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Abstract

The deep basins of the Baltic Sea are commonly anoxic, and finely laminated diatomaceous sediments have been
deposited at intervals throughout the last 8000 yr. The origin and composition of individual laminae in Gotland Deep
sediments have often proved difficult to characterise using traditional micropalaeontological and sedimentological
studies. Here, we present a scanning electron microscope study in which lamina down to 30 Wm in thickness with
distinct mineralogical or micropalaeontological composition have been identified and described. Depositional laminae
sequences in the form of couplets, triplets and quadruplets of diatomaceous and lithogenic laminae are observed with
an average thickness of approximately 700 Wm. Diagenetic Ca-rhodochrosite laminae also occur within these
depositional sequences. Examination of the diatom assemblages suggests that these bundles of laminae represent
annual deposits, or varves. Varves are relatively uncommon, and typically occur in small intervals of two to five
varves, which are interrupted by more diffusely laminated and homogenous sediments. The origin of these more
massive sediments probably relates to periodic re-oxygenation of the basin on inter-annual time scales and destruction
of varves by bioturbation. 2 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

The Baltic Sea is a shallow enclosed basin,
much of which is less than 50 m deep. There are
a few isolated deep basins which include; the Got-
land Deep (250 m), and the Bornholm Deep
(80 m) (Fig. 1). The Baltic Sea drains a watershed
more than four times its area, and there is limited
exchange of saline North Sea water, producing

the largest brackish water body in the world. As
a result of this freshwater surplus, the Baltic Sea
has a very strong salinity strati¢cation in which a
low salinity, well mixed, surface water layer (V2^
8x), is separated from more saline deep water
(V11^15x) by a permanent halocline at 60^80 m
(Manheim, 1961; Kullenberg, 1981), which ef-
fectively restricts mixing of surface and deep
waters (Mattha«us, 1990). The deep basins and
are only £ushed during periodic saline in£ows of
North Sea water (Mattha«us, 1995). Sedimentation
below the halocline in the Gotland Deep is char-
acterised by accumulation of ¢ne grained organic-
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carbon rich muds (Ignatius et al., 1981; Sohle-
nius, 1996), which have been intermittently lami-
nated throughout the last V8100 yr.
The laminated Gotland Deep sediments repre-

sent a good record of climatic and environmental
changes a¡ecting the entire Baltic Sea (Rahm,
1988). The origin and succession of lamina have
proved di⁄cult to describe using traditional
diatom and sedimentological studies (Morris et
al., 1988; Yemelyanov et al., 1995; Sohlenius
and Westman, 1998). High-resolution SEM-based
techniques using back-scattered electron images
(BSE images) have been employed successfully
to study laminated sediment fabrics in a wide
range of other settings (e.g., Grimm, 1992;
Kemp and Baldauf, 1993; Kemp, 1996; Pike
and Kemp, 1996b; Pearce et al., 1998; Dean et
al., 1999). Here, we present the results of a SEM-
based microfabric study of the laminated Litto-
rina sediments of the Gotland Deep.

1.1. Baltic stratigraphy

Since the onset of deglaciation, Baltic Sea strat-
igraphy has been controlled by the balance be-
tween global eustatic sea level rise and local iso-
static uplift, leading to continual £uctuation of
Baltic shorelines and connectivity to the World
Ocean. The Late Pleistocene and Holocene (ap-
prox. 13 000 14C yr BP^present) history of the
Baltic Sea and corresponding sediments are tradi-
tionally divided into the ¢ve stages summarised in
Table 1.

2. Methods and materials

A 5.64 m gravity core, 20001-5, was collected
in the Central Gotland Basin at 57‡18.33PN,
20‡03.00PE (Fig. 1), in a water depth of 243 m,
during cruise 94.44.13.2 of R/V Alexander Von
Humboldt in August 1994, as part of the Gotland
Basin Experiment (GOBEX), (Emeis and Struck,
1998). Initial core description and sub-sampling
was undertaken by sta¡ of the Institute of Baltic
Research at Warnemu«nde, Germany, where the
core was sub-sampled into 25-cm wet sediment
slabs and X-ray exposures were taken. The wet

sediment slabs were vacuum packed in polythene
bags to prevent desiccation. A radiocarbon 14C-
AMS age was obtained from a ¢sh bone recov-
ered from 205 cm in core 20001-5 for Dr. U.
Struck (Institute of Baltic Research, Warne-
mu«nde), with a reservoir correction of 3400 yr.
Two kasten cores, 201301-5 and 201302-5, were
also collected as part of GOBEX during cruise
4.3^13.3.96 of R/V Poseidon in February 1996,
at 57‡20.10PN, 19‡57.50PE (water depth 237 m)
and 57‡15.14PN, 20‡11.99PE (water depth 249 m)
respectively. Preliminary fabric descriptions were
prepared from X-ray images in Emeis and Struck
(1998) for the post-Ancylus sections of 201301-5
and 201302-5, and are presented with logs for
core 20001-5 in Fig. 2 only for reference purposes.

2.1. Sample preparation

Only material from core 20001-5 was prepared
from SEM analysis. Sediment samples from two
slabs, Slab 4 (71^93 cm) and Slab 6 (118^144 cm),
shown on Fig. 2, were prepared for SEM study by
embedding in epoxy resin using a £uid displacive
impregnation technique modi¢ed from that de-
scribed in Pike and Kemp (1996a) by Kemp et
al. (1998). After partial desiccation during transit
to the UK, Slab 4 showed signs of oxidation, and
growths of gypsum crystals were observed on the
sediment surface. The yellow Ca-rhodochrosite
laminae were not evident in Slab 4, however, the
sediment fabric was otherwise undisturbed, allow-
ing examination of the primary sedimentary mi-
crostructure. In contrast, many yellow Ca-rhodo-
chrosite were evident in Slab 6. Fluid displacive
embedding allows thin section preparation with
minimal fabric disturbance. Polished thin sections
were prepared using an oil-based lubricant prior
to fabric analysis carried out under the SEM.

2.2. Scanning electron microscopy

The polished thin sections were examined in the
SEM using back-scattered electron (BSE) im-
agery. BSE images reveal the minerals, textures
and fabrics of sediments and rocks in much great-
er detail than is possible with conventional optical
microscopy (Krinsley et al., 1998). Back-scattered
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Table 1
Stratigraphic stages of the Baltic Sea

Baltic stagek Sediment typea Organic carbon Salinity Fossil assemblage Environmental conditions
14C yr BP (wt%)b (x)c

Baltic Ice Lake
(V13^10.0 kyr BP)

Glaciogenic ice
marginal varved
clay

0.5 Fresh water Sparse cold water diatomsd Early ice-damned lake, formed from meltwater
from the Weichselian Ice Sheetf

Yoldia Sea
(10.0^9.5 kyr BP)

Glaciogenic
microvarved clay

0.4 V10% Brackish water diatoms
and dwarf marine bivalve
Portlandia ‘Yoldia’ arcticae

Formed after a catastrophic 25-m drop in lake
level down to Yoldia sea levelg. Brackish
Conditions only persisted for 200^300 yr during
mid Yoldia timesh;i

Ancylus Lake
(9.5^8.1 kyr BP)

Homogenous
sulphide stained
clay

1.2 Fresh water Fresh water mollusc
Ancylus £uviatilisf

Final lacustrine stage initiated by rapid isostatic
upliftf ;g;h

Littorina Sea
(8.1^3 kyr BP)

Laminated and
homogenous clay
gyttja

3.0^5.5 25+ Brackish water diatomsc Initiated by rapid eustatic sea level rise connection
to the North Atlantic established the brackish
conditions and salinity strati¢cation that have
persisted to the present dayc. A 2 to 5%
enrichment in manganese is due to the occurrence
of rhodochrosite laminaej

Modern Baltic
(3 kyr^present)

Mixed laminated
and homogenous
clay gyttja

3.0^5.5 6^9 Brackish water diatomsc Continuation of Littorina stage, however slow
isostatic uplift of sill region led to the restriction
of saline in£ow, reducing salinitya;h

a Ignatius et al., 1981.
b Danyushevskaya, 1992.
c Sohlenius et al., 1996.
d Kabailiene¤, 1995.
e Raukas, 1995.
f Zenkevitch, 1963.
g Bjo«rck, 1995.
h Mo«rner, 1995.
i Wastegafird et al., 1995.
j Huckriede and Meischner, 1996.
k Bjo«rck et al., 1996.
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electrons undergo elastic collisions and are subse-
quently directed back out of the sample. The ratio
of back-scattered/incident electrons de¢nes the
back-scattering coe⁄cient (R) which is a function
of the atomic number of the sample. Thus, for
highly polished £at specimens, the brightness
within the BSE image is proportional to the
atomic number of the sample. Minerals with
high mean atomic number such as pyrite
(R=0.247) are very bright (see Fig. 5B) while
those with intermediate mean atomic number
such as dolomite (R=0.133) are mid grey (see
Fig. 5A) and the epoxy resin is black (Krinsley
et al., 1998). Since the epoxy resin has been ab-
sorbed into all pore spaces in the sediment, the
overall distribution of brightness or darkness
within an image is e¡ectively a porosity map of
the specimen. In lower magni¢cation images (e.g.
Fig. 7) the less porous clay-rich sediment laminae
stand out from the darker diatomaceous laminae,
in which the resin has pervasively entered the
more open diatom framework. To complement
BSE imagery, semi-quantitative, non-destructive
energy dispersive X-ray microanalysis (EDS) was
also undertaken and X-ray di¡raction analysis
was undertaken on representative intervals to
aid mineral characterisation (see Fig. 3).
Counterparts of the sediment prepared as pol-

ished thin sections were broken o¡, dried,
mounted on stubs and examined under SEM to
produce topographic BSE images (analogous to
secondary electron images) to aid identi¢cation
of microfossils, mineral habits and sediment fab-
rics (see Fig. 4).

3. Results

3.1. Fabric description

Laminated sediments occur in core 20001-5
from the Ancylus^Littorina boundary at 229 cm
upwards throughout most of the core (Fig. 2).
There are two intervals of homogenous, biotur-
bated sediments in the lower Littorina section,
from 143^166 cm and from 182^194 cm. The re-
maining laminated sediments contain relatively
thin (1^3 cm) well-laminated intervals inter-

bedded with thicker intervals of indistinctly lami-
nated sediments. The Modern Baltic sediments,
which occur from 0 to 66 cm, are characterised
by mixed packets of laminated and homogenous
sediments. There are at least six occurrences of
macro-scale erosional features observable within
the post-Ancylus muds, where laminations are
clearly truncated. The ¢ne scale sediment fabric
becomes apparent upon examination of low mag-

Fig. 1. Map of Baltic Sea, bathymetry of the Gotland Basin
(after Emeis and Struck, 1998), and core location for 20001-
5, 201301-5, and 201302-5.
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ni¢cation (U5) BSEI base maps. Laminae ob-
served in Slab 6 are presented in Table 2 and
can be divided into six main lamina types. The
same lamina types were observed in Slab 4, with
the exception of Ca-rhodochrosite laminae which
were absent.

3.2. Mineral composition

XRD analysis was performed on ¢ve represen-
tative 1-cm intervals from Slab 6 in order to de-
termine general mineral composition: (1) well-
laminated mud; (2) mixed laminated and homo-
genous mud; (3) homogenous mud; (4) well-lami-
nated mud with visible yellow Ca-rhodochrosite
laminae; (5) homogenous mud, with visible yellow
Ca-rhodochrosite laminae. All XRD traces show
peaks representing the primary clastic minerals,
quartz, illite, and plagioclase feldspar, and kaolin-
ite, with smectite present in samples 1^3. This is
typical of Gotland Deep mineral assemblages
(Gingele and Leipe, 1997). Ca-rhodochrosite was
determined in samples 4 and 5 by comparison to
XRD traces presented in Heiser et al. (2001).
Peaks representing gypsum occurred in samples
1^3 and 5. The occurrence of gypsum is most
likely to relate to oxidation in transit (Section
2.1), and not to primary sedimentation or diage-
netic processes.

3.3. Diatomaceous laminae

In thin section, diatomaceous material can
easily be recognised in BSE images due to their

distinctive shapes, although identi¢cation to spe-
cies level is only possible in three dimensional
topographic BSE images. EDS spot analysis of
diatom frustules produced compositions rich in
Si and O, as expected for opaline silica. Diatoma-
ceous laminae may be sub-divided on the basis of
diatom content into two distinct lamina types.

3.3.1. Diatom ooze laminae (s 80% diatom
frustules)
Diatom ooze laminae contain mixed species as-

semblages or less commonly near-monospeci¢c
oozes of Thalassionema nitzschioides (Fig. 5b)
or of Pseudosolenia calcar-avis frustules. While
T. nitzschioides frustules are still intact, P. calcar-
avis girdle bands are always separated (Fig. 4B).
The diatom frustules appear to be well preserved
and even lightly silici¢ed rhizosolenid girdle bands
are observed intact. Diatom identi¢cation to spe-
cies level in P. calcar-avis deposits is only possible
where a high density of terminal processes can be
observed. Laminae of T. nitzschioides are usually
very thick (300^600 Wm), in contrast laminae of
P. calcar-avis are usually much thinner (100^200
Wm). Chaetoceros spp. resting spores also form
ooze deposits, but are rarely monospeci¢c. The
resting spores of Chaetoceros lorenzianus and
Chaetoceros diadema were found to co-occur
with T. nitzschioides (Fig. 4D). Other Chaetoceros
spp. resting spores formed minor constituents, but
were observed rarely. There is no apparent verti-
cal succession between the C. lorenzianus and
C. diadema resting spores. The weakly silici¢ed
Chaetoceros spp. vegetative cells are very rarely

Table 2
Lamina type descriptions, Core 20001-5, Slab 6, 118^144 cm

Lamina type Number of
occurrences

Thickness
range

Average
thickness

Description

(Wm) (Wm)

Diatom ooze 82 6 100^1800 325 More than 80% diatom frustules, mono-speci¢c
or mixed diatom assemblage

Diatomaceous mud 198 200^800 380 Diatom-rich, 50^80% diatom frustules, mixed
assemblage

Clay-rich mud 165 150^1000 425 More than 50% clay matrix, minor diatom
assemblage

Barren mud 64 100^2900 600 More than 90% clay matrix
Silt-rich mud 30 50^150 90 Clay-rich matrix with more than 20% silt grains
Ca-rhodochrosite 95 6 80^350 135 Dense aggregates of distinctively bright crystals
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present. Small centric (6 50 Wm) Thalassiosira
spp. frustules (Fig. 4E), also occur in Chaetoceros
spp. oozes. The frustules are well preserved, with
no signs of dissolution, and are rarely broken.

3.3.2. Diatomaceous mud laminae (50^80% diatom
frustules)
Diatomaceous muds most commonly contain

mixed Chaetoceros spp. resting spores (Fig. 5C),
although rhizosolenids and chrysophyte cysts
(Fig. 4C) can also be present. Again there is no
apparent vertical succession, commonly two or
more species of variable abundance are mixed ho-
mogeneously. Occasionally up to ¢ve species are
found in diatomaceous mud laminae. There is
commonly a progressive increase in the propor-

Fig. 2. Lithology and stratigraphy of cores 20001-5, 201301-5 and 21302-5, Intervals sub-sampled for high resolution study
marked by black rectangles. Logged from X-ray images in Emeis and Struck (1998) by I.T. Burke
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tion of clay material present towards the lamina
top.

3.4. Lithogenic laminae

In most BSE images the most common material
observed consist of aggregates of very small (less
than 2 Wm) crystals, which create a grey back-
ground in many images. No distinct crystal shapes
are evident, however, EDS spot analysis of this
material revealed that it was composed largely
of Al, Si, and O, with variable minor amounts
Fe, Mg, K, Na and Ca, and was inferred to rep-
resent the clay minerals determined by XRD. Sep-
arate feldspar grains where not observed by EDS
spot analysis and may form part of the ¢ne back-

ground matrix. In this study the term ‘silt’ simply
refers to any clastic mineral grain larger than
2 Wm. Silt grains are commonly irregular and an-
gular in BSE images, and Si- and O-rich (quartz,
centre Fig. 5D), and Ca-, Mg-, C- and O-rich
(dolomite, centre Fig. 5A) grains, were the two
main types determined by EDS spot analysis.
All clay-rich laminae are usually massive, with
no apparent grain size grading and pellets are
very rarely observed. Clay-rich laminae may be
divided in three distinct types based on the dom-
inance of clay matrix, diatom, and silt content.

3.4.1. Clay-rich mud laminae
(50^90% clay matrix)
Clay-rich mud laminae commonly contain the

Fig. 3. X-ray exposure of core 20001-5, 118^128 cm (left), and low resolution U5 BSE image of typical laminated section (right).
Box shows position of U75 BSE image shown in Fig. 6A.
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Fig. 4. High magni¢cation topographic BSE images. (A) Aggregate of rhodochrosite crystals. (B) Intact terminal processes of
Pseudosolenia calcar-avis, with disjointed girdle bands. (C) Chrysophyte cysts. (D) Mixed assemblage ooze with, Thalassionema
nitzschioides, Chaetoceros lorenzianus and Chaetoceros diadema. (E) Thalassiosira spp. frustules. (F) Diatomaceous mud with Acti-
nocyclus spp. frustules.
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large centric diatom (greater than 50 Wm) Actino-
cyclus spp. (Figs. 4F and 5D), either distributed
evenly throughout the lamina or as a continuous
sub-lamina. Often small amounts of Chaetoceros
spp. resting spores and chrysophyte cysts are also
observed within clay-rich laminae. There is com-
monly an upward increase in the amount of clay
material present towards the lamina top.

3.4.2. Barren mud laminae (s 90% clay matrix)
These are distinguished from clay-rich mud

laminae by very low diatom content.

3.4.3. Silt-rich laminae
Distinct, thin (50^150 Wm) silt-rich mud lami-

nae occur irregularly and infrequently with a
s 20% silt fraction.

3.5. Diagenetic minerals and laminae

3.5.1. Ca-rhodochrosite laminae
Diagenetic Ca-rhodochrosite laminae occur reg-

ularly throughout the Littorina sediments of the
Gotland Deep. Ca-rhodochrosite laminae contain
aggregates of 2^10 Wm globular crystallites (Fig.
4A), which in BSEI appear as bright rounded,
often hollow grains (Fig. 5A). Ca-rhodochrosite
crystallites are also occasionally observed as over-
growths on detrital dolomite grains or encrusting
benthic foraminifera tests, but are not observed to

Fig. 5. High magni¢cation BSE images. (A) Bright rhodochrosite lamina, between Clay-rich mud and ooze lamina. Dolomite
grain marked by white arrow. (B) Pennate diatom ooze lamina, most likely to be Thalassionema nitzschiodes. Framboidal Fe-sul-
phide grain marked by white arrow. (C) Mixed Chaetoceros spp. mud lamina. (D) Terrigenous mud lamina with large centrics.
Quartz grain marked by white arrow.
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encrust diatom frustules. There is normally large
thickness variation within individual Ca-rhodo-
chrosite laminae, and dense nodular aggregates
may occur both within Ca-rhodochrosite laminae,
and in isolation within other laminae.
In well-laminated Ca-rhodochrosite laminae

usually have well de¢ned upper and lower transi-
tions, but within the more massive intervals Ca-
rhodochrosite may occur in dispersed bands,

(although individual Ca-rhodochrosite laminae
can be still distinguished). In some cases, Ca-rho-
dochrosite crystallites appear to distributed across
the contact between other laminae (e.g. Fig. 6A).
Rare tests of the benthic foraminifera, Elphidium
excavatum (Terquem), Elphidium albiumbilicatum
(Weiss), Ammonia sp., Spiroloculina canaliculata
(d’Orbigny) and Cassidulina sp., are found en-
crusted in Ca-rhodochrosite, associated with rho-
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dochrosite laminae. For a full discussion of Ca-
rhodochrosite formation mechanisms in the Got-
land Deep see Huckriede and Meischner (1996),
Sohlenius et al. (1996), Neumann et al., (1997)
and Sternbeck and Sohlenius (1997).

3.5.2. Fe-sulphides
The very brightest individual grains in BSE im-

ages, when determined by EDS spot analysis were
found to be rich in Fe and S, and inferred to
represent Fe-sulphides. Small (2^10 Wm) Fe-sul-

Fig. 6. (A) U75 BSE image mosaic from Slab 6 (core depth 126 cm) (B) U75 BSE image mosaic from Slab 4 (core depth 77
cm). Both sections show three depositional sequences (1^3), and are shown with descriptions of laminae composition. Although
there is considerable variation in the precise lamina make-up between depositional sequences, these cycles are proposed to repre-
sent annual deposition, i.e. varves. LC= large centrics, Cht=Chaetoceros spp. resting spores, Cr=Chrysophyte cysts, Ths=Tha-
lassiosira spp., Thn=Thalassionema spp., Rhz= rhizosolenids.
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phide crystallites were observed to occur in both
rounded framboidal (e.g. centre Fig. 5B) and cu-
bic forms (e.g. dispersed below Ca-rhodochrosite
laminae Fig. 5A). Fe-sulphides do not from dis-
tinct laminae, rather they occur ¢nely dispersed
more or less continually throughout all laminae
in the section. See Boesen and Postma (1988),
Neumann et al. (1997) and Sternbeck and Sohle-
nius (1997) for detailed discussion of Fe-sulphide
formation in the Gotland Deep.

3.6. Succession of laminae

Throughout the laminated sections of Slab 4
and Slab 6 there are short 1^4-mm intervals con-
taining distinct diatomaceous and clay-rich lami-
nae, intercalated with intervals of indistinct lami-
nae or massive sediment. Fig. 6 shows examples
of two such intervals, one containing (Fig. 6A),
and one without Ca-rhodochrosite laminae (Fig.
6B). Most commonly laminae are organised in
simple couplets of alternating diatomaceous mud
laminae and clay-rich mud laminae, but triplets
and occasionally quadruplets are also observed,
de¢ned by the presence of additional distinct dia-
tom ooze or barren mud laminae (Fig. 7). A com-
mon feature of these couplets, triplets and quad-
ruplets is an increase in clay material upward at
the expense of diatom content, as can be seen
clearly for sequence A1 in Fig. 6. Thus, when
distinct diatom ooze laminae occur they are
present at the base of the sequence, and con-

versely when barren muds occur they are at the
top. The upper boundaries of clay-rich laminae
are commonly well de¢ned. Ca-rhodochrosite
laminae occur in A1^3 (Fig. 6A). Of the 95 Ca-
rhodochrosite laminae occurrences in Slab 6 (Ta-
ble 2), 31 are within recognisable couplets, triplets
or quadruplets. Ca-rhodochrosite laminae always
occur towards the top part of the clay-rich mud
laminae or between the clay-rich laminae and the
following diatomaceous laminae.
Fig. 7 shows the abundance of couplets, triplets

and quadruplets observed in Slab 4 and Slab 6.
Simple couplets of diatomaceous mud laminae
and clay-rich mud laminae are most common, ac-
counting for 104 sequences. Triplets make up 48
sequences. There are 24 occurrences each of the
simple couplet plus an extra basal diatom ooze
lamina generally of Thalassionema nitzschioides
and Chaetoceros spp. resting spores (Triplet A)
or an extra upper barren mud laminae (Triplet
B). Only eight quadruplets containing four sepa-
rate laminae are observed. A total of 160 cou-
plets, triplets and quadruplets were observed in
Slab 4 (103) and in Slab 6 (57). The average thick-
ness of these groups of laminae in Slab 4 and Slab
6 is approx. 680 Wm, and 750 Wm, respectively,
producing an overall average thickness of approx.
700 Wm. In Slab 4 and Slab 6 these depositional
sequences account for approx. 16% and 31% of
the record, respectively, and typically only two to
¢ve groups of laminae occur continuously in any
one section.

Fig. 7. The di¡erent lamina sequences, or varves, found in Gotland Deep sediments, including numbers of occurrences. Observed
position of Ca-rhodochrosite lamina in varves is also denoted.
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4. Discussion

4.1. Diatom palaeoecology and occurrence in the
annual sedimentation cycle

The diatom assemblages observed in this study
are distinctly di¡erent from those described in
modern Baltic assemblages. This is possibly due
to changes to Baltic environmental conditions
since Littorina times (Sohlenius et al., 1996),
and the e¡ects of silica dissolution which can
modify the species composition occurring in the
water column when compared to that preserved in
the sediments (Sancetta, 1989; Heiskanen and
Kononen, 1994). There is a large surface water
salinity di¡erence between modern Baltic condi-
tions, 2^8x, and Littorina conditions of up to
20x (Sohlenius et al., 1996). Therefore, salinity
sensitive species like Pseudosolenia calcar-avis cal-
car-avis, which is common throughout Littorina
sediments (Yemelyanov et al., 1995), are not
present in modern Baltic water column and sedi-
ment assemblages (Zenkevitch, 1963; Hallfors et
al., 1981; Morris et al., 1988; Jansson, 1989;
Heiskanen and Kononen, 1994). Also, Chaeto-
ceros spp. resting spores are very common within
Littorina sediments, but the delicate vegetative
cells and setae are very rarely observed. It is there-
fore possible for lightly silici¢ed species, which do
not employ a well-silici¢ed stage in their life cycle,
to be missing from the record.
The palaeoecology of Baltic Littorina diatom

assemblages may be inferred from numerous oth-
er studies of either modern or fossil assemblages.
Mixed diatomaceous laminae, containing Chae-

toceros lorenzianus and Chaetoceros diadema rest-
ing spores, Thalassiosira spp. and Thalassionema
nitzschioides are common in Littorina sediments.
A common feature of these species is their small
size, typical of rapid growing diatoms in spring
blooms or upwelling pulses (Margalef, 1967;
Kemp et al., 2000). The fabric of the deposits
also suggests that the assemblages were formed
and sedimented out of the water column rapidly
before grazing could break the frustules (Fig.
4D,E). In the Littorina sediments these diatoma-
ceous laminae are thought to represent rapid sed-
imentation from diatom spring blooms.

Following the water column studies by All-
dredge and Gotschalk (1989) aggregation of
Chaetoceros spp. blooms, Grimm et al. (1996) as-
cribed large concentrations of Chaetoceros spp.
resting spores in sediment laminae to ‘self sedi-
mentation’ at the end of bloom events. Bull and
Kemp (1995) also attribute the formation of
Chaetoceros-rich deposits to the mass £occulation
of Chaetoceros spp. resting spores following
bloom events. While Chaetoceros lorenzianus and
Chaetoceros diadema resting spores very often co-
occur in diatom ooze or diatomaceous laminae,
there is some uncertainty about the overlap be-
tween each species ecological requirements, as in-
ferred from modern assemblage studies. Canon-
ical correspondence analysis of Saanich Inlet,
British Columbia, laminated sediments suggest
that C. lorenzianus has low temperature and
high salinity optima (McQuoid and Hobson,
1997). In Narragansett Bay, Rhode Island, C. di-
adema is commonly found in early spring and
rarely in the autumn (Rines and Hargraves,
1988). Thalassiosira spp. typical of northern,
cold water regions are often found in early spring
diatom water column assemblages (Morris et al.,
1988; McQuoid and Hobson, 1997; Pike and
Kemp, 1997). Thalassionema nitzschioides is most
abundant in late spring/early summer water col-
umn assemblages (McQuoid and Hobson, 1997),
and T. nitzschioides is commonly found as a com-
ponent of a mixed assemblage ooze with Chaeto-
ceros spp. in other settings (Brodie and Kemp,
1994; Bull and Kemp, 1995; Pearce et al., 1998).
Chrysophyte cysts are typically found in the

upper part of diatomaceous mud laminae or with-
in clay-rich laminae, and are reported to bloom in
great abundance during early summer in the Bal-
tic Sea (Hallfors et al., 1981).
Thin laminae of Pseudosolenia calcar-avis ooze

are occasionally observed with an irregular occur-
rence. These near-monospeci¢c ooze laminae are
thought to form by rapid diatom deposition fol-
lowing disruption of strati¢cation in autumn/early
winter. In contrast to the ‘spring bloom’ species,
P. calcar-avis is slow growing (Guillard and Kil-
ham, 1978) and adapted to strati¢ed, oligotrophic
conditions, yet recent studies have shown that it
may be a major component of £ux to the sea
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£oor. Many rhizosolenids can regulate their buoy-
ancy to retrieve nutrients from the thermocline/
nutricline (Villareal et al., 1993), and may occur
in positively buoyant macroscopic aggregates up
to 30 cm in size (Villareal and Carpenter, 1989).
Sediment-trap time series study o¡ the coast of
Oregon, showed maximum P. calcar-avis £uxes
during late fall and winter in three consecutive
years (Sancetta et al., 1991). Kemp et al. (1999)
have also reported near-monospeci¢c P. calcar-
avis ooze laminae in Mediterranean sapropels,
which are attributed to late autumn/early winter
£ux events. In a new synthesis of diatom £ux ob-
servations from laminae and from sediment traps,
Kemp et al. (2000) attribute such £ux events to
break down of the summer thermocline and rapid
deposition of the rhizosolenid diatoms in an au-
tumn or ‘fall dump’ (Smetacek, 2000).
Clay-rich laminae containing Actinocyclus spp.

are commonly found following the spring/summer
diatomaceous laminae. Although not identi¢ed to
species level in this study, Sohlenius et al. (1996)
found that Actinocyclus octonarius and Actinocy-
clus ehrenbergii are the most common in Gotland
Deep Littorina sediments. These species com-
monly occur in brackish^marine environments
(Guillard and Kilham, 1978). The genus is typi-
cally epiphytic on seaweed but is a common con-
stituent of the nearshore plankton (Round et al.,
1990). In modern central Baltic assemblages, A.
octonarius are most abundant in late summer to
early autumn (Hallfors et al., 1981).

4.2. Terrigenous sedimentation

Although the ultimate source of the clay mate-
rial found in Gotland Deep sediments is consid-
ered to be terrestrial deposits, the main direct
source of terrigenous clays to the Gotland Deep
is from erosion and resuspension of coastal and
shallow water sediments during storms (Gingele
and Leipe, 1997), or by bottom erosion due to
saline in£ows (Sviridov et al., 1997; Emeis et al.,
1998; Sivkov et al., 1998). Both storm erosion
and saline in£ows are distinctly seasonal and are
maximised in winter (Mattha«us and Schinke,
1994; Mattha«us, 1995). Bergstrom and Carlsson
(1994) and Schinke and Mattha«us (1998) also re-

port that river runo¡ peaks in winter in many
years, but river sediment input is generally small
and is initially deposited only in shallow water,
and is likely to go through several resuspension
and deposition events before ¢nally being depos-
ited the deep basins (Gingele and Leipe, 1997).
The neritic diatom species Actinocyclus spp. which
commonly occur in clay-rich laminae, are there-
fore, inferred to be redeposited in the Gotland
Deep simultaneously with this reworked terrige-
nous material.

4.3. Annual succession and varves

The couplet of diatomaceous mud and clay-rich
mud commonly observed in the Gotland Deep
sediment is typical of the annual biogenic^litho-
genic sedimentation couplets or varves found in
marine settings adjacent to land (e.g. Sancetta,
1996). The diatom component forms during the
spring^summer growing season while the terrige-
nous sediment input is dominant in winter when
biogenic production is minimal and storms redis-
tribute sediment to the basin. The triplets and
quadruplets in which purer diatom ooze or mud
‘end-member’ laminae may be identi¢ed are also
consistent with annual sedimentation cycle (Figs.
6 and 7).
Fig. 6 shows examples of six lamina sequences,

that form couplet or triplet varves. Sequences A1,
A2, A3, B1 and B2, have a well de¢ned start and
¢nish and an upward transition from a diatoma-
ceous mud or ooze lamina to a clay-rich lamina.
The diatomaceous laminae in each sequence con-
tain diatom species typical of sedimentation fol-
lowing spring/summer blooms, such as Thalassio-
sira spp., Thalassionema nitzschioides, smaller
Chaetoceros spp. resting spores and chrysophyte
cysts. The clay-rich lamina of each sequence con-
tains only sparse assemblages of larger diatoms
typical of autumnal production. Sequence B3
also contains a two-lamina sequence with a dia-
tom succession typical of annual production,
however, the upper boundary is somewhat transi-
tional.
The concentrations of Ca-rhodochrosite ob-

served within lamina sequences only occur in the
upper part of winter clay-rich mud laminae or just
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encroaching on spring diatomaceous mud laminae
(e.g. Fig. 6A1^3), and therefore, in this context
represent an exclusively winter/early spring phe-
nomenon.

4.4. Sedimentation rates

In previous Baltic Sea studies the arguments in
favour of the existence of varves have also been
based on the relationship between laminae couplet
thickness and radiochemical (Jonsson, 1992; Sa-
lonen et al., 1995) and bulk (Ignatius, 1958) sed-
imentation rates. If the depositional sequences do
indeed represent varves, then this is problematic
in terms of sedimentation rates with respect to
the thickness of post-Ancylus sediments in core
20001-5. The post-Ancylus sediments in the Got-
land Deep represent approximately 8100 yr. The
measured varve thickness of approximately 0.7
mm would imply approximately 5.7 m of deposi-
tion. Core 20001-5, however, only contains 2.29 m
of post-Ancylus sediments, implying a sedimenta-
tion rate of only 0.28 mm per year. This discrep-
ancy may be explained by either or both of the
following: (1) The sedimentation rate indicated by
varve thickness is not typical of the core as a
whole, and varve sequences represent periods of
more rapid sedimentation; and/or (2) Core 20001-
5 has been signi¢cantly eroded.
The post-Ancylus sediment thickness is asym-

metrical from the NW to the SE across the Got-
land Deep, and reported mean sedimentation rate
varies from 0.23 to 0.75 mm per year (Christian-
sen and Kunzendorf, 1998). This can be clearly
seen in the three cores, presented in Fig. 2;
201301-5, 20001-5 and 201302-5. The Ancylus^
Littorina boundary is not observed in core
201302-5 before the core base at 6.82 m, implying
an average sedimentation rate in excess of 0.85
mm per year. This asymmetry in sedimentation
is attributed to bottom erosion by the periodic
in£ows of North Sea water into to the Baltic
(Emeis et al., 1998; Sivkov et al., 1998). In addi-
tion, Sviridov et al. (1997) have observed erosion-
al bottom features that indicate that in£owing
water is forced by the bathymetry of the Gotland

Deep to spiral anticlockwise into the deepest parts
of the Gotland Deep. This produces regions of
erosion in the North and West parts of the Got-
land Deep, and regions of accumulation in the
South and East (Emelyanov and Gritsenko,
1999). The cores 201301-5 and 20001-5, also
show erosional features such as truncated lami-
nae, which are not observed in core 201302-5. It
is, therefore, plausible that the measured varve
thickness of 0.7 mm represents the primary sedi-
mentation rate in core 20001-5, but that erosion
has signi¢cantly a¡ected this core.

5. Summary

The use of SEM based techniques allows the
study of lamina-scale structure of the ¢nely lami-
nated Littorina sediments of the Gotland Deep.
Several di¡erent diatomaceous and clay-rich lam-
inae can be distinguished, and annual lamina se-
quences or varves are identi¢ed. The identi¢cation
of varves is a useful tool in delimiting seasonal
depositional events such as the diagenetic Ca-rho-
dochrosite laminae which occur regularly in var-
ves only as a winter/early spring deposit. The de-
velopment and/or preservation of identi¢able
varves in Gotland Deep sediments is patchy and
much of the record is taken up intervals of indis-
tinctly laminated or massive sediment, that may
relate to interannual^decadal variability in the ex-
tent of bottom water renewal, basin oxidation,
and the destruction of varves by bioturbation.
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