes Became overgrown with
vegetation amd never  noved
again. Wet environmental con-
ditions, sparse population and
i 5|u':'.‘u|in_u of vepctation
prevented extensive  medistribution ol loose sandy
sedliments by wind in Lstonia,

by Al Haukas

RESULTS AND DISCUSSTON

check the reliabality of the wesalis
obtained on colinn sediments by the conventional
(5]
rescarch ol the
dunes in dilferent areas o stonia

Ias o well-known fnet that the beaches of Trans-
gressive phases of the Baltic Sea are moch better

developed  in Bstonia than  those ol

In order 1w

detatled
il

'L and mcthodds, we undertook o

scediments of  coastal miliand

re EI:I'I.' SRIViL
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Photo 6. Bolian sands at Kroodi near Thllinn exposed after human adtivities,

Photo by A, Raukas

phases (Raukas 1966). In the course of the sea
invasion, against the background of the moderate
cristal uplift, the shorelines were rather stable
during long intervals of time, causing the accumu-
lation of deposits of great thickness.

During the regressions on gently sloping shores
under the general conditions of deficiency of
scdimental matter there were no geological precon-
ditions for the lormation of huge coastal reliel forms.

In the area under comsideration, three main trans-
gressions in the history of the Baltic Sea took place:
(1) Transgression of the Baltic lee Lake B, about

10,500 years ago;

(2) Transgression of the Ancylus Lake A, aboul
9,200-9,000 years ago and

(3) Transgression of the Litorina Sea between
7,000-6,000 years ago, depending on the inten-

sity of the land uplift (Raukas 1991).

All the above-mentioned transgressive shorelines
are bounded by extensive perched sand dunes, lo-
cated along the twp of beach ridges of different
genesis, interspersed with low-clevated re-blown
dunes with no direct connections o beach ridges,
We have dated the eolian deposits {rom all these
transgressive shorelines, trying to sample the bot-
lom-most parts of the dunes.

The colian sediments [rom the top of the trans-
gressive Baltic lee Lake beach ridge in the Lahemaa
National Park near the Vosu-Rakvere road were
sampled and dated. The OSL date of 10,2502 1500
years obtained on a sample from a depth of 3.2 m
agrees pretty well with the predicted geological age.
Al the same time, the date 13,600£1300 from the
Kurgja section at a depth of 2.7 m in SW Estonia
is about 3,000 years older than the predicted geo-
logical age.

22

-~

Folian sediments [rom the 1o
of Ancylus beach ridges wep
] taken for dating in the TOstamay
L . Peninsula [rom o depth of 3.1
: (26002960 years) and in the
Lahemaa National Park near
Koljaku from a depth of 2.0 g
(G, 1002700 years), The oblaineg
dates are reliable if o consider
the possible redeposition of en.
lian sediments in Koljaku belogg
they became linally fixed by a sty.
lionary vepelation.

(in the Litorina Sca shore-
line, deposits from  Tostaimag
(Photo 3) at a depth of 34
(6300600 years) and Kanng-
metsa (Photo 1) were dated. The
bottom-most parl of the Ranna-
metsi dunes at a depth of 84m
yiclkled an age ol 10400£1100
and the uppermost part al g
depth of 24 m an age of 43002500 years., The
first date has a full agreement with the predicled
peological age, the second one scems o be wrong
and the third once reliable il to take into accoun
possible secondary redeposition of the material

In the area of inland dunes in North East Bstonia,
the samples for TL dating were taken from 3 profiles
(Fig. 1, 3). The results obtained confirm Holocene age
of colian deposits and  probably the multiple
redeposition of initial Younger Diryas glaciolacusinine
and colian sediments (Raukas et al 1988). Dune sands,
2 km north of Lake ITmatu (Fig, 3A). gave wo consis-
tent dates: 4000500 years at a depth of 0.4 m and
32002000 years at a depth of 2.5 m Dune sands west
of lisaku settlement yielded three dates (Fip. 303);
5, 200550 years at a depth of 0.6 m, 6, WO years
at a depth of 3.5 m and 3.000£500 years at a depth of
11 m. The latter date is not reliable but the reason (or
that is not clear, In the third profile near Valgesoo
(Fig. 3C7), the date of 1360021500 years from a depth
of (L4 m is not eliable, all the other: 2.4 m (4.7002500

- .

years), 3.7 m (5400500 years) and 4.8 m (7, 1002700 I

years) below the surlace are consistent with each other.

The dates sum to be rather reliable and indicate dif- |

ferent phases of colian activity.

To compare the results oblained, two sumples
were taken from the upper part of recently re-
blown dunes from the northern coast of Lake Peipsi
at a depth of L3 m (Remniku W) and 25 m
(Remniku O). and from an ancient dune of Lake
Peipsi near Silliku at a depth of 3 m (Fig, 1). The
results obtained were rather realisticc for the
Remniku W 10002200 vears, for the Remniku B
SIS0 years and for the Silliku 80003000 years.
The predicted geological age for the Silliku sample
was about 10,000 vears,

O the Lunineseenee Dating of Bolinn Pepaosis in Eston
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Fie. 3. Sections dated with TL method, For location ol
sections and boreholes see Fig. 12 1 - il 2 - glaciolTuvial
deposity; 3 - glaciolacustrine sand; 4 - glacio-lacustrine sili;
5 . colinn sand; 6 - location of dated samples

CONCLUSIONS

Ihe aim of the present work is to point out that
the luminescence dating method can be used for
correlating eolian deposils on the basis of both
relalive and luminescence age. Most of the dates
obtiined are in agreement with the stratigraphy
anid the predicted geological ages. In spite of the
rather poor resolution ol luminescence dating re-
stlty for the Molocene time range, this tool of study
is quite fruitful and enables to solve some impor-
ol peological problems. In case of colian sedi-
ments, disagreement between luminescence dating
anil geological predicted ages can stimulate geolo-
gists 1o revise their point of view aboul penesis of
stdied sediments, In the coming years, it is im-
portant not only to date more samples from colian
scdiments of differcnt age but also to carry oul
further study of the mechanism of formation of
wind-blown  deposits, because  withoul considering
the peculiarities of their formation, the most accu-
rile measurements of their luminescence proper-
tics will be meaningless.
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Mud is deposited in the Gull of Gdansk in four subenvironments
related 1o diflerent hydrological conditions and sedimentary processes,
The it area of ol deposition s located in oot of Visml River
outlet, where intensive flocculation of suspended matter s taking place
in the mixing wone of the rver amd marive waters. The seeond area
- i Puck Bay (western part of the Gull of Ciliisk) & semi-eoclosed
by the Hel Peninsula and deposition of mud could tikes plice above
the LTj’CI'ILN.‘HTIi.'. The third and fourth mod 111;]\1.».|'|_i|1:|:|;|i iresis e Jo-
cateedl m ommore open parts of the Gull of Gdadsk, The thind one s
related W the zone where the prenoeline makes comtoet with the sca
bottom, ot a depth of S0-85 g, and the Tourth aren covers the sone
below the pyenocline, with anoxic conditions. Mud depositional  arens
were examincd using side scan somar, sub-botiom profiler and Doy
corer for X-ray mdiographs (o stwdy the sedimemary struetares amd
concentrations of selected trace elements were analyseid,

Keywords: Baltic Sea, Gull of Gdansk, mud deposition, envirmment
of scdimentation, sedimentary structures, contents of Al Cd, o Ni,
B Pb, Zn, enrichment factors.

fax +41 23 535 21 84; received 10th May
1997 aceepied Oth Oerober 1997,

INTRODUCTION

The Giulf of Gdansk is the southernmost part of
the Cidansk Basin. The external sea boundary of
the Cull of Gdansk is conventionally taken to be
a straight line connecting the promontories of
Rozewic on Polish coast and Taran on Sambia
Peninsula. In the extreme western part of the Gulf
of Gidlansk there lies the Puck Bay protected from
the more open waters by the Hel Peninsula about
32 ki long. The south-castern part of the Gulf of
Gdask is fringed by about 55 km long Vistula
Spit, which forms the Vistula Lagoon. The area of
the Ciulf of Gdansk is ¢ 5,000 knv'. The maximum
walcr depth is 108 m, and oceurs in the northern
part of the Gull, in the Gdansk Deep.

The drainage area of the Gulf of Gdansk is
about 221,310 km'. Most important is the Vistula
River which drains an area of 193,911 km'. The
Gilchment area of the Pregola and other rivers
ﬁm’-'itl_r; inty the Gull of Gdansk via Vistula La-
koon and Pilava Strait is about 23,439 k', and of
Other rivers of the western coast about 3,960 kny'
'_h'-' otal average river discharge into the Gull of
"}'ilrhk i5 about 1,300 m'/s, in particular Vistula
Uischirges 1,027 m'fs. (Majewski, 1990). The Vistula
Wpplics the bulk of contaminants entering the Gulf
of Giansk. Important are also numerous sources

of pollution scattered along the Gulfl: the harbours
of Gdansk and CGidynia, municipal and industrial
waste ol the Gdansk and Gdynia agelomeration,
outlets of storm water channels. sewage from ships
lying in the roadsteads of the pons. Pollutants of
unknown amounts and composition come 10 the
Gulfl from the Kaliningrad arca and from the big-
gest military base of the Baltic Sea locaed in
Baltiysk (Pilava Strait).

The aim ol this paper is 10 gain insight into
the recent sea bed sediments and chemical compo-
nents, especially to evaluate the chemical pollution
of muddy sediments accumulated in the Gull of
Gdansk under very strong anthropogenic pressure

SEDIMENTS AND SEDIMENTARY PROCLESSES

The sedimentary material comes into the Gull of
Gdansk as a result of cliff erosion by storm waves
and currents, transport by rivers and as a result of
human activity. Only & very rough estimation of
the amount of supplicd material is possible
Eroded cliffs along the Gull of Cidansk supply
annually about (1.25-0.35 min. tonnes of gravel, sand
and finer fractions [rom the coast of Sambian
Peninsula (Cudelis, Emelyanow, 1982 Blazhenishin,
1984), and abou 0.05 min tonnes [rom the west-
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e coast (Subotowiez, 1982). Considering the length
and height of eroded cliffs and the rate of erosion,
the amount ol sedimentary material eroded Trom
the Sambian coast seems lo be overestimated.

The Vistula River -discharges into the sea ¢
I8 min. tonnes of sediment per year, in that c
(.75 min tonnes as bedload and ¢ 105 min. tonnes
in suspension (Cyberski, 1982). Transport by other
rivers is much smaller, and can be neglected in the
balance of sedimentary material.

Anthropopenic sources of sedimenis are impor-
tant in the Cialf of Gdansk. About 1.25-4.25 min.
tonnes of sediment per year comes o the sea from
amber mines of the Sambian Peninsula (Emelyanoy,
Wypych, 1987; Blazhchishin 19584, Gudelis, BEmelya-
nov., 1982). About 1.23-3.15 min. tonnes of dredged
spoils from CGidansk, Gdynia, Baltiysk and Kalinin-
grad ports and waterways are dumped annually in
the Gull of Gdansk (Andrulewicz, Dubrawski, 1995,
Lazarienko, Majewski, 1973).

The distribution of sediments on the seabed ol
the Gulf of Gdansk is dependent mainly on local
hvdrodvnamic conditions cansed by coast and seabed
topography. as well as on the palacogeography of the
area. North-east of the Hel Peninsula sand ocours
down 1o 70-80 m depths. In the Puck Bay the limi
of sandy scdiments is close ta the 20 m depth con-
tour. South-castwards from the Puck Bay, in the
southern part of the Gull of Gdansk, sands have
reached the GO m isobath. In the south-eastern and
castern parts of the Gulf, on the slopes of the Vistula
Spit and Sambian Peninsula the boundary between
sands and sandy-muddy sedimenis occurs at a depth
of 30-40 m. The muds cover the depressions of Puck
Hay and the central part of the Gulf of Gdansk. The

o

rate of mud deposition in the Gull ol Cidansk varieg
[rom 1.43 1o L8606 mmfyear in the sonthern part sng
up to 207 mmjyear in the northern part of the Ciolf
(central part of the Gdansk Deep) (Pempkowinl 199
Walkusz et al 1992, Szceepariska, Uscinowice 1994)
Muddy sediments oceur also locally in Tronl of the
Vistula outlet cone (1lscinowice, Zachowice, 1993),

SCOPE AND METHODS OF INVESTIGATIONS

In 1994, the Geological Survey of the Netherbing
and the Polish Gieological Institute have carried
oul geological and peochemical investigations in the
Cull of Gdansk (Laban el al. 1994), Amaong others
the four main mud deposition arcas were studicd,
The distribution of selected trace elements (03,
Cr, Ni, B Pb. Zn) in muds deposited in dillerem
subenvironments of sedimentation in the Gull s
presented.

Seismic survey wias carricd oul using an CRE- 140
high resolution acoustic system with 4 )X transduc-
ers in a polyester fish in which a TS5-320 heave
compensator was mounted, Fregquency fillering was
done with a Krohn-Hite type 3323 system. The posi-
tion was recorded with a TS5-312 alphanumeric an-
notator. Also the BEG&G type 239 side-scan sonar, i
[00ke Model 272 1ow fish, and an PO 8700 thermal
recorder were used, Range used was 2250 m. Shal-
low seismic and sonar profiling performed made up
150 km,

Sampling was done using a box corer with a
round coring tube with a 0.3 m diameter and
maximum penetration of 05 m. The muddy sedi-
ments were sampled at 11 sites (Fig 1), With

Fig. |

Loeation of the investigated arca
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specinl boxes, subsamples were taken from the box
corer for X-ray radiographs lo study sedimento-
logicul structures, Also subsamples from the upper-
most layer (0-2 em) and from the lower part of
the vore, most often at a depth of 22-24 em were
gaken for chemical analysis, Only in front of the
Vistula outlet cone background subsamples were
aken from the layers 34-36 cm and 38-40 cm.

Positioning during the seismic surveys and sam-
pling. was done with Differential GPS, Trimble type.

“-ray radiographs were made by using a Hewlett
Packard Faxitron X-ray system: 10-110 KV outpul
voltage, 3 mA continuous current, with a beryllinm
winilow (0,63 mm) X-ray tube; the tube vollage
was H-110 kKVp. film type Agla Structurix [37(Pb),
exposure time 1-2.5 min, and a Pb-masking was
applied to enhance contrast,

"hemical analyses were done in the laboratory
of the Geological Survey of the Netherlands. Total
sediment samples were dried overnight at [05°C.
Pressed powder tablets were automatically prepared
of 11} g samples with 7 wax pills (1.2 g. containing
EMI-Pulver 120 FI and wax). The sample mate-
rial was pround together with the wax pills for o0
sceonds in a Herzog Swing Mill with Tungsten-
Carbide vessel. The elements, except for Cd, were
analysed on pressed powder tablets by XRE using
an ARL 8410. For calibration, pressed powder

Tabie 1. Results of chemical analyses

SN

tablets of international rock standards were used.
The following detection limits were established: Al
00%, P OO1IT, Cr 5, Ni 1. Pb 5, Zn 5 ppm. For
analysis of the extractable (total) Ol the [ollowing
method was used: 2.5 g of a dry sample was soaked
in 200 ml of 109% HCl on boiling water bath for 3
hours. Adter dilution to 50 ml with water, the tube
was centrifuged at 200000 rpm lor 3 minutes, leav-
ing a clear solution above the residue. After dilo-
tion (50 times) with .05 N HOT the Cd content
was determined using a Scintrex AAZ-2 Alomic
Absorption Spectrometer with Zeeman background
vorrection. International standards were 1aken into
account. The lower detection limit of the analysis
is 0.2 ppm Cd Results of chemical analysis are
presented in Table 1. Both absolute concentrations
and to aluminivm (Al) normalized data are given.

RESULTS OF INVESTIGATIONS

In the Gull of Gdatsk mud is deposited in four
subenvironments with different hydrologic features:
I - area in front of the Vistula mouth, 2 - Puck
Bay, 3 - southern part of the Gull of Gdansk, 4 -
northern {deepest) part of the Gull of Gdansk.
The present outlel of the Vistula River was
artificially constructed and opencd in 1895, Since

- - . " & ] Ly

Core | Layer | Cd | Cr | Ni | P | Po 2o @ Al epn L eyar| Niual | pal | pan| Zwal

K, (em) |(ppm)| (ppm)| (ppm) | (%) | (ppm) | (ppm) | (%)
= 0-2 4.80 LT [ 0.10 1o 3 2,05 234 26.3 20 005 [ 150
T 3436 387 167 40 012 9% 511 592 065 282 83 002 162 8h3
e 0-2 2.80 72 & 0o 6 44 226 128 318 i .05 7.1 19.4
"M oagg0 127 102 200 007 44 187 3902 032 260 50 002 112 478
04 208 110 34 DU8 68 186 495 041 222 69 004 13T 370
M 004 040 105 43 008 47 125 649 006 162 66 001 72 193
.. 02 187 133 30 028 80 216 533 035 250 73 005 150 405
P 204 042 107 48 007 40 119 690 006 155 70 001 58 173
L. 02 09 9 31 016 58 40 542 0U8 IS5 57 003 107 258
WM 3904 031 95 41 007 28 R0 645 005 147 64 001 43 138
20104 0-2 1.34 75 24 0.22 48 18 422 032 178 57 005 |14 219
= 22-24 024 75 26 008 3 0 508 D05 143 30 002 68 135
s 02 18386 33 047 72 167 482 040 178 68 004 149 340
S 022 003 84 32 009 43 9% 586 002 43 55 002 73 o4
i 0-2 1.38 By 3l 0.23 (7] 154 4068 020 184 bh D05 13N 320
M 2040 045 88 34 000 36 82 6.5 002 143 55 002 59 133
o 0-2 - B 40 018 102 209 4,064 - 186 B0 04 220 45
Eaiia gl T T e 8 32 000 66 100 577 - 144 55 002 114 173
i R o 95 44 048 106 228 541 - 176 81 003 106 422
il L 90 44 000 83 151 693 - 143 64 002 120 218
oy 02 216 95 40 006 104 28 506 043 188 70 003 206 43
= 2224 028 102 44 010 75 127 679 004 150 65 001 110 IRT

L



Xevnron Ldcimewicz of al,

that time the outlet cone ol bed load material is
being accumulated. Intensive floceulation of sus-
pended matter is taking place in the mixing zone
ol the river and marine waters. The mud deposi-
tion in front of the outlel cone of the Visiula River
oceurs al a waler depth of ¢ [4-18 m. Side scan

sonar records show in this arca a [lal sea [loor
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with a pattern of vague sand ribbon-like featurey
in the direction of the current which are overlajy
by ripples. Four box cores were taken at the [og
of the outler cone slope, and i two of them muddy
sediments were found (box cores 294 and 37044,

The sediments are strongly bioturbated by Nepogs

diversicedor Muller and Mva arenaria (Linnacus)
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Anthropogenic influenee on the chemical compo-
gition of muds is evident, but the ratios between
concentrations of the clements in the uppermost
samples (0-2 em) and relerence samples (34-30 cm)
are not similar for different elements. For cadmium
anthropogenic influences from land run-off scems 1o
pe reflected by the highest concentrations in cores
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lrom the delta front area. both in uppermost and
relerence samples (Fig. 2). Absolute contents of chro-
mium are higher in the samples from the lower parts
of the cores, but after normalization 10 Al they are
anly slightly higher than in the samples from the
surface (core 294) or a little bit lower (core 3/94)
(Fig. 3). A trend is more distinet in the case of
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phosphorus; normalized contents are distinetly higher
in the samples [rom the sea bed surface, whercas
absolute values are similar in both layers (Fig. 4).
Contents of nickel, lead and zinc are higher in the
lower parts of the cores (Fig. 5, 6, 7). Also normal-
ized data show higher Zn, Pb and Ni concentrations
in the reference samples. Such a vertical distribution
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ol different clements in the very dynamic ¢nviron.
ment of the delta front, with a hlgh rite of sedimen)
accumulation could reflect changes in the chemicy|
composition of the Vistula River waters during the
last decade (Cyberska et. al 1996).

Deposition of recent muds in the Puck Bay takes
place above the pycnocline, at o water depth of
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2540 mo Side-scan sonar records revealed s smooth,
HM sea bed with locally vague reflections, probably
e by sea bed trawling. In the shallower part,
histurbation is more common than in the decper
part. where also erosion surlaces oceur in the sedi-
mentary column, clearly visible on X-ray radio-
prajibs.

T in the Culf of Gdansk within the pyenocline, al
o water depth of ¢ 35-85 m, muds are deposited
ander oxic conditions. Side-scan sonar records show
a4 smoath. flat sea floor. The mud is only slightly
piotucbated, up 1o 3 em. by Macomna Dbaltica
(Linnacus). lzrosion surfaces, most probably cansed
by nearboltom currents connecled with  internal
wives, are more common and typical for this arca.

In the northern part of the Gull of CGidansk,
pelow the pyenocline at a water depth ol more
than ¢ 835 m, mud deposition takes place under
anovie conditions, The upper part of the sediments,
up 1o b-14 cm, shows well developed  horizontal
lamination, without bioturbation. Deeper.  the
sediments are homogeneous, also without erosion
suriaces.

['he contents and regularitics in the vertical dis-
tribution of trace clements are generally similar for
the three above deseribed arcas. Cadmium, phos-
phorus, lead and zine oceur always in distinetly higher
amounts in the uppermost parts of the sediments
(sumples from horizon -2 cm), than in their lower
parts (samples rom horizon 22-24 em), both lor
absolute and normalized 10 Al values (Fig. 2, 4. 6
and 7). Chromium and nickel coneentrations are al
a similar level of absolute values in both investigated
honzons, but after normalization, they display a slight
enrichment in the uppermost horizon (Figs. 3 and 5).

DISCUSSION AND CONCLUSIONS

Enrichment of the surface sediments by some elements
may be a resull of sediment natural geochemical prop-
crties or anthropogenic influences. BEvaluation of the
degree of contamination of the surface layer can be
done by comparing it with that of a referenee layer,
the so-called geochemical background, In order 1o
determine the position of the geoche mical background
layer, which should not be distorted by anthropogenic
influences, many natural factors should be taken into
account, such as Tollows: rate ol sedimentation, depth
of mixing of sediments caused by binturbation anl near-
bottom currents, and rate and range of pore water
diffusion. Also it should be borne in mind that natural
processes of sediment accumulation may be disturbed
by human activity ¢.g, fishing, shipping, military activi-
ties ete, In the Gull of Cdadsk, with 4 sedimentation
rate of 1o 2 mmfpyear, a 20 cm thick Tayer of mud has
been formed during the last 100-200 vears, Macro-
seopic observations and X-ray radiographs of cores have
shown that contemporary bioturbation processes, as a
rule, do not penctrate deeper than ¢ 10 em (exeepl
the area in front of the Vistula River mouth amd Puck
Hay). Despite of hioturbation of the muds from the
Puck Bay, the vertical distribution of elements in this
arca (Table 1) shows that sediments [rom the horizons
ol 22-24 em were deposited also before the beginning
of the intense industrial development in the Ballic Sea
drainage area. Only muds deposited in the shallow
witler arca in froml of the Vistula River mouth have
been fully formed during industrial times and contain
in the whole sedimentary column anthropogenic con-
taminants. The following background values of elements
(in ppm, only for I' in “%) were foumnd (Table 2).

Table 2
[ o | o | N [ @ Pi i
Ifuck Hay 031-042 95105 4148 (LO07-0.08 2847 B 125
Ciull aof Ciaisk (within the pyenocline) 0.13-0.29  75-BR 26-34 (LOS-0.10 35.43 i
Ciull of Cidansk (below the pyenocline) 0.28 &3-102 32-44 0.10 O-83 [ni-151

I'he above values are similar 1o typical total
background concentrations of metals in the Haltic
muds given by Perttila & Brugman (1992). Only
concentrations of lrace elements in the Puck Bay
are a slightly higher. It is possible that contami-
nanis migrate down because of bioturbation, and
that background contents of elements in the Puck
Hiy arca are located deeper than 22-24 cm. Nev-
eriheless the enrichment factors (EF) normalized
o Al = 0 measure of deposit contamination — are
higher than | for all investigated elements and even
higher than 3 for some elements.

Lirain size is an important factor controlling the
distribution of both natural and anthropogenic

components in the sediments. The other factor is
organic matler (Cato 1977, 1989). Contaminanls are
mainly associated with the clay minerals and 1o the
organic residues of the sediments. To compensate
this problem sediment data can be pormalized by
dividing the raw concentration data by the weight
ol the finc-grained fraction, by the content of aln-
minium - @ major constituent of clay minerals or
by the content of organic carbon, Normalization of
sea bed geochemical data with Al is the normaliza-
tion tool used in this environmental impact study,
The aluminium normalization is based on the Tact
that there are natural ratios between trace metals
and Al that exist in the absence of any human
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influence. The concenteation of aluminium is al-
ways assumed 1o be a natural (e.g. Windom et al,
1989). The advantage of using this method is clearly
demaonstrated in Figs. 2-7, especially for Cr and Ni
(Figs. 3 and 5), where the absolute background
and surface dala are similar.

The Gull of Gdafisk, including the Puck Hay, is
one ol the most endangered areas, where exception-
ally large changes have oceurred. In the surface layer
of sediments in the gull the content of many ele-
ments - especially cadmium, lead and zine - has
markedly increased. In the Gull of Gdansk, visible
symploms ol cutrophication are present in form
of enrichment of sea bed surface sediments with
phosphorus,
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Seismic reflection profiling in the Hand Hay, southern Baltie Sea, has
revealed a system of buricd crosional valleys. cut inte the looscly
consalidated Cretaceons aml Paleogene sedimentary bedrock. Together
with similar valley systems in the south-castern and  south-western
Baltic Sea and on lamd in the southern Haltie constal reguon, it s pan
of a distinel belt of periglcial erosional valleys.

The Hant Bay valleys are of different ages, and also of differemt
|]|nr]'+||n|ngi¢::1| forms. The older vitlleys  are v-shaped in form
have steep, smooth walls, Comparisons with similar valley systenis sl
their infillings on laml, where age determinations are based on drillings,
suggest that this older valley system was fonmed during the Elsterian
anel Saalean glaciations. The younger valleys arc generally larger, with
u-shaped foms and steep, smooth walls, These large valleys are sug-
gested to have been fonmed during  the btest  glaciation, the
Weichselinn. Some small  valleys, attributed (o the Saalean  amd
Weichselian glaciations, have been found cutting into the infillings of
the proposed Elsterian valleys.,

The deposits infilling the valleys are subdivided due 1o their seis-
mic appearances. Three depositionnd aml erosional eycles Bave been
recognised. Each cyele contains o till-like unit a1 the bottom Tollowed
by a sandy deposit. The upper suwrface of each eyele marks @n ero-
siomal event,

The wvalley system is interpreted to have been fomed by fluvial
agents closely mside jee fronts umd it bas the appeamoce of repeateld
periglacial dminage systems.
keywords: Haltic Sea, Hano Bay, QOuaternary glacmlions, erosional
valleys, slacial crosion.

INTRODUCTION

From 1975 to 1980 seismic reflection profiling was
performed in the Hano Bay (Fig. 1) as pant of
sedimentary  bedrock  studies  (Kompas  1980a,
1"50b). The reflection data includes information
on the bedrock morphology and on the glacial and
postglacial deposits. Renewed inspection of the
scismic data has revealed a system ol buried ero-
sional valleys eut into the rather loosely consoli-
dated Cretaceous and Paleogene sedimentary bed-
rock. All valleys are restricted 1o the deep south-
crn and south-castern parts of the Hand Bay where
they sometimes are associated with tectonic linea-
menis (Fig. 2). The present paper is focused on
the formation and infilling of these very prominent
features that are deeply imprinted in the sedimen-
tary bedrock.

Dur knowledge about the carly glaciations in the
suthern Baltic area is still fragmentary. It is, how-
ever, known that the Hand Bay arca was covered by

ice during several OQuaternary glaciations - and their
maximum sitnated several hundred Kilometres [rom
the rim. The Weichselian glaciation and the postgla-
cial records are better understood. Puphorn et al,
(1979 investigated the late-glacial varved clays of
the Bornholm Hasin and the Hand Bav., They di-
vided the deposits into four lithostratigraphic units.
The units consist of mud belonging 1o the Litorina
stage; clay belonging to the Ancylus and Yoldia stages;
varved clays from the Baltic lee Lake and Weichselian
glacial deposits, mainly tills.

The Late Weichselian to Holocene development
of the area is described by Bjorck & Dennegird
(1988). Their investigation included datings of pine
stumps and peal found in the shallower parts ol
the Bay. The pine stumps suggest that the north-
ern Bay above about 50 m depth was covered by
a forest at about 9700-9300 BE Later the sca in-
undated the area and at depths between 7 and 14
m peat was accumulated. Bjorek et al. (1990) dis-
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cussed the general marine stratig-
raphy ol the Hand Bay. They
tentatively divided the deposits
into four scismic units ranging
from the Late Weichselian 1o the
Holoeene.

Based on marine seismic pro-
filing. Bjerkéus ¢t al (19%4a)
reported the presence of assumed
periglcial crosional valleys in the
south-castern part ol the Balti
Sea. The valleys are deeply ol
inter the solt errigenous depaosit
of the Lower and Middle Devo
nian and they are completely
infilled by Quaternary deposits. A
regional outline of the periglacial
valley systems in the southern
Baltic by Flodén et al (1997
initinted the present study of the
Hano Bay valley system  The
valley systems in the southern
Baltic Sea are interpreted 1o hav
been Tormed by fuvial agents
closely inside ice [ronts. Aban
doned river valleys of dilferen
generations are also described
from the Haliic Sea (Gelum-
bauskaite 1996, but no such fea
tures have been identifivd in the
present Arca.

MATERIALS ANIY METHODS

The seismic rellection data wsel
in the present investigation wis
collected in 1975-80 using a single
channel profiling system based on
a PAR-600 air gun. The reflected
signals were received by a hiydros
phone cel containing 100 hydro-
phone elements equally  distrib-
wted within o 20 m hose. The
signals were filtered onboard and
L0200 Hee records were dis-
played on a precision graphic
recorder. The  graphically  dis-
plaved time interval was 0.5 5 As
the material was primarily in-
tended for investigations of the
sedimentary bedeack 1he resolu-
tion of abour 2.5 m was not sul-
ficient Tor any detailed  subdivi-
sion of the Quaternary deposils
T get a better view of the Qua-
ternary deposits o small area wis
reinvestigated in detail and o fre-

The Glacial Erosional Villey System of the Hano Bay, southern Hallie Ses

quency interval of 250-500 Hz was displayed. This
resulted in records with a resolution of about 1-1.5
m Despite the rather limited resolution, it was
possible 1o ontline the valley system and also o
abtain a general impression of their infillings. It
should be noted that in the present paper the
interpretation of the valley infillings is solely based
pn their seismic appearances.

lFor the scismic investigations the Decca Navi-
pator chain OA/MP was used for positioning, The
aceuracy received was no better than +/- 100 m
The water depth and bottom topography were re-
corded by an Elac LAZ 17 echosounder,

CEOLOGICAL SETTING

The Hand Bay is located in the southern Baltic
Sea along the southern boundary of the Fenno-
scandian Shicld, The area has been subjected to
repeated tectonic disturbances ever since the Palaeo-
soic. However, the present day Hand Bay basin,
and the horst structures along its southern edge,
waus mainly developed in the Mesozoic and Ter-
tinry. The Mesozoic sedimentary bedrock was de-
posited in a southwards sloping basin [ringing the
lennoscandian land mass in the north. Apart from
the horst areas around Bornholm no early Meso-
soic bedrock is exposed in the Bay (Kumpas 1980h).
Apart from some possible Paleogene outerops of
local extensions, the sedimentary bedrock surface
is everywhere sculptured in supposed Upper Creta-
ceotis rocks (Kumpas 1980b). The Cretaceous bed-
rock probably consists of limestones, sandstones and
clays whereas the Paleogene system is represented
by soft ecalearcous sediments (Kumpas  [1978).
Mearshore along the Blekinge coast in the north,
the scaflloor consists of Precambrian crystalline
hedrock, irregularly overlain by till and clay. This
gives the sealloor a more rugged appearance along
the coast as compared 1o the deeper part of the
May that has a rather lat seafloor. Apart [rom the
copstal area, Precambrian crystalline bedrock s
exposed on the Christiansd Horst in the south as
well as on the island of Bornholm,

CONCEFTS OF VALLEY FORMING PROCESSES

Uwver the years, a great number of authors have
advocated different opinions about the formation
ol crosional valleys in periglacial environments
(Hjornsson 1979; Ehlers & Wingfield 1991; Liedke
1981 Woodland 1970). Ussing (1907, 1913) was
the first 1o describe the ‘tunnel valleys' of Jutland
in Denmark, He stated that they were formed by
ice excavation together with subglacial meltwater

erosion, Although some anthors (Andersen 1973
Berthelsen 1972; Hansen 1971) may disagree with
the interpretations put forward by Ussing, the for-
mation of valleys by high-velocity water discharge
near the ice margin has been widely aceepied.

Wright (1973) described the hydrodynamics of
subglacial waters below the Weichselian Superior
ice lobe in Minnesota, He found that the geother-
mal flux and friction heat are sufficient agents 1o
melt a glacier at its basal part without melting the
foot of the glacier which remains [rozen. In the
Baltic Sea area, which formed an enclosed basinal
structure already during the {irst part of the glacial
period (Puura & Flodén 1997}, it is reasonable 1o
assume that water accumulated under the ice dur-
ing long periods of time. Occasionally, the water
would force its way throngh the frozen foot of the
ice, and debris brought by the water would preatly
increase the erosive power. As the water pressure
was gradually reduced, the water changed from an
crosional agent 1o a depositional agent and the
newly formed valleys were rapidly filled. Thus, the
crosional valleys in the Hand Hay are most likely
formed by meltwater erosion at, or closely inside,
the ice front.

Another possible valley forming process is pul
forward by Hay et al (1993). Due to the great
lvad of the ice on the underlying bedrock a wedge
or a bulge forms at the rim of the jve. Water may
break through this bulge along streams or rivers,
As the dce load is eventually removed the bolge
will drop and the valleys created by sub-acrial
streams will also drop. This process may, however,
be valid only in larger context as the bulge would
preatly exceed the lengths of the valleys found in
Hand Bay. The infill of valleys formed by this
process would be clastic sediments and no 1l would
be found. However, il is not possible 1o exclude
the possibility of different valley lorming processes
along the ice margin,

THE EROSIONAL VALLEY SYSTEM

The erosional valley system discussed in this paper
is limited 1o the south-castern part of the Haneg
Bay. The wvertical soccession of the units infilling
the valleys indicates that these are of at least three
different generations. The older of the valleys are
more or less v-shaped in their form (Fig. 3). Their
walls are penerally steep and smooth and they look
almost vertical in the seismic records. The bedrock
surface at the Nanks of the valleys generally dips
gently towards the centre of the valley isell and
then suddenly drops several tens of metres. The
decpest valley of this generation is incised some
80 m into the sedimentary bedrock. These older
valleys are mainly infilled by Cuaternary il and
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placiofluvial material and overlain entircly by
Weichselian till and younger clay scquoences.

The younger valleys are commonly wider struc-
res with rather flat bottoms and steep, :|h:_|t.:5l.
vertical walls in the seismic records []-!g. -I!. I'he
infilling of these large structures consisis T:n;unl:.- ol
Ouaternary clays and silt. Very little till is depos-

ited in these younger valleys. [t scems as il the

Weichselian ice sheet only Jevelled the .lu-drm:k
surface and then deposited @ rather uniform il
laver on top. This il was later, in some places,
cut through by erosion and  the _I-.urlt:_- u-shaped
vallevs were lormed. The scismic signature i lh..u
inﬁ'llg“?, of these valleys is rather transparcnl in
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[nit A - a posiglacial clay wur: A postglacial
clay unit is present across the deep southern and
south-castern part of the Hand Bay. Till s ex-
posed at the seafloor surface in the shallow north-
em part of the Bay and posiglacial clays are present
only within small depressions in the till surface.
tinit B8 - a late glacial glecilinmie varved elay unie
ilacilacustrine clays are present below the postgla-
cial clays in the Bay. Unlike the postglacial clays of
unit A, the glacial varved clays are found as infillings
of the large, valleys, which sugpests that the valleys
were Tormed when the last glacier melicd away. The
totanl thickness of the postglacial and glacial varved
clays. Units A and B together, is about 40 m in the
south-castern part of the Bay,

{lnit € - a Weichselian wpper (il unit: The upper
1l unit is more or less evenly distributed across the
incised arca, resting on a very flat crosional surface.
lir the shallower parts of the Bay, towards the north
and porth-west, this Gl unit is exposed at the seabed.
In the deeper parts it is overlain by Units A and B
he thickness of unit C ranges from about 5 min the
shallower parts of the Bay 1o about 30 m.

Uit 1Y - a lower seditment urit: This unit s
mostly found interlayering with Unit E Some very
shallow valleys of the second amd third generations
are sometimes infilled with this unit, The thickness
of the unit is penerally only o few metres.

[nir E - o middle till anie; The middle Gl unit s
fwund infilling shallow valleys that are defined as
sceond generation valleys. As in the case of unit O
the upper surface of this tll unit is erosional. The
thickness of the unit ranges from about 10 to 30 m

finir F - o sand and prave! g This unit which is
partly older than the tills in unit E is found interlayering
with unit G oand uwnit E. Sometimes Unit I consti-
tutes the entire infill of avalley. The thickness ranges
[rom approx. 5 mon the Danks of the valleys 1o about
41 m where it completely infills a valley structure.

Unn G, oa basal ol wnie: This deposit 15 very
randomly  distributed, not all vallews conmtain this
basal 1ill deposit. The upper surface of the anit is
erosional on which the succecding units have been
depuosited. The thickness ol the sequence s about
I} m as an average.

IMSCUSSTION

In the Hand Bay the erosional valleys were Tormed
during at least three diflferent events ol erosion and
infilling. The deposits infilling the valleys Torm dis-
tinel sedimentary cveles consisting ol a basal ll,
[ollowed upwards by [uwvial 1.|L'I':I¢'I-RI-|."|. aned terminated
by an crosional stirface. These crosional surfaves are
ol regional extension and may separale between
deposits laid down during dilferent glaciations.

The upper erosional surface of the first sedi-
mentary evele found in the fisst generation valleys,
is interpreted as o pre-Weichselian surface, possi-
bly separating the Elsterian and Saalean glaciations
Cut into this surface are the valleys of the second
event (Fig 3). These second pencration valleys are
somelimes cul into the soft sedimentary hedrock
or into the infillings of older vallevs, which shows
that they truly belong o different penerations. Like
the first peocration valleys these vounger valleys
are infilled T il followed by a Muvial seyuence.
e development ol the third, youngest gencration
ol valleys is similar to the provious wo except [or
the infilling. The third generation valleys are en-
tircly infilled by late glacial varved clavs and over-
lain by post-glacial clays (Fig. 4).

In the scismic records three penerations of 1l
have been distinguished. from the base amd upwards
Ulnit i, Unit I and Uit €5 As mentioned  above,
these 1l units are clearly separated from each other
by erosional surfaces. In the valleys of the first
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and  second  generation,

units have been dis inguished (Fig

3). These sandy deposits also show

an  erosional Upper surlace on
which successive deposits have been
laid down,

Some of the large u-shaped
villeys of the third generation culs
through the upper till unit, Unit ¢
(Fig. 4). and practically no il is
found at the bottom of these struc-
turcs. The till that occasionally is
present in these large valleys has a
very patchy distribution pattern
which may suggest that they have
been  transported by  slumping.
Thus, the large young valleys ap-
pear o be completely infilled by
the basal parts of the overlying late
glacial varved clay unit, unit B
(Fig. 4). The valleys that are located
in the deeper parts of the Bay are
all covered by a rather thick se-
quence of the late glacial varved,
unil B and postplacial clays, unit
A The valleys found in the shal-
lower areas are covered by a [airly
thin sequence of the upper till unit,
Linit €2 Unit  has been deposited
on a very [al surface and has the
appearance of a boltom moraine de-
posited during the last placiation.

Seismic refllection profiling shows
that erosional valleys are widely dis-
tributed in the deeper parts of the
Hani Bay. There are a few valleys
present in the shallower parts too,
but they are very small and shallow,
The older valleys are found within
an area extending rom the north-
castern 1o the south-western parts
of the Hay (Fig. 6), whereas the
younger valleys are mainly found in
the northern parts of the south-east-
ern Hanié Bay (Fig 7).

Taking the tectonic pattern into
account, evidently the tectonic faults
may have had a strong influence on
the positions of valley formation.
Thus, some of the valleys found in
the deeper parts of the Bay are partly
located along tectonic faults (Fig 2).
Some of the younger valleys are also
found 1o proceed along the trends
of older valleys, i.c. the older struc-
tures have been re-used in vounger
limes.
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several
sandy deposits overlying the il
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leys in the sedimentary bedrock.
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bedrock have been founnd (Ehlers

& Winglicld 1991). These strue-
tures are of rather short
tion and infilled by several layvers
ol Quaternary deposits, As in
Iand Bav., the wvalleys in the
North Sea are ol several genera-
tions where the younger valleys
somelimes cul into the infilling
of older alleys, Contrary 10 the
Hano Bay valleys. the intillings
of the North Scea valleys do noi
contain any Gl deposits (Ehlers
& Wingfield, 1991

In the south-castern part of
the Baltic Sea, olfshore Latvia,
deep erosional valleys have been

dura-

18 m

foumd. In this arca the crosion
has cut deep into the loosely
comsolidated  Lower and  Maddle

Fig. 8, The periglacial drainage pattern of Hand Bay

I'he depths of the valleys vary considerably, Strue-
wires located close to each other may have differ-
ences in depth of several tens of metres. When con-
necting adjacent valleys with each other, a deep val-
lev is gencrally found at the centre and shallow val-
levs o the sides.

The valley system of the Hano Bay has the
geaeral appearance of a periglacial drainage arca
where the forces of the water have been variable
from place 10 place. Prominent valley systems were
only formed in those parts where high water ve-
lovities were combined with low erosional resistance
ol the bedrock,

Ihe distribution pattern of the Hand Bay valleys
(Vie ®) is similar 1o that of other nearby pl.'rl'gl:luiﬂl
drainage arcas as for example the Arkona Basin
(Flodén et al. 1997y and the south-castern part of
the Baltic Sea (Bijerkéus ot al. 1994a.b).

Comparison with Other Arcas

Al least three different generations of channels have
been found in the Hano Hay arca. In north-west-
tm Cermany a similar system of valleys attributed
W the Elsterian has been deseribed by Ehlers ¢
Al (1984). The infilling consist mostly of fluvial
itiences such as sandy and clayey deposits, How-
e the valleys found in most mainland arcas

Lievonian terrigenons sandstones
(Bjerkens et al 1990dab). These
valleys are considerably deeper
than the ones found in the Hano Bay, the Boltom
of the deepest valley is located abowt 330 m below
sea level, and the actual valley structure is aboul
230 m deep. The inlillings of the vallevs resemble
those found in the valleys of the Hand Hay, namely
Ll units interlayered with sandy and stratilicd units,

Vallevs tound in Germany also reveal several
erosional and depositional events, Contrary 1o val-
lews in the North Sea and in the Baltic Sca, the
valleys in Germany are found within the thick
Cuaternary deposits. The valleys direet radially away
[rom what was the centre ol the placiation and
towards the jee margin (Ebhlers et al. 19543, Till is
rarcly found al the bottom of the deeper sirue-
tures on the German mainland where it is found it
is believed 1o be slumped from the base of the
glacier (BEhlers ot all 1984). However the shallow
valleys are sometimes lilled with morainic material
which suggests that these shallow valleys are lormed
mainly by glacial erosion and that the deeper ones
by meltwater erosion (Grube [979).

Dieep valley structures are also present ol [shore
Britain. The valleys belong 1o three different gla-
ciations and are, thus, attributed W the Elsenan,
Saalean and Weichselian, { Wingfield 1959). The val-
leys are mainly cul imto unlithificd Pleistocene anmd
Tertiary deposits (Winglicld 1989) and are. like the
valleys in Hana Bay, of rather short horizonial ex-
lensions.
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CONCLUSIONS

* The valleys cut deeply into the soft Cretaceous bed-
rock, partly lined up with the tectonic lincaments.

* The valleys are mainly found in the deep south-
castern part of the Hano Bay, although a [ew
shallow ones are found in the northern shallow
part, They are thus found where the ice moved
from bedrock into softer sediments.

* The structures are, as far known, of rather short
horizontal extension and exhibits an eclongated
u-shape lengthways when connected with adja-
cent valleys.

* The valleys are ol three generations, the older
ones are rather narrow and V-shaped whercas
the younger ones are wide and U-shaped.

* (omparisons with valleys described [rom other
arcas along the north European glacial margin,
suggest that the Hand Bay valleys were formed
during three different glaciations, namely the
Elsterian, Saalean and Weichselian.  Future
drillings will decide this.

* The valleys of the youngest generation, which
are clearly of a Weichselian age, are wider and
larger than those of the inferred Elsterian and
Saalean glaciations.

* The Weichselian ice scems to have been slightly
more erosive in the Hano Bay than in the south-
castern Baltic Sea area. This is evident from the
rather large Usshaped valleys that cut through
the upper till sequence.

* The valleys are considered to have been formed
by meltwater erosion at, or closely inside, the
ice front.
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INTRODUCTION

Proeress  in acoustic
methods and technigques
mikes it now possible to
abinin & very good rec-
agnition and determina-
tion of the sea boliom
surface and of its strue-
ture,  However, these
methods  are  designed
muinly for investigations
in relatively deep water
(waler depths barger than
200 m). Acoustic inves-
ligations in  shallower
Wiler are up till now
rather rare (cf Herne et
al  1994), nevertheless
they are very important
o studies of nearshore
Processes and 1o engi-
Mecring  investigations.
Fhese  studies  require
Specific equipment and
Methods adapted 1o the
shitllow water conditions
of the nearshore zone,
Whire bottom is wvery
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Fig. 1. Location of study area and situation of seismoacoustic and side sean sonar pro-
files: the profile 1-11 records are given in Fig. 3
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alten uneven  and  changes
quickly in space and lime. Very
detailed preparatony studies are
necded 10 develop principles
for future standard investipa-
tions along & given stretch of
coastline, This standardisation
is necessary lor the determina-
tion of the actual dynamic state
ol the coast, [or the prediction

ol its development and for plan-
ning and design of coastal pro-
tection systems, and also for
other different tasks, e.g. hydro-
engineering,  hydrodynamics,
sedimentological, lithological
ele studies.

A opart of the nearshore

bottom (Fig. 1) at the village
of Chlapowo near Cape Rozewic
wias selected as one of the ba-
sic study arcas on the Polish
Baltic Coast. The study area of
about | — 1 km is located about
I km off the beach in water depths of 8-15 m. (Fig. 2).
The selected area is situated within that part of the
coastal zone which plays o significant role in the
sediment budget, both with respect o along- and
cross-shore sediment transport, and duc 1o the in-
tense crosion of the shore it is well determined geo-
logically (cf. Rudowski 1965, 1986; Subotowicz 1995).
The marine lield investigations were carried ont in
December 1996 [rom the research vessel e Lu-
becki™. The onshore studies were carried out in sum-
mer 1997,

MATERIALS AND METHODS

Measurements in the nearshore zone require first of
all good resolution and penetration up to 10 m in
order to ensure proper recognition of the surface
and subsurface bottom structures and the determina-
tion of Kinds of bottom, It is also necessary that the
survey should proceed guickly so that recordings can
be made over a relatively large bottom in uniform
and Tavourable weather conditions. This can be
achicved by using an integrated hydroacoustic Y5
tem, adjusted 1o (it shallow water conditions.

The multi-beam Sea Bat 9001 (455 Hz) echo-
sounder and Wesmar HIDSS 700 (307 kHz) high reso-
lution side scan sonar were used for determination
of the bottom surface, and the Seabed -Oretech 30108
(3.5-14 kHz) high resolution sub-bottom profiler was
used for the recognition of sub-battom structures.
The sub-hottom profiles were measured along the
sieme lines as the side scan profiling. Numerous erab
samples and 13 vibrocores were taken, The DGIS
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Fig. 2, Detailed bathymetrie map of the stuly arci compilesd on the basis of e
beam echosounder registration

positioning system (accuracy better than 1 m.) was
used for location along all profiles a1 | s intervals
and for locating samples of sediments. Simultancously
with sub-bottom and side scan profiling. water depth
was measured  with a DESO 15 (210 kHe)
echosounder to provide calibration data.

All seismic and positioning data were store digi-
tally on board and processed by using the CODA DA
system. The CODA DA-200 system is a comprehen:
sive tool for digital acquisition and postprocessing of
analogue signals from a variety of sensors, including
sidescan sonars, sub-bottom profilers, single-beam and
multi-heam cchosounders, ete. The analo e duta are
acquired at the 200 kHz sampling rate with resol.
tion of 12 (optionally 16} bits. The digitised dita an:
continuously stored on a DDS DAL tape. The DA-
200 system allows for one-line display, processing an
interpretation. The on-line display options iaclude
liltering of the digitised signal, image enhancemen,
slant range correction for side-scan sonur images, elc
The Geo-Kit option used during the measure ments
enhances the standard tagging option by the mea-
surement of seabed features (height over the seabed,
length, width); point, line and polygon leatures
tagging with possibility of annotation and classifics-
tion both in on-line and post-processed  mods
The system is provided with a uniyue High Speed
Tape Operating System with random aceess, Go'lo,
Stop, Play, Fast Forward, Rewind buili-in features
providing high performance tape reviewine and
PI‘(IE{J!L‘EI“E.

The co-ordinate system used is WEiS-84. ellip-
soid WGS-84. The presented data were transformed
o TM projection with scale 1. central meridian

g
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2I0°E, false casting 4,500,000 m.
The maps were prepared with
Ciolden Software’s SURFER 6.0,

RESULTS

By means ol detailed analysis of
all seonstic data and of results of
sediment sampling, and vsing the
knowledge on regional onshore
amel offshore geomorphology and
peology, four main aconstic facies
{rf Payton 1977) were distin-
puished, and next interpreted as
bottom kinds (Fig. 4).

Baottom Kind 1. Very uneven,
crosion surface of the outcrops
of Miocene muds, Numerous,
randomly placed cuts and hum-
mocks up to 3 m. high. The
patiern  of channels, situated
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Fig. 4. Bottom iypes: | - uneven surface of an crosional area of Miocem: nieds

with solated hmmocky relicl, 2 - fiat, erosional surface of redeposition of fine
samel (tramsition zone), 3 - fal erosional surface of redeposition of v d/saml

perpendicularly io the coastline,
is well visible in the bathymetric
map (Fig. 2) and in sonar im-
ages (Fig. 3). Horizontally stratified muds were
determined up o 10 m beneath the bottom sur-
face. Very often they are disturbed stream chanp-
nels of Miocene age, forming cut-and-fill sedimen-
[Elr}' struciures.

Bottom Kind 2. Flat crosional surface of
redeposition, with strongly packed fine sands. It is
a transition zone where sand is transported from
the surl zone secawards. The sand cover is 0.5-1.5
m thick and lics on an erosional, uneven surface
af Miocene muds,

Bottom Kind 3. Flat, erosional surface of
redeposition of sand/muddy sediments. Muds and
very fine sands form a thin - up to 0.5 m thick -
cover of the erosional depression in the surface of
Miocene muds,

Bottom Kind 4. Surface of deposition of muddy/
sandy deposits. Muddy sand and sandy mud trans-
ported and eroded from bolttom Kinds 1-3 is de-
posited here, forming a deposition cover of over
1.5 m thickness. There are some channels, up to
2.3 m wide and about 0.5 m deep, on the bottom
surface. These channels tend 1o transport some
sediments towards deeper parts of the boltom.

CONCLUSIONS

Determination of bottom kinds and of their distri-
bution using the tested methods is very accurate
and fitted 1o detailed mapping,

Ubtained information on the nearshore bottom
at Chlapowo indicates an increasing erosional trend

sediments {fransition zone), 4 - surface of sandfimml elepaosition

in this coastal arca and an increasing endency of
moving material washed oni of the shore and bor-
tom scawards rather than along the shore.

Continuation of these regional and methodologi-
cal studies is necessary in order o develop recom-
mendations for detailed standard  investigations,
needed for the cassification of bottom types. de-
termination of sediment budget, prediction of coast-
line development, coastal protection and Tor inves-
tigations of bottom geomorphology. peology and
coastal hydrodynamics.
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In co-operation with the Institute of Cieography at the University of
Circilswald and the Institmte of Hydrophysics ot the GESS  Research
Ceontre, measurcments of SPM settling velocity, eriticnl botton, shear
stress and erosion rate were armied oul wsing samples Trom e Owder
The
GCireifswalder Bodden i higher than in the Achterwnsser or in the
Kleines Haff. The erosion mies of all the locations considered are
significantly dilferent. A corrclation was found  between the sentiing
velocity and the contents of ormanic matier i the deposited  particles,
The lastest amd slowest setiling fraction show the highest contonts of
arganic material,

critical  erosion  shear stress of  sediments e the

Keywords: Cder estuary, eriticnl shear stress, settling veloeity, crosion,
secliment, particles.

INTRODUCTION

suspended particulate matter (SPM) in rivers and

constal waters is of significant importance 1o the trans-

port of nutrients and both organic and inorganic toxic

agents, These pollutants are predominantly bound 1o

SIM and accumulate at the bottom due 1o sedimen-

lation processes. Calm regions are therefore sinks

fur SPM and form a considerable reservoir for heavy
melals and organic pollutants. The remobilisation of
pellutants from SPM produces an additional impair-
meni 1o the water guality.

he behaviour of SPM under current conditions
can be described by four processes:

* sedimentation, whereby the settling  velocity
mainly depends on the water turbulence and par-
licle size and density,

* resuspension as re-entry of freshly deposited
suspenided matter into the water column or ero-
von, il consolidated sediment is whirled up,

* vertical mixing due to turbulence,

* advective transport due to currents.

. Adecisive criterion for the exchange of matter

B othe relation between water volume and surface

aren (Lampe 1996, in: Lozan etal. 1996). In the

“Mer estuary this relation is generally small and

Wdiments are mixed up by waves due 1o relatively

small forces, Accordingly. the sediments are weakly
consolidated and storm events or high discharges
ol the river Oder produce a considerable additional
input of suspended matter into the Daltic Sea.

A knowledge of SPM settling velocity, eritical
shear stress and erosion/resuspension rate forms the
basis for estimating the seasonally Muctuating trans-
port of suspended matter and pollutants,

In a co-operation with the Institute of Geogra-
phy at the University ol Greifswald and the Insti-
tute of Hydrophysics at the GKSS Rescarct Cen-
tre, measurements of SPM settling velocity, eritical
bottom shear stress and erosion/resuspension rate
were carnied oul using samples from the Oder
estuary. In particular, the seasonal change ol these
paramelers was the subject of the investigitions,
Fig. | gives an overview of the sampling locitions.

METHODS

Erosion Experiments

For the crosion/resuspension experiments 4 modi-
ficd EROMES apparatus was cmployved. This is a
patented development of the GKSS Research Cen-

tre for erosion measurements on naturally Formed
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Fig. 1. Sampling locations in the Oder estunry (Gireifswalder Bodden, Peenestrom, Achterwasser, Kleines Haif)

middy sediments (Schilnemann & Kihl 1991). The
sampled  sediment core remains confined in g
petspex lube of W em in diameter with @ waler
eolumn above the sample, The botlom shear stress
is induced by a rotating propeller above the sedi-
menl surface. Special mounting baflles in the tube
prevent rotation of the water column and vertical
balancing currents. The applied shear stress is a
function of the propeller speed and is calibrated
using quartz sands of specificd grain size and known
critical shear stress (Shields 1936; Unsold  1984).
Fig. 2 shows the modified EROMES system

During the experiment, the propeller specd is
continuously increased by (L1 N/m' every 5 min-
tes, This increase was tested in many experiments
and cnsures o quasi-static crosion process marked
by & nearly constant erosion rate at the end of
each interval

The eritical bottom shear stress is characterised
by a significant increase in SPM concentration in
the water column which is measured by an oplical
silt meter, Three water samples are taken during
cach experiment to calibeate this atienuation meter:
one at the beginning to quantify the background
concentrition, one in the middle and one at the
end. After having reached a given maximum con-
centration of eroded sediment of about 100 mgA
the erosion test is terminated. The attenuation and
its calibration versus propeller speed time are in-
put data for the cvalwation of the EROMES

i

water

strean——— |
baffles—

propeller—— R b
sampling tube —— :
sediment — |
attenuationmeter ——H—— [ l '

pump—____

Fig. 2. The modified EROMES system

experiment. The crosion rate as a [unction of the
applied shear stress is the time derivative of the
measured SPM concentration. The critical shear
stress s caleulated by [itting the curve of the ero-
sion rate,

hé

Suspended Matter Erosion and Sedimentation Experiments in the Oder Estuary

E

gettling Velocity Measurements
of Artificially Resuspended Maiter

To characterise the settling properties of the par-
ticles eroded by the EROMES apparatus, the sus-

psion was filled in a bottom withdrawal tube,
gubsequently, water samples were taken at given
Jogarithmic time steps to determine the SPM con-
fent for the caleulation of the frequency distribu-
ion of the settling velocities (Cwen & Eng 1976).
Thix freshly eroded SPM certainly differs in size
amtl composition of the particles from that of natu-
ral SPM. For this reason, a second sample of the
eroded particles is flled in a gently rotating hori-
gonial tube 1o build up flocks before the start of
a sceond scitling velocity experiment,

I'his so-called EROSINE method (Witte & Kiihl
1990) ensures that the complete range of possible
settling velocities is considered: the lower values
for the [reshly croded particles and the higher
values Tor the Moccolated matier.

Settling Velocity Measurements
of Natural Suspended Matter

A modificd MAKDAN wibe (KO Maskiner, Silke-
horg, Denmark) was used for the settling velocity
determination of natural suspended matter. This
inmwvative device is a combination of a 5PM sam-
pler for slack water and a settling tube using a
withdrawal pipette. It is made of perspex. The
sumpled water column is 446 cm high, the inner
dinmeter is 123 mm and has a volume of 5 litres.
The inletl of the pipette tube is positioned 94 mm
above the bottom of the settling ube,

Fig. 3 shows schematically the settling tube in two
operational situations, Suspended from a wire, the inbe
is open al both the upper and the lower end and low-
ercd into the required water depth (left), A gap of
0.5 m remains between the bottom and the suspended
whe. A messenger 15 sent down and the tube moves
downwards to the bottom seal, thus trapping a cylindri-
cal water volume. With a time delay of some seconds,
the sealing cap (ollows the tube and closes the cylinder
on top. After raising the device and placing it into an
operating rack, the suspension samples are withdrawn
al given time steps for the settling experiment.

RESULTS
Sediment Properties

The sediments of the Oder estuary are characterised
by a high degree of sedimentation (especially of or-
Linie material) and remobilisation due 1o hvdro-
lurbation and bioturbation (Leipe 1986). The mrmldy
sediments investigated from the different sampling

| —%
gulde bar

seallng cap
top

Fig. 3. Modified MARKDAN SPM sampler aml settling
tube for pipette withdrawal
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Fig. 4. Particle size distribution of muddy sedimen s from
Chler estunry

locations are very similar. They are soft, have o grey
or black colour and & high content of organic matier.
They are homogencous and weakly consolidated
because of the permanent processes of erosion and
deposition. Fig. 4 shows the particle size distribu-
tions of the sediments from different locations in the
Oder estuary. Due to the high contents of silt <03 gm,
all sediments are muddy and stabilised b cohesive
forces between the clay particles (Spork et al. 1993),

Erosion/Resuspension
Critical Shear Stresses

Fig. 5 shows a Box & Whisker plot of the critical
shear stresses for the different locations in the Cxder
estitary. The enwion ol scdiments  (rom the
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pistribution and Enrichment of Redox-Sensitive
Metals in Baltic Sea Sediments

frans Xaver Gingele and
Thomas Leipe

Giipecle. EX. & Leipe, T 1998: Distri-
faition and Enrichment of Redox-5en-
sitive Metals in Baltic Sea Sedimenis.
Haltea, Vol 11 pp. 5-16. Vilnius.
|55 (NG T-3004

franz Xaver Gingele & Thomas Leip,
Fiaiie Sea Nesearch Instiute, Svestrafle 15,
[ i 19 Rosiock-Warmennande, Crennany;
weceved 23d Decepber 996, aecepied
[y March 1907,

The distribation and enrielmment of the redoesensitive mctals Mo, Fo,
Co, Ni, Ca, Zn and Pbowere investigated 1 3 eores from the Arkona
and Bornholm Basins in the western Baltic Sea. Noosubstantial en-
richment of Mn cin be observed o the marine Holowene muils. The
lock ol @ sueficial Mn accomulntion indicates that oxie comditions vear
the sediment surface - recently associated with periodical saltwater
mflows from the North Sea - doo not persist long cooush o fonn g
significant Mn peak. However, layers rich o Mo and o oare Toaml
in sciliments of the Yoldin Scn stage and Mastoglobn Sca stage below
the anoxic muds, These aectamuolations are believes) W record an oxiee
suboxie sequence during the times ol deposition. Strong luetaations
i the input of omganic matler amd bollom water osveen [ostering 2
mpid decpening and shallowing of the redox bovndiry ano - ocal,
rapid sedimemation. cvents may by n.:.'-.]snn.\'ihlc lior the |11-._-~.._-n-.-||i;m o
this sequence. BEnrichments of Zn oaml Phoare encowmteral mear the
suboxic top of the corcs. The lack ol similar enrichments in ihe [re-
served suboxie sequences conlinms the anthropogenic souree of tear
surface heavy metal accumulations,

Keywards: Baltic Sca, Bormbalm Basin, Arkoon Bosin, geochomistry,
redoxsensitive metals, heavy metals, paleocnvirmomment.

INTRODUCTION AND APPROACH

Ihe distribution of the reactive part of many Iran-
sihion metals in marine deposits is partly controlled
by the redox status of the sediment. The reactive
lraction of manganese, iron, copper, zing, lead,
nichel, eobalt, molybdenum, uranium and others
fesponds 1o changes in the early diagenctic envi-
fomment and  gives limited evidence on the redox
control on - the post-depositional  redistribution of
these elements (Lynn & Bonatti 1964 Jarvis &
Fliges 1957; Shaw et al. 199 Thomson et al. 1993),
Lhe driving process is the decomposition of or-
cinte matter resulting in # characteristic succession
- the consumption of oxidants, starting with oxy-
ten, the electron acceptor, which yields the preal-
esb amount of [ree energy per mole. Aller oxypen
is depleted, nitrate and manganese oxihydroxides
e wlilized (Froelich er al. 1979), Redox-sensitive
metals may be released from organic matter in the
oxic zone (Cu, Zn, PO (Whitlield & Turner 1987;
Cierringa 1990; Lapp 1991) or from minerals, which
become unstable during burial into the suboxic and
anoxic zone (Mn, Fe, Co: Wallace ¢t al. 1985
Heppic & Lewis 1984). Their mobilization, diffu-
stion along  gradients in the pore waler and
feprecipitation leads 1o the formation of metal-rich

layers and zones where the sediment is depleted of
these metals (Klinkhammer et al. 1982), Under
ideal conditions solid phase enrichments are theo-
retically arranged in a clear suceession ol coneen-
tration peaks along the redox gradient | Thomson
et al. 1993). However, this succession is rarcly Tound
due 1o a high sorptive capacity of Mn- amd Te-
hydroxides [or many trace clements, low solubility
ol sulphides and organic compleses or a wide
sample spacing. Manganese, being most susceptible
o early dingenctic redistribution is widely used 1o
study redox conditions. Tlnder “steady state” con-
ditions a conspicuous manganese spike develops
near the oxic-suboxic boundary and migrates up-
ward with continuing sedimentation. The ranga-
nese peaks oceurring at deeper sedimentary fevels
are related 1o depositional or paleocnvironmental
changes (Thomson et al. 1984 Finney et al, 1988
Dean et al 1989 Pruysers et al. 1993). Charges in
organic carbon Mux, bottom water oxveen and sedi-
mentation rates can resull in changes of the redox
boundary and interfere with “steadv-state”™ condi-
livns,

Fhe manganese eyele was a0 well studicd topic
in the Baltic Sea basins during the last few years
(Hartmann 1964 Huockriede 1994: Neumann et al
1990), In the anoxic basing dissolved  manganese
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diffuses [rom the sediment into the stagnant bot-
tom water (Kremling 1983). In the course of peri-
odical sall-water inflows from the North Sea bot-
lom waters get oxygenated and manganese precipi-
tates on the sca-floor alter oxidation 1o MnpO |
The following stratification of the water column
and rain of organic matter re-establishes anoxic
conditions and manganese is reduced again, How-
ever, in the deep basins a certain share of Mn(),
is transformed to Ca-rich rhodochrosite during
burial in the suboxic zone and remains stable un-
der anoxic conditions (Jakobsen & Postma [989),
thus resulting in mangancsc-enriched layers, These
layers of rhodochrosite, detected in laminated sedi-
ments of the Gotland Basin and central parts of
the Bornholm Basin were vsed 1o reconstruct the
history ol saltwater inflows into the Baltic Sea
(Hockriede 1994; Neumann et al. 1996). In the
Arkona and most of the Bornholm Basin bio-
turbation destroys laminated sequences, 5o far, most
studies coneenirated on the Holocens muds in the
deep basins. Metal enrichments in sediments of the
Baltic lee Lake, Ancyvlus Lake and Yoldia Seca are
rarely recorded.

Accumulations of Cu, Zn and Pb in carbonate
phases in the suboxic zone were observed in the

567N

Arkona (Damm 1992), Bornholm {Leipe et al I‘-"-":,
amd Giotland Basins (Salonen et al. 1995) Accon,
tor the authors, :mlhn}r.u:-g,unin: sources (Leipe of i
1995) or early diagenetic redistribution (Damm 199
are regarded as the responsible processes, '

The purpose of this study was 1o compare (h
distribution of redox-sensitive metals in cores [y
the Arkona and Bornholm Hasins, which contain
sedimentary sequence ypical of the western Baly
Sea. The drastic changes in the sedimentany oy
ronment from the Late Cilacial 1o present is by
lieved to leave a characieristic imprint on et
distribution. The development ol metal enrichmen
is expected and can be used 1o reconstret pale
environmental condilions. The results may also cog
tribute o the discussion of authigenic or anthrope
penic origin ol heavy metal enrichments in th
suboxic zone of Baltic Sea sediments.

MATERIAL, METHODS AND STRATIGRAPHY

Three sediment cores [rom the Arkona- and Borg
holm Basins were recovercd with a gravity core
during RV, A, v. Humboldr cruises AvHO244/25 iy
AvHO3A4450 in 1992 and 1993 (Fip. 1, Table 1), 2
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Niemisli-corer was used o relricve 1.1m|i:ilurl'.u:TJ
gamples from the uppermost 1-2 em of the s‘um-
ment surface. Cores were split in hall, described
for lithology and colour and sampled in 2 em, 5 cm
and 11 em intervals, depending on lithological varia-
fions cncountered. After [recze-drying. subsamples
were analysed for organic carbon, carbonate and
sulphur with a 'S infrared analyzer (ELTRA
Metalyt 1D00CS). Nitrogen was determined with a
CHMN-analyzer (FOSS-HERAELUS). Pyrite concen-
irations were assessed with quantitative XRD-mea-
qurcments on a Philips PW 1830 device, using CoKu
radintion (40 kY, 40 mA). Details of the procedure
and the compilation of the pyrite calibration curve
are given in Gingele (1992). Geochemical data were
abtained from total digestions with various acids
(1M, HE, HCIO,, HCI) and measured with an
[1-AES, Precision was better than 0% for Co,
(. Ni and Pb and better than 3% for Al, Mn, Fe
and Zn (Neumann et al. 1996). Absolule concen-
tritions were normalized 10 Al o compensate for
dilution by nonterrigenous components (Table 2).
A lithostratigraphic framework was established [ol-
lowing o classification introduced by Larsen (1974)
and Kigler & Larsen (1979) in the West Bornholm
Fosin, and Bjorck (1993) in the Baltic Sea in gen-
cral. They distinguish three main units (1-111). which
rest on the glacially deposited boulder clay. The

features used for classilication are colour, lithology
and grain size, supported by average valwes of
organic compounds (organic carbon, carbonate, ni-
trogen, phosphorus, sulphur). Recently, evidence
from diatoms and palynological investigations on
cores from the Bornholm Hasin (Emelyanov &
Lukashina 1995; Emelyanov et al. 1995) conlirms
this lithostratigraphical approach. Since our cores
did not penetrate into the basal boulder clay three
main lithostratigraphical units (“Unit 1117} could
be distinguished (Fig. 2). A detailed stratigraphical
classilication of cores BBO2 and BHI12 relating litho-
stratigraphical units 10 Baltic stages was published
by Huckriede et al. (1995). It is based on carbon
eyeles calibrated on cores from the Gotland Deep
and supported by diatom assemblages,

Unit 1 (= 10 300 years H.1') comprises scdi-
ments of the late glacial Baltic lee Lake, mainly
brown or multicoloured varved clays, Pale brown,
indistinetly varved clays are encouniered. in cores
BBRO2 from 472-536 cm core depth and core B2
from 395-436 em (Fig. 2). They were related to the
youngest deposits of the Baliic lee Lake (Huckriede
et al. 1993). In core QP19 greyish-pink clays with
sandy layers from 190-480 cm core depth were clas-
sificd as the Balic lee Lake sediments

Unit 11 (10 300 - 7800 years B.1Y) represents
clays of the postglacial Ancylus Lake (Boreal stage)
and Yoldia Sea stage (Early Preboreal). It ois found
in both cores from the Bornholm Basin end in
core P19 from the Arkona Basin (Fig. 21, The
rather homogenous grey clays have been divided
into three subunits (A-C7) by carbonate and crganic
carbon content (Kagler & Larsen 1979), Subunit A
can be clearly attributed to the freshwater Ancylus
lake. However. no clear temporal correlation is

ke 2. Mean values and standard deviation for Al-normalized redox-sensitive metals for cach core and steatigraphic unit.
Values were multiplied by 107 for convenient handling. Lithogenic background for Maltic Sea sediments after Damn (19%92)
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given pw Kigler and Larmsen (1979) for the sub-
amits 1 and O They may be mnlcmrmr;m-::rn.:s‘In
Jater SEAECS ol the Baltic lee Lake, the Yoldia Sca
or carly stages of the Ancylus Lake., Based on com-
arison  with  sediments of the “::Illilll'll! Hasin
|.]"¢-L;r1ul|: et al. (1995) illirrilmlt‘:.l subunits A and
i to the Ancylus and Yoldia stages, whereas sub-
unit 018 interpreted as deposits of the Balue lee
jake. 1hus unit | in cores BBOI and BB12 may
pe corrclated with subunit € of Kogler and Larsen
(1979). A better resolution of Yoldia stage scdi-
ments s proposed by Wastegird et al. (1995) and
sohlenius (1996), They distinguish an carly fresh-
watcr phase, a short brackish phase and a late
ireshwiler phase, which leads 1o Ancylus stage
sediments. The brackish phase is characterized by
high carbonale conlents and corresponds o sub-
umit

Spbinils A and 13 are observed in the cores
rrom the Bornholm Basin, In core BBI2 subunit A
from 215-304 em core depth consisis of grey clays
with sulphidic black spots. Grey clays persist (o the
end of the core. A drop in TOC-contents and
increasing, amounts of carbonate characlerize suly-
unit [+ from 304-395 em core depth. The onset of
subunit € (unit 1) is indicated by a sharp drop in
earbonnte. In core BBO2 subunit A from [92-304
em core depth consists of bluish-grey clays in the
upper 60 cm, which tm into brownish-grey clays
below. Subunit 13 from 304-472 cm core depth
comprises grey to brownish-grey clays with increas-
ing smounts of carbonate. A conspicuous TOC-
peak Trom 280-320 em core depth is of terrigenous
arigin as evidenced by TOC/N-ratios, possibly re-
deposited peat (Huckriede et al. 1995). We sum-
murize subunits A<D with the term AY-clays intro-
duced by Kagler & Larsen (1979). The transition
from the upper Ancylus clay (LA, Tgnatins et al,
1965} 1o the Holocene marine mud was extensively
studicd by Sohlenius et al (1996) in the Gotland
Basin. They suggest a transitional Mastogloin Sca
Stape (Mywviirinen 1988) in the basin sediments. Near
the tramsition TOC-records of core BBI12 closely
mitlch that of the core from Sohlenius ¢ al. (1996),
supeesting that the upper part of subunit LA cor-
responds 1o the transitional stage of Sohlenius et
al r19%G), This was confirmed by Huckricde et al,
(1H5), They found diatom evidence lor a transi-
lonal Mastogloia Sea stage in cores BBO2 and
B2 (Fig. 2), However, this is not reflected by
Bthilogy or colowr,

Only 0.3 m ol greyish clays framed by thin sandy
fvers are recorded between greyish pink Late Gla-
vl clays and olive green Holocene muds in core
CITD. This may be due to erosion or nondeposition
ol Aneylus Lake deposits in the early Holocene
[HDuphorn et al. 1995}, Thus unit 11 in core QP19
may represent deposits of the Mastogloia Sea.

Unit 11 s equivalent to “marine™ muds, which
were deposited in the basing ol the Balte Sea,
following the Litoring transgression from T80 years
B.E 1o present, Clive grey sandy muds and  mudds,
rich in organic matter accumulated in varying thick-
ness in the depressions of the western Baltic
Marine mud with a thickness of 2 m in the
Bornholm and Lo m in the Arkona Basin cores is
recognized mainly by colour, lithology and high
content of organic carbon (Fig. 23 Though bio-
turbation is intense Huockeiede et al. (1995) pro-
pose i subdivision of the marine  mud  into
lithozones. This subdivision was based on carbon
eycles ealibrated on cores Trom the Gatland Deep.

RESULTS
Sedimentary and Early Diagenctic FEnvironment

As diseussed above burial rate and availability ol
the reductant organic matter and oxypenat.on ol
bottom waters are the main Lictors Tor the carly
diagenetic envitonment, which control the mnobili-
Zilion and carichmen! of redox-sensitive elements,
It can be inferred Trom TOC-contents, sulplnr and
phosphorus concentrations and abundance ol bio-
genic constituents.

Sediments of the late placial Baltic lee Lake are
characterized by low contents ol TO and sulphur,
Pyrite was mostly below detection limits in bulk min-
eralogical analyses (Fig. 23 The lack ol sulphides
and low TOC-contents may be interpreted as evi-
dence for a low input of reactive organic natter
andfor a1 well-oxypenaicd environment in which or-
ganic maiter was remineralized efficiently. This is
confirmed by positive redox potentials (1h) me sored
in Baltic lee Lake sediments in the Bornholm Hasin
(Emclyanov et al, 19937, There was no salinity strati-
fication ol the water body established. Though local
sedimentation conditions might have varied consid-
crably, the general source lor the terrigenons natler
was glacially croded material supplicd by meliwater
suspensions. The average sedimentation rale was
I mmfa (Emelyanoy el al, 19493),

Sediments of the lower Holocene are summa-
rized with the term AY-clays and comprise Jdepos-
its ol the Yoldia Sea stage as well as the Ancylus
Lake stage. Correlation between cores B2 amd
BBO2 is achicved by carbonate and TOC-contents,
Similacly Jow in TOC and sulphur content 1o the
sediments of the Baltic lee Lake, but containing
biotrbation structures, subunit 13 was most likely
formed under oxic bottom water conditions, Pyrite
and sulphur inerease slightly only in the middle ol
subupit B, This points 1o some marine inlluenoe
here, because the formation of sulphides is Broured
by sulphate in the water and by anosic comlitions

9
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as a consequence of salinity stratification. Supported  The rain of organic carbon 1o the bottom ina Citse |

qg0z WM FelAl  CoAl NN Cul Al PD/AL A%
by carbonale conlents of up 1o 0%, which are  resulling in higher oxygen consumption and  Joy

0 10 20 0 SO0 1000 0 05 0 0510 0 DS 1D D1 234 0 1 IIIE-iEfi-fdl'_l

diagnostic for saline phases of the Yoldia stage oxic bottom water conditions (Sohlenius et al. 199) | L T — 1 A - :

(Wastegird et al. 1995; Sohlenius 1996), subumit B The latter fostered the formation of pyrites in the } ] ’

is related to the brackish Yoldia Sea stage (Fig. 2).  sediment, which reached up 1o 3% in the maripe! o If i
The most striking feature in the record of bio-  Holocene muds (Fig, 2). Average sedimentaliog o - i

genic compounds (Fig, 2) is the transition from sub-  rates computed for the 2 m ol Holocene nud s i ] ] ;

unit B to A, COrganic carbon and sulphur contents  the Bornholm Basin and L6 m in the Arkana Basiy - e ;

rise considerably and negative Eh-valucs are encoun-  reach .25 mm/n and 0.2 mm/a respectively. e 5200 4 1 1 1 L 1 "

tered (Emelyanov et al. 1995), In core BBI2 the tran-  cent datings with “"I'h {Leipe et al. 1993} on sedi. 5 } b ) ':"? "

sition from 1B 1o 1A is mainly marked by a sharp  ment  surlaces sugpest sedimentation  rates g o 20 i B | i

increase in sulphur contents. A TOC-rich layer in 3.2 mm/a [or the Bornholm and | mmfa [or the 'i 0 — 4 = — —_— = — 4= *ﬁ 4 il

core BBO2 [rom 280-320 cm resulls from locally re-  Arkona Basin, which is one magnitude higher thay 5 ] 3 -

deposited peat (Huckriede et al. 1995), Subunit A is  average values. This rather indicates regional dif S : ‘f E

believed to have formed in the freshwater coviron-  ferences in sedimentation conditions than Jdrastic 400 1 ] - ] '; -y

ment of the Ancylus Lake (Kdgler & Larsen 1979),  changes in sedimentation rates during the Holoeene ] 1 I

This is supported for our cores by [reshwater diatom Since no pore waler analyses have been per 450 1 1 : na

assemblages described by Huckriede et al. (1995).  lormed on the cores for this work, pore waler 500 - 1 1 1 H- \ E { I

Pyrite spherules were reported in subunit A from the  profiles near the sediment-waler interface are ine g

Bornholm Basin (Kogler & Larsen 1979 Huckriede  ferred from investigations in the immediate vicinil BB12 .

et al. 1995). Abundant pyrite was detected insubunit  of our cores (Damm 1992; Emclyanov ot al. 1995), O w20 0s001000 05 o 05 1.0 0 05 3 D «4 E.' ; W0

A ol cores BBO2 and BB12, supporting the assump- Giencrally, the basins of the western Baltic Seq . ;

tion of Borg (19585) that anoxic conditions were ¢s-  are characlerized by a salinity stratification and low a0 1 . 1.{

tablished during this time (Fig. 2). Stressing the  oxic bottom water conditions. The enclosire by i

positive correlation between TOC. and sulphur con-  shallow sills allows only limited and periodic waler 100 ] ] E m

tents Huckriede et al. (1995) concluded with mate-  exchange with the Morth Sea. Substantial mangs- % b

rial from the Gotland Deep that oxygen deficient  nese enrichments near the sediment surface, ding I 150 1 ¢ 5

bottom waters due to salinity stratification were es-  nostic for o truly oxic layver were not detected o E ‘}

tablished in the upper part of subunit A However,  cores from the Bornholm and Arkons Basing (this 2 2m ’ %"

Bocsen & MPostma (1988) and Sohlenius et al. (1996)  paper; Damm 1992 Emelvanoy e gl 19950 The @ :—%_

have shown that pyrites ol late Ancylus Lake clays  flux of dissolved manganese from pore walers (o 8 250 ! oA

are ol late diagenctic origin, formed by downward  anoxic bottom waters was shown [or the Arkom i

diffusion of sulphide from anoxic Litorina stage sedi-  Basin (Damm 1992). Il can be concluded that the 200 - — — 1 &1

ments, In cores BHO2 and BB12 pyrites occur through-  appermost centimetres of cores OF19 and BEO2 }

out subunit A TOC records show a poor correlation are presently free of oxic conditions. A doubling o 4 1 t" e

o pyrite and sulphur contents, Therefore we agree of mangancse concentrations is observed in the i 2 ] -

with Bocsen & Postma (1988) and Sohlenius et al.  upper 10 em of core BBI2 indicating at least tem- { i I

(1996) that the pyrites of the Ancylus Lake clays are  porary persistence ol oxic conditions at this site
most probably of late diagenelic origin, Suboxic  conditions are  characterized by the oP189

AY-clays reach an average thickness of 28 m  mobilisation of mangancse and iron, formation of
and 2.0 m in cores BBOZ and BBI2, which is con-  Fe-carbonates and corichment of Cu, 2o oand P
sistent with records lound by Emelyanoy et all (Damm 1992). The downeore extension of the

o W 2D 0801000 085 0 0510

(1993), resulting in an average sedimentation rate  suboxic zone was estimated a1 16-23 cm [or the v
of 1 mmfa. Arkona Basin (Damm 1992). A reduction ol man- -
In the Arkona Basin only 0.3 m of lower Ho-  ganese in the uppermost 20 cm and an enrichment E
locene sediment was encountered, which may be  of Cu, Zn and Pb in the uppermost 30 cm may E Il
related 1o the Mastogloia Sea 8000 - 7500 P outline the extension ol the suboxic zone in core =
(Hyviininen 19584, E}llp'hﬂrr! et al 1995). A transi-  OPIY9. In the cores BBO2 and BBI12 from the E
tional Mastoploia Sca stage was also described in Bornholm Basin it s estimated at 20 and 10 cm 8
cores BBO2 and BBI12 by Huckriede et al (1995), [t s respectively, DBelow 30 cm anoxic conditions within
characterieed by a Drst maximum in TOO contents, the Holocene mud are assumed Tor all cores
Low oxie bottom water conditions and salinity |
strafification were established with the onset of
marine-brackish ingressions initiated by the Litorina  Distribution of Redox-Sensitive Melals
transgression 780 B The inflow of higher saline
dense bottom walers pushed the halocline to shal-  Concentrations of redox-sensitive metals were nor-

lower depths and supplicd nutrent rich water to the
phaotic zone. A rise in primary production followed,

malized 1o alominivm o account Tor variations in
the terrigenous background concenteations, 11 can

[dowvnoore distribation of Al-pomalized concentrations of redox-sensitive metals. Reference line between durk amd
leht slaling & the backgroumd metalfalumininm-ratio representative of terrigenous muds in the Baltic Sea (Do 1792)
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be ruled out that metal-rich layers in our cores are
due to variations in the terrigenous background
(Fig 3)

Manganese

Mun/Al ratios in the core from the Arkona Basin show
litthe variation throughout all lithological units (Fig. 3).
In the uppermost 20 cm a manganese minimum in-
dicates the suboxic zone. Manganese concentrations
range in 280-530 ppm. which is well within the range
ol 330-740 ppm given for sediments of the Arkona
Hasin {Brigmann et al 1980}, In the Bornholm Basin
vitlues vary widely from 280 to 10300 ppm (| Tartimann
1964). Core BBO2 [rom the southwestern margin
ranges in 220-1400 ppm, whereas SU0-7400 ppm are
recorded [or BBI2 in the deeper part of the basin,
Mn/Al ratios depict 8 manganese depleted suboxic
layer in the uppermost 20 em of core BBO2 and a
manganese-enriched oxic surface layer (0-5 ¢m) in
core B2, However, a more substantial enrichment
is recorded in subunit 118 (BBU2) from 370-470 ¢m
core depth and in 3 sharp spikes in subunit 1A of
BB12, (Fig. 3).

Iron, Coball and MNickel

Cienerally, sediments in basing of the Ballic Sea
are relatively rich in Fe and Co. This s conlirmed
by Fe/Al and Co/Al ratios (Fig. 3), which exceed
background values caleonlated by Damm (1992) as
well as those from Turckian & Wedepohl (1961)
for terripenous slates (Fig 4). Fe/Al ratios are
highest in the anoxic core sections of unit 111 and
subunit 1A and decrease below. Tnereased Fe/Al
ratios in unit | of core BBO2Z may be due 1o the
presence of iron-rich chlorites in these late glacial
sediments (Gingele & Leipe 1997). With the ex-
ception of site BBO2 Co/Al ratios show a pattern
similar 1o Fe/Al ratios with maxima in the anoxic
core sections. The same behaviour can be abserved
for NifAl ratios. Fe as well as Co and Ni show
highest values in the decpest core BEI12,

Copper

Cw/Al ratios do not show a common pattern in the
analysed cores. In the Arkona Basin they are be-
low or near the natural background throughout most
ol the core. A surficial enrichment in the suboxic
sone U-20 em coincides with Pb oand Zn maxima.
Al the BBO2 site Cu/Al ratios are remarkably con-
sistent with Ni/Al ratios, showing higher values in
the anoxic sediments of unit 11 and subunit 1A
Cu contents are low in core BBI2, which results in
Cw/Al ratios of 30% below the expected  terrig-
enous background (Fig. 3. 4). Two conspicuons Clu
mixima appear in subunit A and can be corre-
lated to Mn and Ni peaks.

12

Zine and Lead

Zn and Pboare the only elements, which display
similar pattern in all three cores. They e en-
riched near the sediment surface in the sabouie
cone and fluctuate tightly around background vl
ues throughout the rest of the core. Enrichmen
factors are 2-2.5 for Zn and 5 for Ph. A surfice
layer enriched in heavy metals was found in many
cores from the Baltic Sea basins. Some authors
favour anthropogenic input as o major source
(Leipe ¢t al 1993) others stress “the carly diage.
netic mobility as the main process (Damm 1997),

DISCUSSION

Enrichments of redox sensitive metals are fonnd in
all our cores. Unfortunately. they rarcly veanr in
similar stratigraphical positions. which makes it
difficult 1o relate them 10 common changes in
paleoredox conditions. Enrichments are not direetly
related 1o TOC peaks. Manganese being the cle-
ment most susceptible 1o redox changes shows sig-
nificant enrichments only in the cores from the
Hornholm Basin cores. In core BBO2 the lower part
(350-470 cm core depth) of subunit 1 is charac-
terized by increased Mn values (factor 2-5). A
subunit 1B is related 10 the Yoldia Sea stage these
enrichments may record rapid and multiple uc-
tuations of inflow of saline waters and periods of
stagnation, thus providing the fist record of 0 Mn-
enrichment scenario typical for present-day basins
of the Baltic. Subunit 11H is likewise deplered of
Ni. Cu and Zn (Fig 3). Enrichment of Mn and
depletion of Ni, Cu and Zn arc typical features af
present day oxic layers (Gobeil ¢t al, 1957) Suly-
unit 1B is poor in organic carbon, which may
explain the development ol a broad oxic layer, The
preservation of this “oxic™ element distribution re-
quires rapid burial to seal reactive  manganese
phases in subunit 1B from the reductant reactive
organic matter present in anoxic Holocene muds
above, This could have been achioved by the local
but rapid sedimentation of terrigenous  malter,
which marks the onset of subunit 1A in core B0
The high input of organic carbon is related 10
refractory organic matter (peat, Huckricde et al,
1995) as evidenced by a maximum in 700 Nera-
tios (Fig. 2). The local sedimentation event could
have caused atemporarily increased sedimentation
rate in general. This scenario would resull in g
rapid shallowing of the redox boundary thus bury-
ing most ol the “oxic” laver of subunit 113 below
the zone of manganese mobilization.

In core BBI2 no manganese enrichments are
found in subunit 1B, Thickness of the subunit is
hall of that in core BBO2. Near the transition 1o
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subunit 1A only a slight and steady increase in
organic carbon content and TOC/N-ratios s re-
corded. Obviously redox conditions in this core were
not favourable for the preservation of reducible
manganese phases. However, substantial manganese
enrichments (factor 5-10) are found in 3 sharp
spikes below the transition from subunit 1A 10
unit | {(Mastogloia Sea stage). In combination with
a peak in copper concentrations a few centimeters
below they may represent a fossilized oxic-suboxic
sequence. The coprecipitation of manganese and
copper phasces was suggested by several authors
(Hem et al. 1989; Jarvis and Higgs 1987 Thomson
et al 1993} A scceonid and smaller peak in copper
concentrations oceurs near the base of subumit 1A
A related mangancse peak may have been eroded
by carly diagenetic mobilisation. Since mangancse
is more susceptible 1o redox changes (Thomson et
al, 1993} copper phases may survive longer. Mn
enrichments in Mastogloia Sea sediments may
record rapid (uetuations between oxic and anoxic
boltom waler conditions triggered by increased
inflow of brackish-saline water from the North Sea
(Meumann et al. 1996). They are also observed in
Mastoplnia Sea sediments of the Gotland Deep
(Huckriede ¢t al. 1995). However, a scenario [or
the preservation ol the mangancse peaks al this
stratigraphic position is difficult 1o conceive. They
correspond directly 1o a first prominent maximom
in organic carbon content (Fig. 2), which can also
be observed in sedimemts of the Gotland Deep. A
drop in organic carbon fux (Wilson el al. 1985),
oxyeenalion of bottom waters (Finney ct al. [988)
and reduced sedimentation rates can deepen the
oxic layer and prescrve manganese peaks. A drop
in organic carbon flux in the initial phase of the
Litorina transgression (unit 1), could be the main
preservation factor. In later stages. when anoxic
Holocene  mud  has been  deposited a  rapid
shallowing of the oxic-postoxic redox boundary is
required 1o save these mangancse peaks from
remobilization. A1 the  transition  between  the
Ancylus and Litorina stages there was a number of
eovironmental parameters, which changed more or
less simuliancously: salinity, primary  production,
climate and water circulation {Sohlenius et al, 1996,
thus making it difficull to assign changes in redox
conditions o a single paleoenvironmental factor,
Ulnfortunately no manganese enrichments are found
in Mastogloia Sea sediments in core OP19 and only
a minor peak is detected at this level in BBO2.
This may be due to different sedimentation condi-
tions in the Arkona Basin and/or insufficient watler
depths at site BBO2 and OF19. Therefore the sug-
gested sceparios for the preservation of Mn en-
richments cannot be confirmed with our material
alone. The study ol additional cores and acquisi-
tion of pore water data are required. The oceur-
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rence of metal rich layers at similar steatigrophe

levels - as observed in the Gotland Deep - cayjy
substantially support paleoceanographic interpregy,
tions. Finally, we have 1o consider a lae diage.
netic origin for the Mn enrichments. Late diage.
netic formation ol pyrites. was shown in Ancyly,
Lake sediments by Boesen & Postma (1985) apy
Sohlenius et al. (1990). Theoretically these pyriteg
could carry substantial amounts of other g
metals. However, in our cores from the Bornholy
Basin the most prominent Mn and o enrichmeniy
are correlated o minima in the pyrite record (Fig

2.3). Thus it seems unlikely that the enrickmenis

are related 1w pyrite genesis,

Surficial enrichments of “n, Ph and to a lessep
extent U can be observed in our cores as well ag
on many other sites in the western Hallic Sey
(Brigmann & Lange 1983, 1990; Damm 1992; Lvipe
et al. 1995; Szefer & Skwarzec 1985). An antlirp.
pogenic source (Leipe et al. 1995) or mainly carly
diagenctic origin (Damm 1992} s sugpested. Zn
and Pb distribution is similar in cores BRU2 il
BREI12. No significant enrichment is recorded below
the subsurface maximum (Fig. 3). In the subunis
1A and 11B, where buried oxic and suboxic layers
are indicated by manganese maxima no increase in
Zn and Pb concentrations can be detected, [here-
fore we conclude that the surficial Zn and Ph
carichments represent mainly anthropogenic pallu-
tion accumulated in the course of industrialization,
P'h, which is mainly introduced by airborne polin-
tion (Pheiffer-Madsen & Larsen 1986) reaches high-
est values in the Arkona DBasin (Fig. 4). This may
be due to the proximity of industrial centres or
the additional input of aquatic Pb [rom river sus-
pensions (Leipe et al. 1995). Zn has its major
souree in aguatic input with North Sea water
(Damm 1992). Dilution by different sedimentation
rates may be responsible for the Muctuations in
Zn-values within basins (Fig. 4).

Maximum concentrations for Cu, which excecd
those in the subsurface layer ocour in o fossilized
metal rich layer in core BBI2 from the Bornholm
Basin. Thus it cannot be ruled out that carly di-
agenelic redistribution is responsible for a large
fraction of Cu enriched in the subsurface peaks

CONCLUSIONS

Enrichments of the redox sensitive metals Mn anl
Cu are found in sediments of the Yoldia Sca stage
and transitional Mastogloia Sea stage in the
Bornholm Basin, Occurring below the anoxic Ho
locene muds they are considered as buricd oxje-
postoxic metal distributions of carly diagenetic ori-
gin. They are believed 1o record a Mn enrichment
mechanism, which is active in present-day anoxic

Distribution and Enrichment of Redos-Sensitive Metals in Baltic Sca Sediments

Lo A

i the Baltic Sea, triggered by [uctuations
i o water oxygenation. Their preservation is
elated 10 changes in organic -:'arlmn supply, .wd.i-
mentation rate, local sedimentation events and rapid
fluctuations ol the oxic-suboxic redox boundary. No
yn enrichments are found in the .'slmlhwlr Arkona
pasin. 1he Mn record from the deep Bornholm
pasin site can be correlated to records from the
Gotland e . .

The lack of substantial enrichments of Zn and
b in “preserved” oxic-suboxic layers of ;\T—!.:I:{}rs
oints 10 an anthropogenic source for surficial
enrichments of these metals,
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The dating, of the colian deposits necds wew precise physical meth-

ods, In the paper the reliability of resulls of thermo- aml optically
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stimulated luminescence dating method are  disenssed,
dates of colian deposits from the coastal and inland dunes of
fit well with predicted  geologieal ages,

Most of the

wionia

Eeywords: thermoluminescent (T1) amed infrared optically stimulated
(IR OSL) dating, coastal and inland dunes,

Baltic Sen, Lake Peipsi

INTRODUCTION

It is cxtremely complicated 1o determine the age
of colinn deposits due to multiple redeposition of
sediments and lack of suitable dating methods,

The deficit of organic matter in colian deposits
makes it difficult to obtain material for conventional
radiocarbon dating. Besides, seeds and other organ-
ies mav be reworked in colian deposits and, there-
fore, predate the depaosits in which they occur. I sine
organics such as soil horizons typically indicate peri-
ods of dune stability, and hence can only be used 1o
broadly bracket periods of dune activity. Thermo-
and optically stimulated luminescence (TL and OSL)
dating, on the other hand, is ideally suited for dune
deposits as it provides a date corresponding 1o the
last time the sediments were exposed to sunlight,
and thus can be used to determine a period of colian
activity (Prescott 1983; Rendell et al. 1994: Clarke
1994; Wintle et al. 1994).

The ©SL dating method, using quartz, was pro-
posed by Huntley et al (1985). Currently, the in-
ffared optically stimulated luminescence (1R Ubl}
dating lechnique, based on alkali [eldspars, is of
Wider use due to the simple technical solution. The
method, the first results of dating and physical bases
Were proposed by Hitt et al. (1988), Hin & Jaek
1996, by,

Compared to the TL method, an advantage of
051 dating is the new readout tcuhmquc which
Permits 1o choose more light sensitive grains. It is
Just 1his phenomenon that leads 1o more suecessful
fealizalion of zero-point: minimum nonbleached.
fesidual signal to the time of sedimentation. In
8¢ 0l dunes, which have been exposed 1o sun

The samples under study were

during a very long period, this residual can be
reconstructed in the laboratory.

LUMINESCENCE DATING PROCEDURE

taken from differ-
ent age sections all over Estonia. Alkali feldspars
(100-160 gm) were extracied [rom these sediments
following the technigues described carlier (Mejdahl
1983; [Hitt & Smirnov 1983),

The light souree used for stimulation was 3 semi-
conductor laser with emission in the wavelength re-
gion Bl0x1 nm. The light beam intensity vn the
sample was 0 mWjem', thus corresponding o ondi-
nary sunny day conditions. The laser was operated
in the pulse mode with a pulse length of 3 scconds.
An exposure of this duration and intensity did not
cause bleaching of the sample. which could be seen
from the fact that repeated light pulses produced
emission signals of the same intensity. The use of a
very weak stimulation light pulse gives two advan-
lages. Firstly. the most light sensitive grains i.c. those
best bleached in nature, will mainly be touched upon.
Sccondly, a weck stimulation pulse will not change
the dosimetrical propertics caused by changes of
clectron population in the traps, For detection of
the emitted light an OSL/TL reader consticted in
Tallinn jointly by the researchers of the Instilnte of
Gieology and the Ingrid company was used,

The optical response for the samples studied
was determined and the wavelength region used
for stimulation was chosen in order 1o reach elee-
trons in stable traps. The emitted light was de-
tected in the TV-band around 380 nm.
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Fig. 5. Critical shear stresses of sediments in the Oder
estuary (Hox and Whisker plot)

Gireifswalder Bodden (G2 and Vie) starts at higher
shear stresses than that in the other locations. The
Circifswalder Bodden is deeper and consequently
the sediments are noi croded and re-deposited as
frequently as at the other locations. Therelore, the
sediments are more strongly consolidated, have a
higher density and a higher crosion stability. The
sediments of the Achterwasser show the smallest
resistance 1o erosion. Here the organic content of
sediments is very high and organic material on the
sediment surface is easily eraded.

Critical Shear Stress and Organic Maller

The organic matter contents of the particles which
were eroded during the crosion experiments, were
characterised by measuring their particulate organic
carbon (PC3C). The measured values are shown in
the [ollowing table.

The erosion shear stress is lower with higher
contens of POC and the matter eroded an first is
mainly organic. A biological stabilisation ol the
sediment surface as found by Witte el al. (1995)
could not be established,

Due 1o cohesion, the erosion of the mineral
particles starts at higher stress levels,

Eroded Mass

To characterise the complete crosion behaviour of
the sediment samples, determination of the ero-
sion rate (eroded mass as a [unction of time) is

Table I, Annuval mean of content of POC in the sediment
and in the resuspended malter in the different locations
of the Oder estuary

required. The eroded mass in sum wis calealated
up 1o a shear stress level that is double the eritical
shear stress, as characteristic parameler.

While the critical shear stress s low in
Achterwasser due 1o loose scdiments on the sur-
fawce, the eroded mass is considerably small there,
The Achterwasser is of a high ratio ol water depth
1o cross scchional arca, so that the elfea of waves
appears only on the surface. That is why the sedi-
ment is not so olten resuspended and conseguently
more consolidated,

A maximum of eroded mass was detecied in
Kleincs Haff. Afier overcoming the critical shear
stress, this sediment can be eroded rapidly. The
Kleines Hafl is of a small ratio of water depth o
cross sectional area. The sediment is ofien resus-
pended by waves and not so consolidated, Small
wind lorces can erode large amounts.

Settling

Witte el al (1995) define three classes of settling
velocities for the SPM transport of tidal inlets in
the Gierman Bight (Table 2).

Although this dassification is a result of the
tidal rhythm and the prevailing water depth (only
SPM with high settling velocities has a chinee 1o
settle during slack water), it is alko used for the
Oder estuary.

Settling Velocities ol Artificially Resuspendcd
Fresh Particulate Matter

The main fraction of the suspended maner (30-707)
has a median setiling velocity of <001 cos. This
fraction is of significant importance for suspended
matter transport, becanse of its long-time stay in the
walcr L'l.'ll'l.'l.ﬂ]l].

The suspended matter fraction with the lowest
median  settling  velocity  was  found  in the
Greifswalder Bodden. At this location the croded
material was mainly organic with a low density
The reason for this is the high erosion resistance
of  these  scdiments  which  causes
resuspension of primary organic matier.

Fig 6 shows the dependence of the fraction ol
suspended matter with the higher median settling
velocity of 0.01-0.1 em/s on the concentration of re-
suspended matter. The fraction of suspended mattes
with a scttling velocity of 0.01-0.1 cmys increases with
the overall concentration of resuspended particulat:

S eclive

-

PO (%) of POC (%) of
Location 1 - : s . 1 aia s
FESRSPENSION sediment lable 2. Classes of seitling velocities Tor the  SPAI
G2 10,88 231 Soanspor:
Vierow 854 2.93 Class | | v < 0,01 cmfs Transport over long «is ances
AWN 16.71 11.67 ‘ =
AWS “: 73 1167 Class 2| 001 = v, =001 cnfs
TH3 12.65 003 Class 3 _ Transport over short distanee:
THG 11.58 7.94 AR 3 Y= 0. bema fast gcaumubation
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1

conceniration of suspended
matter {mgi)

a 20 40 60
YT MO0 suspended matter (%) with a
ot median setting veloctty of 0,01-0,1 cmv's

Fig. 6. Concentration of resuspended matter as a funetion
af the suspended matter fraction with a median m:tuing
velocity of 0.01-0.1 anfs

matter. The reason for this is the increasing bottom
shear stress during the experiment combined with an
increasing SPM concentration,

Seltling Velocities of Artilicially Resuspended
Flocenlated Particulate Matter

A series ol sediment samples [rom two northfsouth
cross-sections in the Kleines Hall was analysed to
cxamine the flocculation potential of the artificially
croded SPM.

Fig. 7 shows the measured median settling ve-
locities for both freshly eroded and artificially floc-
culated SPM as a function of concentration at the
cnd of the EROMES experiment. No o significant
correlation was found for concentrations up 1o
about 100 mgd. At higher concentration levels
(more than 300 mgl), there is a remarkable differ-
enee; the settling velocities of the focculated mat-
ter are about a factor of ten higher than those of
the [reshly eroded, unfloceulated SPM. Therefore,
it is to be expected that foceulation processes will
only oceur in the near bottom area of the water
column.

settling Velocities of MNatural Suspended
Particulate Matter

Following a storm event, settling velocity experi-
ments were carried ont using natural suspended
matter from the water column. These experiments
with the modificd MARKDAN sampler took place
on board a fishing-boat in the southern and the
northern region of the Kleines Hafl. The water
depth was between 3 and 5 m and the samples
were laken | m above the sea botlom.

Fig. 8 shows the measured median settling veloc-
ity as a function of SPM concentration. Again, a
distinet correlation could not be found at the lower
copcentrations, The settling velocities are very low
lclass 1), Higher settling velocities were measured

1 "
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S co-momibl Lo iy
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SPM concentration at the end
of erosion test (mof)

Fig. 7. Mudinn settling velocity of both freshly eroded
suspended matter amd after artificial Mocculation as o fune.
tion of SPW concentration @t the end of the erosion Test
(Kleines Hafh
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Fig. 8. Median settling velocity of ontural SPM samples
from the Kleines Hall us a function of concentmtion

near the northern shore which are only caused by a
higher contents of sandy material in the SPM. The
organic matter in the SPFM amonnted to between 20
and 45%.

Settling Velocity and Organic Matter

The organic carbon contents of the water sumples

(withdrawn during the settling test) were messured,
Fig. 9 shows a correlation between the settling
behaviour and the organic matter contents. This is
almost the same at all locations, The particles sent-
ling at the beginning with high POC conterts are
floes consisting of mineral grains in an crganic
matrix. The POC contents of the samples decrease
during the settling test and increase at the end of
the experiment, Low settling velocities are linked
to high contents of organic matter. This fraction
remains in the water column and is scarcely Jdepos-
ited. The contents of organic material in the
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suspended matter are consid-
erable higher in the Achter-
wasser than at the other loca-
tions. This was also found
by Fietz (1996). The organic
matier is essential to the sctl-
ling velocities of the [fast as
well as of the slow settling
[raction. |

POC ("%

Settling Velocitics
in the Cxder Estuary
Compared 1o Other Regions

Fig. 10 compares the settling
velocities in the Oder estuary " .
with those in other German
estuaries (Elbe. Weser, Ems)
measured by the GESS Re-
search Centre (Miller & Puls
1996), The diagram shows the
ranges of measured median seti-
ling velocities plotted against
SPM concentration. The data
for the Oder estuary result lrom
the settling tests with artiticially
resuspended fresh particulate
matter and bear a resemblance
1o the measured data for the
Elbe and Weser estuary. How-
ever, in the Elbe estuary the
settling velocities seem 1o be
somewhat higher because ol in-
tensive focculation as a conse-
guence of biological activities
(Michaclis & Fanger 1994),

10! :|
10

107

1074

median settling velocity lem/s)
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Fig. 9. Particulate organie carbon contents in ihe sctiling test saniples

W Ens estuary

Bl Etbe estuary

EJ Weser estuary

8 Sylt Wadden Sea

[ German Bight (North Seal
O oder estuary

T T rYTTT T

The critical bottom shear
siresses, the erosion  rates
and the setiling velocities ol
artificially  resuspended  and
natural SPM have been mea-
surcd using samples from the Oder estuary
(Gireifswalder Bodden, Achterwasser, Kleines |'1ﬂl'f}l.
Furthermore, the grain size distribution ol the sedi-
ments and the contents of organic matler were
analysed.

In this investigation only muddy sediments with
a maximum sand fraction of about 20 % and a
clay fraction of about 15 % were examined.

The compositions of the sediments from the
different locations in the Oder estuary are [airly
similar.

A seasonal change in the dynamic parameters
characterising SPM was not found during the six
month period of the experiments.

St

= . .,.,.{W v il Ty

suspended matter concentration (mg/l)

Fig. 10. Median settling velocities in Crerman estuaries plotted against susoende|
mtter concentration (modified afer Miller & Pals 196)

The critical erosion shear stress of sediments in
the CGireifswalder Bodden (especially at the loce
tion €i2) is higher than in the Achlerwasser or in
the Kleines Half, The erosion rates of all the lo-
cations considered are significantly different.

Organic material ean be eroded more casily than
the clay or silt particles. Consequently, the criti al
shear stress is low if there is a considerable quan-
tity of organic material on the sediment surface.

The sediments in the Achterwasser show a low
critical shear stress level but they are well consol-
dated and therefore have low erosion rates. A misi-
mum erosion rate is visible in the Kleines Haff but
without a significantly different critical shear stress.

Suspended Matter Erosion and Sedimentation Experiments in the Oder Estuary

A dependence of the grain size of the muddy
sediments examined on the erosion behaviour was
not Tound,

A correlation between SPM concentration and
settling velocity was measured only al concentra-
tions higher than 100 mg/l This is caused by floc-
culation processes.

The in situ measured settling velocities are very
low (<0005 emfs).

A correlation was found between the settling
velocity and the contenls of organic matter in the
deposited particles. The fastest and slowest settling
[raction show the highest contents of organic ma-
terial. While the latter is normal for purely organic
particles, the former is a consequence of floccula-
tion with mineral particles in an organic matrix.
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INTRODUCTION

The beach placers arc formed 1.“:1:4.- 1 n:'pulil.i.\-'c
washing of a large amount of initial clastic malc-
rials. Therefore they are unigque nature objects
reflecting peneral mineral features of source Arcas
more exactly than host beach sands, as well as other
Quaternary deposits. )

The mincral composition ol beach placers 1s
investigated in Latvia since 1956-1957. Investigi-
tions were connected with prospecting Works as a
rule. The basic arcas of the placers distribution
have been revealed on the beach of Latvia both
on the Kurzeme Coast of the Baltic Sea and on
the Vidzeme Coast ol the Cull of Riga Ph‘m.-rh
are represented by accumulations of heavy mners
als. which generally are located along the nner
border of a beach. These aceumulations are small
in size and thickness, as well as interrupted char-
acter of their distribution. Thickness of placers
changes from somc cenlimetres to several lens ol
centimetres, but sometimes reaches up to LU m
Thin-bedded layers with visible andl invisible ocour-
rence of heavy mincrals are quite often observed
o the structure of placers. The placers clearly dif-
fer from the light sandy deposits by their violet,
violet-reddish or violet-black colours. These aceu-
mulations overlay both the Devonian deposits and
Ouaternary tills and clays.

Lh
(]

Dominant minerals in the placers are garncis,
simenite, magnetite, In less amount there oceur also
leucoxene, riile, zircon, amphiboles. pyroxencs,
tourmaline, epidote, disthen. staurolite, sphene and
some other minerals, The mineralogical analyscs
compiled by 1.Churilova, N.Zuments. J.Majore,
V Timofejeva are known from the papers aad 1e-
ports (Lunts el al 1960, Ulst & Majore 1900,
Majore et al. 1901 Stinkule 1961, Lunts 1902
Kogan & Churilova 1963, Ulst 1963). Numeriis
results of mineralogical analyses arc stated i e
ports of Chetirbotskaya (1960) and { hetirhoiskayd
et al (1960) also.

METHOD AND RESULTS

The detailed mineralogical studies were compiled
by authors of presentl paper for well-known pl.::wfw'_
of the beach on the Kurzeme Coast of the Baltic
Sen and on the Vidzeme Coast of the Ciull of
Riga. These new mineralogical studics was lh::lﬂ'll:
after preparation of some general ;mhh:_:ahun.u '.:.I'N1'|.Il
mineral deposits of Latvia (Kurds 1995) and abod

the placers ol the Latvian Coast (Veinbergs am

Savvaitovs 199G). The locations ol sampled Siles
are shown in Fig. 1. The aim of studies was 1€
. i

determine the new minerals unknown earlicr.

Mew

well as to point out the typomorphic signatures of
the minerals allowing 1o indicate the source arcas.
For the mentioned purposes the large samples with
a mass of 0,520 kg were taken from the placer
deposits. The sand and coarse silt material of speci-
mens was investigated by mineralogical method
after the treatment with gravity separation. The
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Fig. 1. Location of investigated beach placers: 1 - Licpene,

? « Labrags, 3 - Kunmrags

fble | The garnets in grain size spectrum ol placers

Locations of Giradn size | Content Content of
sampled specimens |of [ractions | of garnets iy
ane their mass (2) {mm) (e pyTape

LIRS
Furdeme Coast
iof the Baltic Sea:
].'u.:pruu. 2380 0.5-1.0 16.3
0.25-0.5 67.1 34
0. 1-0.25 46.2 I
oS00 38
Labrags, 751.4 0.25:0.5 49.6 22
0.1-0.25 370 12
) (1L.05-0.1 a0
Videemme € onst
of the Gull of Higa:
Kommmgs, 6774 0.25-05 47.8 4
0.1-0.25 30.7 3
o 0,05-0.1 8.6
According to data > 1.0 40.0
of Lunts (192} 0.5-1.0 499
0,25-05 T
- =025 (5.7

Data About Mineral Composition of Latvisn Bencll Plaeers

separate grains of some dilferent minerals and their
varictics were analysed by electron microprabe in
order to determine the chemical composition of
minerals.

The chrome-pyropes (pyropes) have been dis-
covered among the garnets oecurring in the beach
placers. Considering these results, all other variet-
ies of the garncts were investigated in detail oo,

{ ‘hemical composition and molecular peresntage
of end-member molecnles of the garnels from the
placers of the Vidzeme Coast were studied previ-
ously by Lunts (1962). According 1o investigations
of Lunts, the parnets distributed o placess are
subdivided into some typomorphic vareties, all of
them corresponding 1o almandine characterized by
a high content of pyrope molecule (16-20 mol. ]
However, the parncts corresponding diredtly to
pyropes were nol established in this study.

Ciarnets are dominant minerals in the composi-
tion of the Latvian placers. Their maximum
contents are determined in grain size ractions of
0.540.25 and 0.25-0.1 mm. Distribution ol garnels
in grain size spectrum are illustrated in Table 1. 1
is necessary o note that similar distributicn has
also been observed earlier (Llst & Majore 1904,
Lunts, 1962),

The chrome-pyropes (pyropes) were found in
the placers both on the Kurzeme Coast and on the
Vidzeme Coast, however their higher content wis
observed on the Kurzeme Coast, The chrome-py-
rope garnets in all sampled sites are identical -
violet clastic grains with glass luster and imdex of
refraction 1.743-1.746. The grain size of this min-
eral ranges from (.1 o 0.7 mm, aml the [orm
usually is drregular and  acute-angled.  Rather
smoothed, sometimes possibly rounded, Torms are
observed for the larper grains only. Surface ol the
smoothed grains is dull and rough: ervstallographic
facets on the surfaces of grains have not been
observed, Chemical composition for some of the
chrome-pyrope grains found are demonstraled in
Table 2. In all cases they are highly magnesinn and
poor in iron. The chrome-pyropes with the colour
and chemical composition different rom above-
mentioned  grains are not found in the sampled
sites.

All other varieties of the garnets in beach placer
deposits of Latvia are mainly represented by al-
mandines. According to colour, two general types
are clearly distinguished among then: light-coloured
(1) and dark-coloured (11} ones. The proportion of
the light coloured garnets is aboul 75-80%, but
content of the dark colonred garmels ranges in 200
25%. Such a rmatio is common lor
deposits of Latvian Coast generally,
same also for the placers, -

Studies in details reveal occurrence of still more
varieties of almandine according to colour - light

sundy  beach
amd it is the

=
wad
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rose and light

rose-violet, red-brownish and orange-

brownish. These varieties of the almandine arc
distinguishable clearly.

The almandines of the  placers .
and acutc-angled grain

characterised by irregular
forms. Crystallographic fac
on the surface of the grain
teristic rhombododecahedron
shapes, as a rule, are
fractions. The alma

els arc some

usually are

times observed
s. The grains with charac-
shape occur too; such
observed in the large grain size

ndines with rounded form are

Chemical compositions for the colour-varicties
of almandine grains are demonsirated in Table 3.
All varieties contain high amount of iron aned are
poor in magnesium in contrast o the chroime-py-
rope (pyrope). The content of chrome is small. The
proportion of almandine molecule in orange-hrown-
ish. rose and rose-violet varieties of these parnets
ranges from 66.0 10 84.6 mol. “¢ as a rale. The
red-brownish almandines in contrast o other volour-
varicties usually are characterized by higher contents

(up 1o 1843 %) of mangancse, bul conlent

of a

relatively rare. The index of refraction is more than | ' ;
1.781 ar:uI mineral has a glass luster. spessartine molecule reaches up to 415 mol. %
Table 2. Chemical composition of chrome-pyropes (Wi amd mol. %)
KTy [:‘“?_EI ot Vidzeme Coast of the Gulf of Riga
lremical composition Baltic Sea
Licpene Kurmrags
Sil) 41.75 41.46 41.78 42,78 41.85 41.79
ALO 21.30 20.30 2121 22.02 22,08 2170
Fe() 834 0,02 874 733 8.27 §.84
L] 18,66 17.79 |5.48 1941 19.32 (LN
['F;IT 5.93 (.51 563 53 3.57 5.20
h..-131-|,l } 0.4l .52 .49 .35 .38 1,40
'll'it I .04 0.06 012 001 0.1 | 0.18
Cr.O 3.35 436 3.25 280 23 270
— I ———— T T 02 1000 100.0 00,93 100.1
Carnel end member molecules:
[ Ivarovite 0.7 8.9 9.4 8.2 f‘:.? '_J".?
Andradite A 2.3 30 2.1 2.8 'hi
Pyrope 67.9 (4.8 674 71.7 9.7 G,
Spessartine LA I.1 1.0 0.7 0.8 1jl.h
. i
Cirossular 33 59 3.1 3.7 4.9 _.f‘;
Almandine 155 [ 3.6 6.1 13.0 15.1 6.2
Table 3. Chemical composition of almandines (wt. and mol. %) i
Kurzeme 'oast of the Baltic Sea
Chemical Lispent
COMpPOSition -
orange-brownish Fose
&i0 3674 3580 3658 3504 3568 3654 3753 3664 36,73 37.16 37.77 3716 3717 360
ALO 2076 20.14 2077 2005 2044 2099 2155 2119 2Ll6 21.24 2162 2138 2128 2051
1-‘:::[]'-I 3435 36.25 3385 .65 3801 3679 3142 3405 3480 3339 3204 3450 35,02 3'1" 0
Mg“ i3 1.60 132 052 089 354 745 388 424 436 640 442 438 3 ‘f
Cald 291 307 455 3.24 088 0.80 (07 154 082 106 096 103 L20 0ES
!';.'Eni} .77 276 285 13.43 402 128 078 25] 206 2797 Q.00 .35 002 107
TiO ool 000 ool 04 000 o4 001 000 000 D01 000 008 000 000
Cr [:] 000 000 000 003 006 003 002 000 003 002 0 03 04 o002 o _l_
A, N e e e = T ] 0000 — -
= 08S 1000 99.03 1000 99.98 10001 99.83 10001 99.94 10001 100.02 10001 00,99 49974
Garnet end
member molecules:
Lhvarovite 1 0.2 0.1 0.1 0.1 il 1.1 : 1
Andradite 54 5.7 5.5 4.9 2.2 1.3 .2 4.1 1.0 [.8 [.0 2.0 32 22
Pyrope 13.4 7.9 55 21 3.6 140 288 1546 167 173 25 1.7 177 45
.*'-p-cmmrtinc 4.1 0.3 6.7 309 9.2 9 1.7 5.7 4.0 0.3 1.3 3l 21 14
Ciroasular il 3l a.0 4.5 0.2 L8 1.1 0.3 1.5 1.2 l.0x 0.4 0.3 .
Almandine 740 TIO 743 5§75 846 B80S 600 743 To0 733 700 762 oo SUT

T L ——
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Table 3. (continucd), Chemical compasition

ol almandines (wi. aml mol %)

Vidzeme Coast of the Gull of Risn
Chemical
composition Kunnrags
red-brownish romc-violet

S, 3738 3623 350 3550 37.20 T5 35060 3664 30,83 ATA0 35.05 3702
J-"hI:T-I1 1903 2028 2003 2038 21107 20.9] 30 21.21 21,14 2162 258 2152
Fely 1552 3531 2490 3025 .73 3407 3300 3571 3371 3245 34,95 3353
Mgl 2.13 .79 .52 0,00 .00 2.24 .38 2.81 2.00 7.04 144 b
Cald b, 1.37 0,78 1.23 2.00 .94 (.48 .00 1.28 1.02 i3l [ARIE
Mni) 17.92 5900 1843 1247 11.15 4.9 K44 287 4.07 (3,24 7.00 X
Tica, .00 0,03 0.05 {00 (.02 (1, 0y (.00 LU [ANHE (LN 1,000 LIRALY
!'._'r:{-:l1 (LN 0ol (1,040 00 (.03 .08 (1,04 (VX1 0] [LNRRI L LWy 0,07
- 006 1000 1000 0983 9908 1000 1000 9000 1000 9907 0000 100.01
Crarnet emd
member molecules:

[ Ivarovite 0.1 0.1 .2 (.1 0l 0.l 0.2

Andradite 4.9 2.3 1.7 [.& 4.2 1.0 0.q 1.1 3.0 1.8 (1 2.4

Pyrope &5 3.3 Z.1 4.0 0.0 5.5 113 8.d 274 50 ns

Spessartine 40.5 138 415 288 268 1.4 19.0 im0 1. LRY 150 L&

Girossular 14.9 LG 0.5 1.7 3.5 .5 03 (3.0 (b0 (1.4 0.2

Almandine 312 789 54.2 67.7 615 76,49 T74.2 H0.4 733 68,2 T4 4.0

Sometimes high concentrations of mangancse and
spessartine molecule are observed also in some
separate grains of orange-brownish colour. The
grains characterized by the higher content of man-
ganese have a less proportion of almandine mol-
ccule - 31.2-60.5 mol. . The content of pyrope
molecule varies in a wide range - from 2.1 1o 288
mol. % of the total molecule composition of al-
mandine. The largest content of pyrope molecule
have been determined in rose-violet grains (up 1o
274 mol. %) and rose grains (up to 2858 mol. ).

According to chemical composition data the al-
mandines are subdivided into three groups. The first
group is characterized by highest contents of MgO
(5.18-7.48 wi. &), and is richest in pyrope molecule
(20.8-28.8 mol. 7%). This group is rare, being repre-
sented only by some rose and rose-violel grains ol
almandine, The second group comprises almandines
containing highest amounts of MnO (1 1L15-18.43 wi. %)
and is the richest in spessartine molecule (26.5-
40,5 mol. ). This group is mainly represented by
red-brownish grains, however some orange-brownish
grains also correspond to it. The content of almand-
ine molecule ranges from 31.2 to 67.7 mol. % and is
the lowest among all almandines. The third group of
almandines is characterized by higher content in FeO)
(33.39-38.01 wi. %) and richer in almandine mol-
ccule (74.3-80.9 mol. %), Usually this group is rep-
resented by the orange-brownish. rose and rose-vio-
let prains with the content of pyrope molecule from
2.1 1o 17.7 mol. %,

{olourless and grey varieties are found among
the garnets too. Similar grains of the parnets are
noted by Ozals (1991) in tills of Kurzeme.

DISCUSSION AND SUMMARY

According 10 principal indices of chemical compo-
sition, the chrome-pyrope (pyrope) garnets found
in Latvian beach placers are obviously similar 1o
those known from Kimberlite of Canadian Arctic
(Mitchell & Fritz 1973) and [rom tlerrigenous
Devonian  deposits of Northern Timan  (lHupin
et al. 1979). The chemical composition of Latvian
chrome-pyropes is close also to pyropes from the
other regions known by published literature (Hupin
el al. 1990).

The composition of chrome-pyropes and other
garnets from Latvia (Table 2 and 3) recalculated
in the end member garnet molecules is shown in
Fig. 2. Included are also the data afier Mitchell
and Fritz (1973). Fig. 2 demonstrates that the
Latvian chrome-pyropes are similar by composition
o the pyropes found in Kimberlites. 1t is also seen
that some grains of Latvian garnets are somewhat
similar to pyrope-almandines occurring in Kimber-
lites. They are characterised by content of pyrope
molecnle 23.7-29.8 mol. 7¢, and thus differ rather
well from the typical pyrope-almandines of Kimber-
lites. If compared 1o typical pyrope-almandines, they
are somewhat poorer in pyrope and grossular
malecules.

The composition of pyropes in Northern Fiman
according 10 data of Tlupin et al (1979) are shown
in Table 4. which together with data of Table 2
give evidence about the similarity of the pyropes
of Northern Timan to the chrome-pyropes of the
Latvian beach placers. Lower Ti0), content in
chrome-pyropes of Latvian beach placers seems 1o
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pyrope parnets found
in Latvian beach plac-
ers can be related 10
kimberlites  located
amonyg another rocks
on the souree arcas.
Probably the almand-
ine-garnets with rela-
lively high contenms
ol pyrope-molecule
(25.7-29.8 mol. 7#) re-
sembling  pyrope-al-
mandines have a con-
nection with Kimber-
lites oo,

The pyropes arc
found in the Latvian

PYROPE

Fig. 2. The composition of garnets in Latvian L‘luaf,-h placers recalculated into the end I::Ill::ﬂl]
ber gamet moleeules and compared with composition of garneis from the i-u.um-mﬂ lb.l_.nln
kimberlite, Kimberly (K), Arizona (A) and Ontaro tills (OT). (data by Mlltl.‘ltd.‘u J? I~r':t;.
ehrome-pyropes and pyrope-almandines from the Hin'm:r.wl [!-lnlnsi kllﬂl‘llll‘l.ﬂi:.l-l-
chrome-pyropes or pyropes from the Latvian beach |'-l;|.|f|:r.\, 3 - dn rkﬂ."lhh_'l]l'l.!ll .'|1En.mv.ll:|uln.h
from the Latvian beach placers, 4 - light-colonred almandines (rom the Latvian beach placers

1973): 1 -

Table 4. Chemical composition (wL%) of the pyropes from the Devonian deposits of North-

ern Timan after Hupin et al. (19793

M
LHANDIE b ach placers for the

first time. Previously
they were known in
the Devonian depos-
its. The linds of py-
ropes in the Guater-
nary scdiments were
reported  alsu by
Sorokin ot al. {1992
and  Seglind fed./

Orange-reddish Red

WYiolet-reddish

{ 1996). Basing on the

Si0) 4297 4286 4265 4284 4286 4268 4265 4221 42353 finds of pyropes in
Tit l: 072 0,64 0.28 0.47 0,03 0.03 017 i3 H.”l !hq.- E'.I-L-\q_'”_““,"- ||.L‘|]_t‘|!\-
ALGY 2140 1981 2086 20,18 2164 1978 1888 (847 1773 its and teclonical fac-
Cr o, 135 270 250 3.02 238 302 440 5.12 5.80 tors. the  allempts
FeO) B0t 754 T.86 TA7 851 7.0 1.33 603 .41 have been made 1o

Mu) (.29 .38 044

Cald 4.0 5.11 5.10 519 5.61

100066 108 .74 10051

0,26 (.64 0.42 0.32 0.40 037
MpCd 21.32 21.04 20,23 20,61 19.14 1751 il 20,11 200,65

604 _'._Y'E'ﬂ L i.h?— rokin

1Kh.04 00,03

forecast the dinmond
pipes in Latvin (So-
[997, Seplind

09,37 90 fed ./ 19%6), The finds

be the only difference, The above-mentioned py-
ropes [rom Latvia are represented only by violet
grains, but the orange-reddish and red coloured
grains of pyrope are not found in Latvia for the
present. ,

The composition of garnets found in i'n:ﬂ:l_'. plac-
ers of Latvia is plotted on FeO-MgO-Ca0) diagram
in Fig. 3. Added are also the data about garnels
from kimberlites of the Kimberly district ol South-
ern Africa (llupin et al. 1990) and Northern Timan
Devonian deposits (Ilupin et al. 1979). IIu:I com-
positional fields lor pyropes of MNorthern Timan
and of Latvian beach almost coincide, and the ﬁu.:ld
of gamets from kimberlites of the Kimberly dis-
trict are close 1o them too. The different types of
almandines have compositional ficld separated from
the fields of pyropes.

The discussion shows that the chrome-pyropes of
Latvian beach arc similar by composition to the py-
ropes from kimberlites. Consequently, the chrome-

3

of pyropes in heach
placers, being the object ol presenl paper. .\'hnj-v
that the method to forecast of diamond in Latvia
must be broadened and supplemented. [T cannol
be excluded that the pyropes bath from the Devo
nian deposits and Quaternary sediments also in-
cluding the beach placers were (ransported [rom
far away. According to Kuris (1992) the main prov-
enances of clastic material during Devonian were
located in the Fennoscandian Shield arca. It is well-
known that the drift of clastic material from
Fennoscandia (erratic material by Gaigalas &
Melelyle, 1993} took place several nmes :|I.1_-1 dur-
ing Quaternary. The possibility of a long distance
transport for such mincrals as pyropes has been
discussed  earlier (Savvaitovs 1995), Possibly th
kimberlite ficlds found in Finland (Mining Maga-
zine, 1094), as well as some rocks of ultrabasit
composition, which also spread on the ['enno
scandia, served as the real sources ol pyropes
However, the possibility of a short distance trans:

g

New Data About Mineral Composition of Lavian Beach Placers

CalQ

T 1 T T T T T
10 20 30 40 50 60 70 80 80 %
T 42 A3 A4
Fig. 3. The composition of garnets plotted on Fetl-Mgt)-
Caty diagram: 1 - pyvropes from the Devonian deposits of
MNorthern Timan (Hupin et al. [979), 2 - chrome-pyropes
or pyropes from the Latvian beach placers (Licpene,

Kunurags), 3 - dark-ealourcd (orange-brownish, red-vio-
let) almandines, 4 - light-colowred (light-rose, rose-violel)
almandines, Ficlls of pyropes amd garnets: RH - from
kimberlites of Kimberdy distriet in Sonthern Africa (Tlupin
et al. 1990), NT+LBP - from the Devonian deposits of
the Morthern Timan and the Latvian beach placers, LA -
field of almandines from the Latvian beach placers

port for some part of Latvian pyropes could nof
be excluded.

The different types of almandines can be useful
for identification of separate source areas. Some
positive results in this aspect were reached by Ozols
(1941y for the tills of Kurzeme.
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BALTICA INFORMATION

NEW 1GCP PROJECT: IMPACT AND EXTRATERRESTRIAL SPHERULES

In 1995, by Idr. Alex Bevan (Australia),
Dr. Csaba H. Detre (Hungary), Dr. Billy B
Gilass (1JSA), Dr. Katarina Jakabska (Slovakia),
Prof. Ziyan Ouyang (China), Mrs. Eva Papp
(Australia), Prof. Anto Raukas (Estonia) and
Prof. Gheorghe Udubasa (Romania) proposed
a new International Geological Correlation
Programme (IGCP) project “Impact and Ex-
traterrestrial Spherules: New Tools [or Cilobal
Correlation” {short title: “Impact and Extra-
terrestrial Spherules™). The Scientific Board
of the 1GCP 24th Session (Paris, 29 January -
| February 1996) accepted it for 5 years
(1996-2000) as Project 384. The lnaugural
Meeting of the project was held in Beijing, in
the framework of the 30th International Geo-
logical Clongress (d-14 August, 1996), convened
by Prof. 2. Ouyang. Dr. Csaba H. Detre was
appointed Chairman of the project and Prof.
Ao Haukas was elecied head of the working
group “Impact Craters and Spherules™,

The mentioned project will be extremely im-
portant for the Baltic Sea area, rich in impact
craters of different age and size. Several tens
of impact craters, ranging from Neoproterozoic
to Holocene in age and from less than 100 m

to more than 50 km in diameter are located [~

both in the crystalline basement and in the
sedimentary cover of the old East European
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Craton in the Fennoscandian-Baltic region. In
the Haltic States alone at least 18 impact cra-
ters and a lot of meteorite falls have been
registered (see Fig.). The biggest impact crater
in the Baltic States is the Vepriai crater in
Central Lithuania, which is 8 km in diameter

Fig. Distribution of fmpact ceters and meteorite falls in the
Baltic States. | - Craters: El - Kaali; E2 - Kirdln: E3 - llumetsa;
E4 - Tsodrikmie; ES - Neugrnd; Lal - Dobele, L1 - Mizari,
L2 - Wepriai. 11 - Meteorite falls: | - Kaamde (Oesel); 2 - Tinna-
silma; 3 - Pilistvere; - Kalavere; 5 - ligaste; 6 - Nerft; 7 - Buschioff;
8 - Lixoa; 9 - Padavarninkai; 10 - Jodzie; 11 - Zemaitkiemis

and is situated in Palacozoic rocks. The crater

is filled with up-to-160 m thick Middle Jurassic
Lower Callovian sediments, which indicate the age
of the impact event. The crater is covered by 70-
to-100 m thick Cretaceous rocks and Ouaternary sedi-
menis.

The oldest palacometeoritic matter Known in the
Baltic States so far has been recovered in the Viru-
Roela borehole in the central part of Estonia where
it is enclosed in the Lower Cambrian sandstone at
depth of 320 metres. According 1o H. Viiding, every
square metre in the area of meteor fall has received
more than 5 kg of meteoritic matter, which encour-
ages us 1o use this layer for correlation purposes.
Around the Kaali craters on Saaremaa Island, West
Estonia, the soil contains a lot of fragments of me-
tearite and pulverized meteoritic matter, established

in small amounts in an area of several hundred syuare
kilometres. Closmic and impactite matter in lakes and
bogs around the Kaali crater ficld allows to date the
impact evenl very precisely and 1o find chrono-
stratigraphical markers for geomorphological and
stratigraphical studies.

During the history of the Earth the global ocour-
rence of spherules seems 1o have altogether five
abundance peaks: in the Late Devonian, on the Per-
mian-Triassic boundary, most well known K/T bound-
ary, in the Late Eocene and in the Quaternary.

It is obvious that the investigation of the spherules
has to be carried out on a global seale, but it will give
excellent results also in the regional correlations.

Anter Ruwkas
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