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The paleoceanography of Kattegat during the last deglaciation
from benthic foraminiferal stable isotopes

YASMIN BOKHARI FRIBERG

Bokhari Friberg, Y., 2015: The paleoceanography of Kattegat during the last deglaciation from benthic foraminifer-
al stable isotopes. Dissertations in Geology at Lund University, No. 461, 30 pp. 45 hp (45 ECTS credits).

Abstract: This thesis is based on a sediment record collected from the Kattegat Sea, southwestern Scandinavia
(Anholt Island area) during IODP Expedition 347 in autumn 2013, and focuses on a portion of this record spanning
~18—14 thousand years ago (ka BP), representing the last deglaciation at the end of the Weichselian. Benthic
foraminifera of the species Elphidium excavatum clavatum were analysed for stable isotopes (8'*0 and §'"°C) to
reconstruct the paleoenvironment and oceanographic setting, such as bottom water salinity, temperature and venti-
lation. Additionally, the sediment coarse fraction (>63um) and mean weight per foraminifera shell were measured
as a complement to the isotope analyses to interpret other factors, such as sediment origin and conditions at the sea-
floor. "0 was used to calculate paleosalinities in Kattegat bottom waters by assuming a temperature between 0
and 4°C. These calculations yielded salinities varying between 13 and 27, with a rapid freshening at the beginning
of the record, and a subsequent slower, stepwise salinity decrease, followed by a rise in salinity after 15.7 ka. Very
negative 8"°C values suggest a strong stratification between fresh surface and saline bottom waters, likely due to
large amounts of glacial meltwater discharging into the Kattegat as the Scandinavian Ice Sheet (SIS) melted. The
8'°C values increase after 15.7 ka, suggesting a weakened stratification, perhaps due to stronger seawater influence.
A simultaneous decline in average foraminifera shell weight suggests worse calcification conditions for Elphidium
excavatum in Kattegat bottom waters. Percent coarse sediment data shows a high amount of sand size fraction at the
very beginning of the record, but very low values between ~18 and 15.7 ka, suggesting that Anholt was situated
close to the ice margin at 18 ka, but saw a retreat of the SIS during the subsequent few thousand years.
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Paleoceanografi i Kattegatt under den senaste deglaciationen
fran bentiska foraminiferers stabila isotoper

YASMIN BOKHARI FRIBERG

Bokhari Friberg, Y., 2015: Paleoceanografi i Kattegat under den senaste deglaciationen fran bentiska foraminiferers
stabila isotoper. Examensarbeten i geologi vid Lunds Universitet, Nr. 461, 30 sid. 45 hp.

Sammanfattning: En borrkirna fran Anholt (Kattegatt) togs upp under IODP-expedition 347 i Ostersjon. Kirnan
ar daterad till ~18-14 ka BP och representerar deglaciationen i slutet av Weichselistiden. Bentiska foraminiferer av
arten Elphidium excavatum clavatum analyserades for stabila isotoper (8'°0 och 8'"°C) for att rekonstruera region-
ens paleoklimat och paleoceanografi, sasom salinitet, ventilation och produktivitet i bottenvattnet. Sedimentets
grovkorniga fraktion (> 63um) méttes dven, samt medelvikten per foraminiferskal, for att kunna tolka andra fak-
torer, sdsom sedimentets ursprung och forhillanden i foraminiferernas livsmiljo. 3'*0 anvindes for att berikna pa-
leosalinitet i Kattegatts bottenvattnet genom att anta en temperatur mellan 0 och 4°C. Dessa berdkningar gav salt-
halter mellan 13 och 27, med en snabb minskning i borjan av kidrnan, och sedan en l&ngsammare minskning till
15,7 ka d4 saliniteten steg. Negativa 8'*C-virden indikerar en stark skiktning mellan sott eller brickt ytvatten och
saltare bottenvatten, pa grund av stora médngder glacialt sméltvatten som slépptes ut i Kattegatt nir den skandina-
viska inlandsisen drog sig tillbaka. "*C-virden 6kar vid 15,7 ka, vilket tyder pa en forsvagad skiktning och storre
inflytande av havsvatten fran Nordsjon. Samtidigt borjar foraminifernas skalvikt att minska, vilket tyder pa samre
kalcifikationsforhéllanden for Elphidium excavatum. Andelen grovt sediment visar en stor mingd sandkornigt
material 1 borjan av borrkdrnan, men sjunker till virden nédra 0 mellan ~18 och 16 ka, vilket tyder pé att Anholt var
beldget néra iskanten vid 18 ka, varpé isen drog sig tillbaka under de f6ljande ca. 3700 &ren som borrkdrnan repre-
senterar.

Nyckelord: paleoceanografi, deglaciation, foraminiferer, stabila isotoper, Ostersjon, Kattegatt, §'%0, 5"
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1 Introduction

1.1 Background

During the end of the Weichselian glacial, Scandi-
navia experienced numerous retreats and re-advances
of the Scandinavian Ice Sheet (SIS), which greatly
impacted the environment and oceanography of the
region. The geographical position of the Kattegat Sea
makes it a key location for paleoenvironmental studies
(Larsen et al. 2009).

The Baltic Sea Basin is one of the largest intra-
continental shelf seas of the world. Its brackish nature
results from a mix of the saline Atlantic waters and the
fresh water entering through rivers, rainfall and infil-
tration. The high sedimentation rate (1-5 m/1000
years) makes high-resolution archive analysis possible.
Benthic foraminifera are found in the Baltic Sea and
are suitable for paleoenvironmental reconstructions as
the geochemistry of their shells can provide important
information on environmental factors such as salinity,
changes in temperature, productivity and oxygenation.

In autumn 2013, the Integrated Ocean Drilling Pro-
gram (IODP) conducted a seafloor drilling expedition
in the Baltic Sea and Kattegat to retrieve sediment
cores with the aim of studying the climatic develop-
ment during the past glacial-interglacial cycle. The
cores previously available were only 20 m or less, and
deeper boreholes are necessary in order to be able to
discover a more comprehensive and detailed account
of the Baltic Sea’s history. For this master’s thesis,
foraminifera from site MOO60A (Anholt Loch, south-
ern Kattegat. 56°37.21'N, 11°40.24’E) have been
picked, identified and analysed for stable isotopes.
Some additional samples have been prepared for radio-
carbon dating. The total length of the core studied in
this project is 232.5 mbsf (metres below sea floor), and
the depths of the presently studied samples range be-
tween ~9 and 82 mbsf, which represents approximate-
ly 18 — 14 ka BP (thousand years before present), i.e.
the most recent deglaciation.

The main questions to be answered are the follow-

ing:

. How can the deglacial isotope records from the
Kattegat be related to global and local climate
change?

. Can climate events related to Scandinavian Ice

Sheet fluctuations during deglaciation be ob-
served in the Kattegat oxygen and carbon iso-
tope records? For example, can the isotope rec-
ords show large freshwater discharge events (as
salinity changes) during the deglaciation?

. Which environmental conditions can be recon-
structed from foraminifera oxygen and carbon
isotopes? Are there any significant limitations
to these proxies and if so, what can be done to
give a better understanding of past climatic
events and fluctuations?

1.2 Baltic Sea present

The Baltic Sea Basin is 1500 km long, 650 km
wide and consists of several different basins: the Both-
nian Bay, Bothnian Sea, Gulf of Finland, Gulf of Riga,
Baltic Proper, Belt Sea and Kattegat (Figure 1). The
mean depth is 54 m and mostly ranges between 50 and
150 m, although the Landsort Deep drops to 459 m
(Zillén et al. 2008). Compared to other intra-
continental basins of similar sizes, such as the Black
Sea (with a mean depth of 1197 m), the Red Sea (491
m) and the Caspian Sea (211 m), the Baltic is a rela-
tively shallow basin (Leppéranta & Myrberg 2009).

The waters of the Baltic are connected to the At-
lantic by three narrow Danish straits: Great Belt, Little
Belt and Oresund, where water exchange is limited
(Leppéranta & Myrberg 2009). The shallow nature of
the Danish straits poses a significant obstacle for sa-
line bottom water from entering the Baltic Sea, leading
to a considerable difference in bottom water salinity
between the two sides of the straits (~30 in Kattegat
versus 12 in the Baltic Proper). The restricted water
inflow, coupled with high precipitation rates (400 —
600 mm per year), low evaporation (~460 mm per
year) and large discharge from connecting rivers, re-
sults in the Baltic Sea having a positive estuarine cir-
culation, or a so-called positive water budget (Voipio
1981).

Rather than being a part of the Baltic Sea, Kattegat
is a transition zone between the Baltic and the Atlantic
Ocean (Voipio 1981). It is a depression south of Skag-
errak, with a maximum depth of 140 m but averaging
26 m (Nordberg 1991), and can be perceived as a
branch of the Norwegian Channel, which connects to
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Fig. 1. Map of the Baltic Sea, Skagerrak, Kattegat and An-
holt, the site from which the sediment core is retrieved.



the North Sea (Larsen et al. 2009). North Sea and At-
lantic bottom waters with high salinity (30 — 35) enter
Kattegat via Skagerrak, while low salinity waters (8 —
12) enter from the Baltic through the Danish Straits
(Nordberg 1991), resulting in a distinct two layer strat-
ification and permanent halocline in Kattegat where
the surface has a salinity of 15 — 25 and the bottom
waters 30 — 35 (Danielssen et al. 1997). This pro-
nounced stratification of water masses has led to poor
ventilation and a permanent oxygen deficiency below
the halocline in the Baltic Sea and Kattegat (Voipio
1981).

The amount of saline inflow is mainly governed by
frequent deep-water streams from the North Sea. Ad-
ditionally, Danielssen et al. (1997) recorded that saline
surface waters from Skagerrak had a strong inflow into
Kattegat during pronounced northwesterly winds at the
end of May, causing increased surface salinities and
reduced outflow from Kattegat. There is also, albeit to
a lesser extent, an outflow of brackish water through
the straits. This depends on sea level differences be-
tween the Baltic Sea and North Sea and can be
strengthened by easterly winds that push fresher water
westward along the surface. The straits therefore have
a permanent salinity stratification that divides the out-
flowing brackish surface layer from the denser deep
inflowing ocean water (Voipio 1981).

1.3 Baltic Sea past

The climate and environmental conditions in the
Baltic Sea area have been strongly controlled by the
large ice sheets that covered Scandinavia and northern
Europe during the Last Glacial Maximum (LGM) c.
26,500 — 19,000 yr BP (Clark et al. 2009). The degla-
ciation that followed led to the development of the
Baltic Sea in four main stages: the Baltic Ice Lake, the
Yoldia Sea, the Ancylus Lake and the Littorina Sea, as
it transitioned between freshwater lake and marine
environment (Bjorck 1995). The main changes consist
of salinity, productivity, oxygen level and circulation
pattern variations due to ice melting, rising and falling
sea levels, land uplift and infilling of marine water into
the basin (Andrén et al. 2011). The Kattegat area un-

Fig. 2. Kattegat and Skagerrak during the deglaciation. By
18-17 ka, the SIS (light grey) had retreated and exposed the
seas. Modified from Larsen et al. 2009.

derwent numerous ice advances and retreats during the
Weichselian glacial and had its last ice cover ~18 ka
BP (Figure 2).

The end of the LGM saw the beginning of the Bal-
tic Ice Lake at 16 ka BP (Zillén et al. 2008). As the
great ice sheets melted the most probable drainage
areas for the glacial meltwater were the Oresund strait
and lower valleys in Denmark (Andrén et al. 2011). As
isostatic uplift in these areas was more rapid than eu-
static sea level rise it resulted in altitudinal differences
between the ocean and the Baltic Ice Lake. By 14 ka,
the Kattegat-Skagerrak area resembled a fjord, with
the ice front to the north and land areas to the south
(Gyllencreutz et al. 2006).

1.4 Stable isotopes

Variations during the deglaciation and develop-
ment of Kattegat to its present condition can be ob-
served in the paleorecord using proxies such as oxygen
and carbon isotopes. In fact, much of the climate re-
constructions that have been done in the Baltic Sea,
Kattegat and Skagerrak were possible due to the pres-
ence of oxygen and carbon in the water and fossil or-
ganisms that incorporate it into their shells.

Isotopes are variants of an element that carry dif-
ferent numbers of neutrons in the atomic nucleus, giv-
ing them different masses, while still retaining their
characteristic chemical properties. There are two varia-
tions of oxygen used in paleoceanography, '°O and
80. All oxygen contains 8 protons, but vary in the
number of neutrons, making them lighter (*°0) or
heavier ('*0). In some cases, such as in carbon, there
can be both stable (**C and C) and radioactive (**C)
isotopes, the latter being used for radiocarbon dating
rather than as a paleoenvironment proxy (Ravelo &
Hillaire-Marcel 2007).

Lighter oxygen and carbon isotopes are the more
commonly occurring on earth while the heavier ones
are rarer. '°O comprises 99.63% of all oxygen on Earth
and '*0 comprises 0.1995%, while *C and *C make
up 98.89% and 1.11%, respectively (Faure 1986). Dur-
ing natural processes such as evaporation, condensa-
tion, melting, crystallisation and diffusion, isotopes are
separated due to their differences in mass as well as
the temperature during the process, leading to varia-
tions in isotope ratios in e.g. seawater, ice and car-
bonate organisms (Allaby & Allaby 1999). It is thus
the relationship between heavy and light isotopes that
is essential in providing information about past envi-
ronments when traced in e.g. marine shells.

To make small differences in the proportion of stable
isotopes easier to interpret, values of isotopic measure-
ments are expressed using a so-called “delta notation”,
defined as the difference in isotope ratio to a standard
(Ravelo & Hillaire-Marcel 2007). The ratio (R) be-
tween heavy and light isotopes (R = '®0/'°0 for oxy-
gen and R="C/"2C for carbon) in a sample is normal-
ized to a known standard (Vienna Peedee Belemnite,
VPDB, for carbonates and other rocks) and expressed



as a d-value in %o, as shown in the following equation
(Katz et al. 2010):

5sample: = [(Rsample - Rstandard) / Rstandard)] x 1000 %0

Oxygen and carbon isotope ratios give values as
8'%0 and 8"C, respectively. A positive 8-value means
that the analysed sample has a higher proportion of
heavy isotopes than the standard, while negative val-
ues mean the opposite. Accordingly, a d-value of 0
shows that the sample and the standard (e.g. VPDB)
have the same proportion of heavy and light isotopes
(Ravelo & Hillaire-Marcel 2007).

1.4.1 Oxygen isotopes

Oxygen isotopic ratios in marine carbonates are
often used as a proxy for temperature and salinity,
since there are no instrumental measurements of these
in the geologic past. As they grow, organisms such as
foraminifera incorporate oxygen into their carbonate
shells from the surrounding waters. By analysing the
180/'0 ratios in their shells (5'%0,), it is therefore pos-
sible to calculate the oxygen isotope ratios of the water
(8"*0,,) in which they lived, and in turn infer the envi-
ronmental conditions. How organisms incorporate
oxygen isotopes into their shells depend on two main
factors:

1. The isotopic relationship of the surrounding
waters (8'%0,,) during their lifetime,

2. The temperature in the water where they form.

The oxygen isotope ratio in water depends on sev-
eral factors and changes depending on location as well
as whether it is a glacial or interglacial period. 'O is
not as easily evaporated as '°O since heavier isotopes
require more energy to evaporate. As a consequence,
water vapour has a more negative 5'°O value (less '*O
than the standard) than the ocean from which it is
evaporated. Heavier isotopes also precipitate more
readily, leading to clouds becoming more and more
"*0 depleted the further inland or away from the equa-
tor they travel. Precipitation in continental settings or
high latitudes thus often has very low 5'%0 values, so
that glacier ice can range from -35%o to -50%.. The
large amounts of light oxygen trapped in ice leaves the
oceans with a comparatively high amount of '*O,
which in turn affects the 8'*0 of the carbonates living
in these waters. With this method, glacials and inter-
glacials can be identified, as interglacial ocean water
will have 'O values close to 0%o while oceans during
glacial ages have positive 'O values (around +1%o).

The global ice volume effect on seawater 5'°0 is
an essential aspect that must be factored into paleo-
temperature equations. Table 1 (Fairbanks et al. 1992;
Bemis et al. 2002) shows the effect on 3'°0 of sea-
water globally during the deglaciation, due to the
shrinking ice caps. This change is not an effect of al-
tered salinity or temperature in a specific basin and
should not be mistaken as local paleoenvironmental

variations. The local effects on a basin’s 8'*0 changes
are freshwater input (from meltwater or rivers), evapo-
ration/precipitation patterns and changes in advection
or upwelling of water with different 8'"*0 (Ravelo &
Hillaire-Marcel 2007).

The relationship between water §'°0,, and car-
bonate 8'%0, is controlled by processes known as frac-
tionation. Shells formed in colder water typically have
more positive 3'°0 values than those formed in warm-
er water, such that a 1°C increase in temperature re-
sults in a 8'°0, decrease of 0.25%o (less '*0) (Katz et
al. 2010). The relationship can be expressed by the
following paleotemperature equation established by
Epstein et al. (1953):

T (°C) = 16.5 - 4.3(8¢ - dw) + 0.14(8¢ - dw)*

8. is the 8'%0, in a carbonate sample and J is the
8'%0,, in seawater. The equation has later been modi-
fied by Craig (1965), O'Neil et al. (1969), Shackleton
(1974) and Bemis et al. (2002) among others.

The carbonate 8'°0 can in many cases also be in-
fluences by the salinity in the seawater, especially in
the Baltic Sea basin during the deglaciation since its
salinity fluctuations have been more significant than
its temperature. In fact, salt does not affect 3'°0 direct-
ly, but can be inferred as a result of changes in the
hydrological cycle, evaporation, precipitation and
moisture transport. Summarising, more positive 3'*0
values indicate larger global ice volume or colder and
more saline waters while more negative 50 values
indicate smaller global ice volume as well as warmer
and fresher waters (Katz et al. 2010).

1.4.2 Carbon isotopes

In seawater, 3"°C is primarily related to the dis-
solved inorganic carbon (DIC) present (Urey 1947).
On a global scale the change in carbon isotope compo-
sition of DIC (8"Cpyc) in the oceans depends on how
much carbon is released from the lithosphere (by hy-
drothermal or volcanic outgassing and chemical
weathering of continental rocks), how much carbon is
removed from the oceans (by deposition in marine

Table 1. Global change in 8'%0,, due to the volume of ice
locked in ice caps, from 19 — 13 ka. Modified from Bemis et
al. (2002).

Age (ka) Ice volume effect, AS"*Oy, (%o)
13.0 0.56
14.0 0.66
15.0 0.84
16.0 0.87
17.0 091
18.0 0.93
19.0 1.00




sediments) and the growth of terrestrial biosphere
(causing 613CDIC to increase). Locally, 613CD1C reflects
circulation patterns (such as advection, upwelling and
waters with different 8> Cpc signatures reaching the
site), photosynthesis (causing an increase in local
813CDIC) and respiration (causing a decrease in 613CDIC)
(Ravelo & Hillaire-Marcel 2007).

Primary producers such as plankton and plants
prefer to incorporate the lighter carbon isotope '*C,
and consequently have a lower 3'"°C signature (as low
as -25%o for land plants but higher values for marine
plants; Park & Epstein 1960). This process of discrimi-
nating against heavy carbon isotopes is called biologi-
cal fractionation and affects the seawater 8'°C,, so that
more primary producers incorporating '*C from their
surroundings leads to higher relative levels of "*C in
the water. In turn, biocalcifying organisms in these
waters thereby reflect the high 8"°C values in their
shells (Katz et al. 2010).

When organic matter sinks and collects at the bot-
tom, nutrients and CO, with low 813C signals are re-
leased. As a result, the 813CD1C of the water mass be-
comes more negative with longer residence time (or
the further the water mass flows from its source). Be-
sides being a sign of residence time, low bottom water
8"Cpyc values typically indicate a high content of or-
ganic matter (Filipsson & Nordberg 2010). In these
scenarios, oxygen deficiency is common because oxy-
gen is consumed by processes of degradation of organ-
ic matter. Strong stratification can further promote low
oxygen conditions as deeper water is not exposed to
the atmosphere’s oxygen when a basin is stagnant
(Katz et al. 2010). Because different oceans have their
own characteristic 8"°C signature, temperature, salinity
and nutrient content, the 5"°C variation in a basin can
represent changes in circulation patterns and influ-
ences of waters from other locations, thereby often
revealing salinity changes, which in some cases are
related to 8'"°C fluctuations (Wright et al. 1991).

1.5 Foraminifera

Changes in water 3'*0 and 8"°C cannot be directly
measured in the past, but can be calculated using calci-
fying organisms. Foraminifera are vastly used for this
purpose because of their ability to form tests (shells)
from elements in the seas they inhabit. These small
(usually <1 mm) unicellular protists are among the
most studied calcareous microfossils. Most species
have tests composed of calcium carbonate (CaCO3),
although some have agglutinated or only organic
shells. Marine foraminifera are either planktic (surface-
dwelling) or benthic (usually living on or in the upper
centimetres of the sea floor).

As the foraminifera grow, mineral matter from
their surroundings is precipitated into their tests, in a
mineralisation process not fully understood (Boersma
et al. 1998). The geochemical signature of their tests,
however, relates to the chemical and isotopic composi-
tion of the waters in which they lived and grew
(Duplessy et al. 1984), and it is their ability to incorpo-
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Fig. 3. SEM image of a foraminifera from Kattegat, species
Elphidium excavatum. Photo: N.B. Quintana Krupinski,
2015.

rate elements from the water in their habitat that make
them excellent paleoenvironmental indicators of cli-
matic conditions in the time and place where they
lived. Metabolism, habitat preferences and isotopic
fractionation vary depending on the species and can
give different results even if they are found in the
same location and depth. This can, to a large extent, be
avoided by selecting a single species and a limited size
range to perform isotope analyses on. In the core pre-
sented in this thesis, the most abundant species is
Elphidium excavatum f. clavatum, a benthic foramini-
fer found to inhabit all types of sediments (Figure 3).
E. excavatum often dominate foraminiferal assemblag-
es in the most extreme conditions, such as environ-
ments with low salinities, low oxygen and high turbid-
ity, although Hald et al. (1994) found that they prefer
temperatures between 1°C and -1.8°C and salinities
around 33. They are most typically found in arctic
settings with cold and turbid water close to retreating
glaciers (Hald & Korsun 1997).

2 Methods

2.1 Sample collection

This thesis presents a foraminifera isotope record
from core MOO060A, Anholt island, Kattegat
(56°37.21'N, 11°40.24'E). The core was collected dur-
ing IODP Expedition 347 on the ship Greatship Mani-
sha between the 23™ and 29" of September 2013 at a
water depth of 31.2 m. The coring reached a total
depth of 232.5 m. For the upper ~83 m piston coring
was used and the recovery was >90%. On greater
depths, however, combinations of piston coring, non-
rotating core barrel, extended nose coring, open hol-
ing, hammer sampling and push coring were used, but
recovery and core quality were limited. The section
used in this thesis is 82.50 — 9.62 mbsf and consists of
the following lithology units, from deeper to shallower
(Figure 4):



. Unit IV, 82.50 — 79.52 mbsf: gray interbedded
sand, silt and clay.

. Unit IIT (a, b and c), 79.52 — 23.84 mbsf: gray
parallel laminated silty clay (or clay and silt for
unit [1Ia).

. Unit II, 23.84 — 9.62 mbsf: dark greenish gray
interlaminated sandy clayey silt and fine-
medium sand (Andrén et al. 2015).

The depth range presented here (82.50 — 9.62
mbsf) contains the core’s best, longest record of non-
reworked foraminifera and spans the time period of the
last deglaciation in northern Europe.

2.2 Sample preparation

The core was sampled at a depth resolution of 25 —
100 cm as follows:
. 9.62 —20.97 mbsf: 1 sample/m

. 21.38 — 72.80 mbsf: 3 samples/m
. 73.03 — 82.50 mbsf: 4 samples/m

Samples containing 20 cm’ each were put in small
plastic bags and freeze-dried. The dry samples of sedi-
ment were weighed and a small fraction (~1 g) of sedi-
ment was removed to store as an archive. The non-
archive portion of each sample was soaked with a la-
boratory detergent (NasP,0O;) dissolved in DI-water
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Fig. 4. Lithostratigraphy of the upper ~85m of site MO0O60A,
divided into units. This part of the core had a recovery of
>90%. Modified from Andrén et al. 2015.
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(deionised water) and put on a shaker table for a few
hours or overnight. The samples were then washed
over a 63um sieve with DI-water, rinsed with ethanol
to prevent potential isotope fractionation effects of
water evaporation, and left to air dry on filter paper,
after which the dry >63pm sediment was weighed and
stored in glass vials. The ratio of the >63um size frac-
tion to the dry bulk sediment weight was used as a
measure of weight percent coarse fraction.

2.3 Foraminifera picking

Prior to picking of foraminifera, the samples were
put through sieves of 500pm, 355pum, 250pum, 125pum
and in some cases 100pm. Each fraction was inspected
under a light microscope for macrofossils and forami-
nifera. The latter were picked out and placed on slides
according to size. Macrofossils were also picked out
for '*C dating and placed on slides indiscriminately of
size or kind. Redeposited pre-Quaternary foraminifera
(generally Cretaceous) were not picked when identifia-
ble as such.

All the laboratory work (sample preparation,
foraminifera picking and weighing) was carried out by
myself within my master’s student project in the De-
partment of Geology at Lund University between No-
vember 2014 and June 2015 under the supervision of
Nadine Quintana Krupinski and Helena Filipsson. The
lab equipment was provided by the Dept. of Geology.

2.4 Stable isotope analysis

20-60pg (7 — 15 individuals) of single-species ben-
thic foraminifera (Elphidium excavatum, f clavatum)
were selected from a restricted size range (125-
250um) for isotopic analysis. The samples were sent to
the stable isotope lab at the Alfred Wegner Institute,
Bremerhafen, Germany, for oxygen and carbon iso-
tope analysis. Analytical precision is based on repli-
cate measurements of in-house carbonate standard
Solnhoffen limestone (SHKBR3). Reproducibility of
SHKBR3 is + 0.040%o for 8'*Ocacos and + 0.041%o for
d"”Ccacos (1o; n= 39), meaning that any variations in
foraminifera stable isotope results smaller than this
cannot be distinguished from the instrumental error.

2.5 Age model

An age model was provided by Aarno Kotilainen,
Outi Hyttinen and Nadine Quintana Krupinski, based
on 15 "C samples dated at Radiocarbon Laboratories
in Poznan and Zurich. Out of the 15 samples dated and
used for the age model, 10 are marine mollusc shells
and 5 are benthic foraminifera. Linear interpolation
was used and an age model graph was made by Ko-
tilainen and Hyttinen (Appendix 1).

3 Results

3.1 Stable oxygen and carbon isotopes
Of the 201 samples washed and picked, 107 foram-



inifera samples were analysed for stable oxygen and
carbon isotopes (Appendix 2). An additional 21 sam-
ples were analysed in duplicate, and duplicates were
averaged together before further data processing. 94 of
the washed sediment samples did not yield stable iso-
tope results because A) insufficient foraminifera were
present (20ug of Elphidium excavatum clavatum in the
125-250um size fraction were required), and B) a
small number of analysed samples (4-6) were discard-
ed due to errors in the laboratory.

The average age resolution of the isotope record is
~36 years, though the sample resolution is as high as 9
years in the interval 82.5 — 80.03 mbsf, and as low as
138 years in 18.68 — 9.62 mbsf. The results are subdi-
vided into 5 stages based on changes in the trends of
the "0 and §"°C values.

311 8"

The mean value of §'®0 for the whole record is
0.9%o, with a maximum of 3.3%o at 81.51 mbsf, and a
minimum of -0.8%o at 21.38 mbsf. There is a mean
decrease of 2.3%o0 from the deepest to the shallowest
portion of the core (calculated from the average of six
values at each end) (Figure 5).

Stage A: 82.50 - 73.80 mbsf: This stage has the
most positive values of the entire core (maximum
3.3%o at 81.51 mbsf, minimum 0.8%o at 79.12 mbsf).
The decline from the beginning to the end of A (82.50
— 73.80 mbsf) is 1.2%o and the mean value for stage is
1.8%o, almost 1%o higher than the entire average. 5'°O
declines rapidly in this stage (0.3%o per 1 m).

Stage B: 73.80 — 51.63 mbsf: This stage shows
large, rapid 8'°0 oscillations between a maximum val-
ue of 1.9%o at 61.44 mbsf and a minimum of 0.2%o at
55.67 mbsf. The mean value of area B is 1.0%o, which
is more negative than A. 8'*0 declines more gradually
in this stage (0.08%o per 1 meter).

Stage C: 51.63 — 32.37 mbsf: In stage C, 8'°0
declines by 1.0%o0 between 48.75 and 32.37 mbsf. The
maximum value is 1.5%o at 42.33 mbsf and the mini-
mum is -0.1%o at 32.37 mbsf,. The mean value is 0.7%o
for area C; more negative than both stages A and B.

Stage D: 32.37 — 21.38 mbsf: In stage D, §'°0 de-
clines by 0.9 %o. The mean value is -0.1%o0, which
makes stage D the most negative part of the core. The
maximum value is 0.7%o at 26.75 mbsf, and the mini-
mum is -0.8%o at 21.38 mbsf, the latter being the low-
est value in stage D as well as the entire core.

Stage E: 20.97 — 9.62 mbsf: Stage E shows large
880 oscillations, and a 8'%0 decline of 0.4%o. It has a
maximum value of 0.9%o at 15.63 mbsf and minimum
of -0.5%o at 9.62 mbsf. E’s mean value is 0.2%o, which
is the lowest after stage D.

312 d"°C

Stages A — D show large oscillations around a sta-
ble mean 8“C value (-2.8%o). Stage E, however,
shows a trend of increasing 8'"°C values. The mean
value of 8"°C for the whole record is -2.8%o, with a
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maximum of -1.5%o at 16.63 mbsf, and a minimum of
-4.4%0 at 67.53 mbsf. There is a mean increase of
0.7%o from the deepest to the shallowest parts of the
core (calculated from the average of six values at each
end) (Figure 6).

Stage A: 82.50 — 73.80 mbsf: This stage shows
oscillating values with a maximum of -2.2%o at 77.90
mbsf and a minimum of -3.6%o at 79.12 mbsf. The
mean value of stage A is -2.9%o.

Stage B: 73.80 — 51.63 mbsf: This portion has a
maximum value of -2.2%o at 61.44 mbsf and a mini-
mum of -4.4%o at 67.53 mbsf, giving an increase of
2.2%0 over 6.09 m. The mean value is -3.0%o, which is
more negative than stage A.

Stage C: 51.63 — 32.37 mbsf: This stage has less
oscillation than the aforementioned stages. The maxi-
mum value is -2.5%o at 45.47 mbsf and the minimum
is -3.5%o at 48.25 mbsf, giving an increase of 1.0%o
over 2.78 m. The mean value is -2.8%o, which is more
positive than stages A and B.

Stage D: 32.37 — 21.38 mbsf: The maximum value
is -2.6%o at 28.86 mbsf, and the minimum is -3.7%o at
21.95 mbsf. This gives a decrease of 1.1%o within 6.91
m. The mean value is -3.0%o, which makes D the most
negative stage of the core on average, even though
stage B contains several values more negative than
those found in D.

Stage E: 21.38 — 9.62 mbsf: Stage E is the core’s
shallowest portion. It has a maximum value of -1.5%o
at 16.63 mbsf and minimum of -2.7%o at 19.57 mbsf,
an increase of 1.1%o0 within 2.9 m. The mean value of
E is -2.2%o, which makes it the most positive portion.
It contains several of the core’s highest values, with no
point below the entire core’s mean value. In fact, all of
the 9 shallowest data points exceed -2.2%o. Higher
values only occur twice in any other interval, namely
at 61.44 mbsf and at 77.90 mbsf.

3.1.3 Correlation of 5'®0 and 5"°C

The correlation (r*) between 8'°0 and §"C is close
to 0 for all values (r*=0.0012. The stages with the
highest correlation between &0 and 3"°C are A
(r*=0.244) and E (r*=0.260), while B, C and D have 1
values of 0.088, 0.188 and 0.040 respectively.

3.2 Grain size (weight percent coarse

fraction)

The weight ratio of sediments >63um to total bulk
sediment dry weight (wt. % coarse) is used to quantify
the percentage of coarse sediment, which includes
gravel, sand, mollusc shells, foraminifera, etc. In the
upper (27.86 — 9.62 mbsf; lithostratigraphic units II
and upper Illa) and lower (82.5 — 79.28 mbsf, lower
unit IIIc and upper IV) intervals of this record (Figure
4)(Andrén et al., 2015) coarse sediment composes
>10% of the total sediment by mass (Figure 7), and
between 23.64 and 9.62 mbsf, coarse sediment is gen-
erally 20-60%.
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Fig. 5. Graph of 5'30 values plotted against depth. The rec-
ord has been divided into five different stages, according to
apparent trends. Note that the 3'°0 values are plotted in de-
scending order from left to right.

Conversely, the interval between 79.12 and 28.84
mbsf (Unit IIT) contains <6% coarse sediment, and
generally <3%, in agreement with the description of
this interval as primarily silt and clay (Andrén et al.,
2015). Peaks in wt. % coarse in this interval (Unit III)
represent a combination of increased sand proportion
and increased foraminiferal content. Most of the sam-
ples with wt. % coarse <1% are barren of foraminifera
with some exceptions, such as 70.78 mbsf with only
0.18% coarse grains, most of which consists of forami-
nifera; or 64.75 mbsf, which has only 0.93% coarse
sediment but abundant foraminifera. In 80.01 mbsf
there was a larger clast present (~1 cm) weighing 2.8g,
and in 74.80 mbsf much of the sediment was >355um
and some >500pum.

3.3 Mean shell weight

Because the foraminifera used for analysis and
weighed are from a restricted size range (125-250pm),
the mean shell weight per foraminifera indicates varia-
tions in shell thickness. A five-point smoothing line is
helpful to show trends in shell weight more clearly
(Figure 8). Background shell weight values from 82.5
— 24.54 mbsf are generally ~2-4pg, but several short
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Fig. 6. Graph of 8'°C values plotted against depth. The rec-
ord has been divided into five different stages, according to
apparent trends.

peaks in mean shell weight (5-8ug) occur at 78.38,
67.80, 64.75, 62.7 and 34.07 mbsf. Between 24.54 and
23.24 mbsf, shell weight rises from 2.6 to 6.7ug, and
from 23.24 — 9.62 mbsf, shell weight values show a
long decline from ~7pg to ~2pg.

4 Discussion

The samples used in this thesis represent the degla-
ciation of the late Weichselian in southwest Scandina-
via (Lagerlund & Houmark-Nielsen 1993). According
to the age model for site MOO60A (Appendix 1; Ko-
tilainen & Hyttinen, unpublished) the depths 82.50 —
9.62 mbsf correspond to an age range of 18.1 — 14.3 ka
BP, making it an important time in the history of Kat-
tegat since it could potentially reveal interesting events
of the most recent deglaciation. The stable isotope
results generated from benthic foraminifera analyses
reveal conditions on the seafloor during this time inter-
val, such as changes in temperature and salinity (8'°0)
as well as ventilation, productivity and oxygenation
(3"0).



4.1 Stable oxygen and carbon isotopes

411 "0

Anbholt during the deglaciation is likely to have had
fluctuations in both sea bottom temperature and salini-
ty. When the Scandinavian Ice Sheet (SIS) melted,
however, it discharged large amounts of fresh water
into the surrounding seas, thus possibly influencing
salinity of surface and bottom waters to a larger extent
than temperature. As Kattegat is positioned between
the brackish Baltic Sea and the saline Skagerrak and
North Atlantic Sea, it is particularly susceptible to sa-
linity changes.

The 8'%0 results previously presented in figure 5
have also been plotted against time, with a 3-point
smoothing line (Figure 9) to make trends more visible.
More negative 8'*0 values usually represent water that
is fresher, warmer or both, while more positive values
represent colder or more saline waters. The oldest
stage starts off very positive but displays a 1.5%o de-
crease over approximately two centuries. This suggests
a rapid freshening in the beginning of the record, like-
ly as a result of a large release of glacial meltwater.

Coarse sediment, >63um (%)
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Depth (mbsf)

Fig. 7. Weight percent coarse sediment plotted against depth,
with an inset showing the values close to 0% more clearly.
Samples in the deepest and shallowest portions of the core
have values 10—70%, while most of the record remains
between 0 and <7%.

The subsequent stages show a slower 8'*0 decrease
(2.4%0 over ~1.9 ka), reaching a minimum at ~15.7 ka,
which suggest that most of the record reflects further,
more gradual freshening of the waters in Kattegat until
~15.7 ka. In the youngest stage (15.7 — 14.3 ka), the
3'%0 trend changes and values quickly increase, which
suggests that the water mass became more saline after
the long period of freshening, though not reaching
values as high as before ~16.6 ka. The relative changes
described above give information about the trends and
possible events that could have taken place during this
time.

As we lack instrumental temperature and salinity
data concerning paleoenvironmental conditions, we
have to make certain assumptions in order to attempt
to obtain more specific estimates from our data sets.
For example, when analysing 8'*0 we could start by
assuming a constant water temperature as well as con-
stant fractionation to be able to calculate the maximum
change in salinity that could have occurred within the
span of our core. Although our estimated results are
less than perfect it at least gives us an amplitude of
values that we may consider, and allows us to describe
possible paleoenvironmental scenarios for the Kattegat
during the most recent deglaciation.
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Fig. 8. Average weight per foraminifera shell plotted against
depth. A 5-point smoothing line has been applied to facilitate
discernment of trends, such as the shallow portion which
shows a decrease in shell weight.



4.1.2 Salinity reconstruction

The first empirical temperature-3'*0 relationship
was produced in 1947 by Harold Urey (Urey 1947).
After that, several other equations have been devel-
oped by Epstein et al. (1953), Shackleton (1974),
O'Neil et al. (1969) and Bemis et al. (1998), among
others. Calculations differ depending on site, tempera-
ture range, source (i.e. what material or organism is
used), and in case of foraminifera it can even make a
difference how many chambers the shell has (Bemis et
al. 1998), but they stem from the same basis:

T(°C) =a+b (8. - 8y) + c(8c — 8,)

where 8, is the 8'%0 of calcite and 8, is the 80 of
water. The letters a, b and ¢ are constants but differ
depending on the study. The equation by Epstein et al.
(1953) set a=16.5, b=-4.3 and ¢=0.14. This was done
on molluscs, however and could be different from val-
ues derived from foraminifera. Shackleton (1974)
modified the equation from O'Neil et al. (1969) using
inorganic material and calibrated it with the benthic
foraminifera genus Uvigerina.

Using a species-specific equation gives a higher
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Fig. 9. Graph of 8'%0 values plotted against age with a 3-
points smoothing line. The values suggest rapidly decreasing
salinity in the beginning of the record, followed by a more
gradual decrease until 15.7 ka where it increases.

chance of getting a reliable result, as opposed to apply-
ing generic equations or equations developed for an-
other species, since this can over- or underestimate the
calcification temperatures for the species at hand
(Bemis et al. 2002). I use a linear equation in the for-
mat shown here, instead of the quadratic equation
shown above:

TEC)=a+b (3 - dy)

Quadratic equations have been developed because
the isotopic fractionation factor between a mineral and
water is predicted to vary with a logarithmic scale in
very high and very low temperatures, but this is not
necessary to take into consideration when working
with moderate temperature ranges (defined differently
in the various studies) (Bemis et al. 1998). Using line-
ar equations at very low temperatures can nevertheless
be misleading, and should therefore be approached
with the sufficient knowledge of its impact on the re-
sults. From our Elphidium excavatum clavatum oxy-
gen isotope results we know &, (8'°0,) for each depth,
but paleotemperature (T) and 8'*0 of water where the
forams calcified (6, or 6180W) are unknown, so to
solve for seawater 8'*0 and salinity we must assume a
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Fig. 10. Graph of 8"°C values plotted against time with a 3-
point smoothing line. The values oscillate from 18—15.7 ka,
where they increase and remain higher for the rest of the
record.



water temperature.

By studying modern sites that have characteristics
of deglacial environments and have the foraminifera
Elphidium excavatum, we can make reasonable tem-
perature estimations for the Kattegat 18 — 14 ka BP.
Hald & Korsun (1997) present bottom water tempera-
tures and salinities in several Svalbard fjords
(European Arctic), together with benthic foraminifera
assemblages (including Elphidium excavatum clava-
tum), which range between -1.5°C and +3°C. Bottom
waters off North Iceland display temperatures of 0 — 3°
C (Knudsen et al. 2012), which gives us a limited
range of possible values to consider. Waters with sa-
linities of 35 freeze at approximately -2°C (depending
on pressure), but since present Anholt bottom salinities
are 33.5 — 34.5, and were presumably lower during the
deglaciation, such low bottom temperatures are less
likely. Instead, a temperature range between -1°C and
+1°C was proposed by Karen Luise Knudsen (personal
email contact, October 2015). However, such low tem-
peratures yield salinities as low as 10, which is unreal-
istic.

Elphidium excavatum is found in the present Skag-
errak and Kattegat in salinities between 15 and 31. At
lower salinities there is a small probability of shell
preservation, so due to the generally good condition of
shells in our record it is likely that salinities were
mostly within this range (Alve & Murray 1999). A
temperature of 3°C is assumed, as it fits with the afore-
mentioned studies. 8'%0, has been calculated from
each of the following three equations using a constant
temperature of 3°C (Figure 11):

Equation 1. Epstein et al. (1953): They used mol-
luscs for calibration and the linear equation yields re-
sults closest to the quadratic form in the temperature
range 9 — 24°C. T(°C) = 16.6 + 4.3 (3. — 6y,).

Equation 2. Shackleton (1974): He modified a pre-
vious equation by O'Neil et al. (1969) based on inor-
ganic carbon, and calibrated it for the benthic forami-
nifera genus Uvigerina, recommending it for tempera-
tures 0 — 16.9°C. T(°C) = 16.9 + 4.0 (5. — dy).

Equation 3. Bemis et al. (2002): Also calibrated the
equation to Uvigerina from the Southern California
Bight, in the temperature range 3.9 — 6.8°C. T(°C) =
21.6 +5.5 (3. — &y).

In order to convert &, (8'*0,,) to salinity, the equa-
tion “Mixing line for the Skagerrak-Baltic Sea region”
developed by Filipsson et al. (2015, unpublished) for
present day conditions is used:

5"%0, =0.25 xS - 8.61

where S is salinity. The ice volume effect (see Ta-
ble 1) for each sample’s calculated 3'°0,, is subtracted
according to its corresponding age before calculating
salinity (the values have been interpolated and applied
to all ages corresponding to the samples in this thesis).
All salinity calculations henceforth will be corrected
for ice volume effect.

Since Epstein’s equation is calibrated for molluscs
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and recommends a temperature of 9 — 24°C, there is a
risk of getting too large of an error, and thus a Uvigeri-
na-calibrated one seems more appropriate for E. exca-
vatum based oxygen isotope values. Shackleton is pre-
ferred over Bemis since the latter experiments were
carried out in a California basin, an area very different
from the setting presented (Figure 12).

Because the change in salinity derived from the
3'0 record is identical regardless of the temperature
applied (if a constant temperature is assumed), we can
calculate a decline in salinity of 16 units between 18
and 15.7 ka. We can regard this as a maximum salinity
change, since changes in temperature likely account
for a portion of the 8'*0, signal.

A more realistic assumption is that temperature
changed during the period 18 — 14.3 ka. While temper-
atures may have fluctuated in this time period (e.g
during the interstadial Bolling-Allerdd), lacking inde-
pendent temperature information, we can instead test a
scenario in which temperature increased linearly from
0°C at 18 ka to 4°C at 14.3 ka (Figure 13). Though a
constant linear temperature rise is an oversimplifica-
tion and only one of several possible scenarios, this
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Fig. 11. Salinity values calculated with Filipsson’s “Mixing
line for the Skagerrak-Baltic Sea region”, using 8'*0,, values
calculated with the equations by Epstein (red), Shackleton
(orange) and Bemis (blue), with an assumed constant tem-
perature of 3°C. Bemis and Shackleton show very similar
values while Epstein gives a higher salinity for the same
temperature. Ice volume effect is applied to all values.
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Fig. 12. Salinity values using Shackleton’s equation with an
assumed constant temperature of 3°C. A 3-point smoothing
line has been applied for easier viewing but calculated values
are reported. The maximum salinity is 30 at 18.1 ka BP, and
the minimum is 14 at 15.7 ka BP, a difference of 16 units.
When applying lower temperatures, the salinity values come
out lower, such that a 1°C decrease gives a salinity decrease
of 1, but the difference between the max and min is the
same.

allows us to explore how salinity in this area could
have changed with increasing temperature.

In this scenario of linearly increasing temperature,
the difference between the maximum salinity (27 at 18
ka BP) and the minimum salinity (13 at 15.7 ka BP) is
a decrease of 14 instead of 16 over the first ~2.3 ka,
while the salinity increase from 15.7 to 14.3 ka is larg-
er in the changing temperature scenario. In this scenar-
io, during the first two centuries, bottom waters rapid-
ly freshened by almost 10 units, then over the next 2
ka, freshening continued more gradually (6 units) until
15.7 ka. Between 15.7 and 14.3 ka, salinity increased
by almost 8 units.

This salinity increase after 15.7 ka could represent
a change in the in- and output of water in Kattegat.
According to Knudsen et al. (1996) who studied the
paleoenvironment in the Skagerrak-Kattegat basin
during the deglaciation, an increase in 5'*O suggests
an influence of higher salinity waters. When there is a
large meltwater supply to the basin, the density differ-
ence between fresh surface and saline bottom waters
leads to stratified conditions in the water column. Sa-
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Fig. 13. Salinity values using Shackleton’s equation with an
assumed linear temperature increase from 0°C to 4°C from
18.1-14.3 ka. This scenario shows a smaller increase in sa-
linity change from beginning to end compared to the con-
stant temperature scenario, with salinities at ~18 ka lower,
and salinities from ~15.6 ka higher than when using a single
temperature throughout the time frame.

line bottom waters from the North Sea or Atlantic flow
in to the basin to compensate for this outflowing sur-
face water. Accordingly, low 8O values can be a
result of a reduced meltwater supply, leading to less
stratification and in turn lower salinities at the seafloor
due to increased mixing with the fresh surface waters.
Consequently, high salinity of bottom water is a result
of stronger stratification, and vice versa. During gla-
cial periods colder stadials are characterised by ice
growth and advance, while relatively warmer intersta-
dials typically have ice retreat and therefore larger
quantities of fresh water being discharged from the
melting ice into the basin (Knudsen et al. 1996).
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The 5"°C values of foraminifera analysed for this
thesis have very negative values (a mean of -2.8%o,
ranging from -1.5 to - 4.4%o) compared to other studies
in settings that are presumably similar. Elphidium ex-
cavatum in Skagerrak-Kattegat (15 — 8.6 ka) studied
by Knudsen et al. (1996) had 8'"°C values ranging from
-1 to -3%o. Mackensen (2013) studied recent benthic



foraminifera (Cibicidoides wuellerstorfi) in the deep
Arctic Ocean and found that the mean §8"C was
1.22%o. A study by Filipsson et al. (2004) in western
Swedish fjord sediments (Gullmar Fjord and Havstens
Fjord) found 8"C values in benthic foraminifera
(Stainforthia fusiformis) between -1.2 and -2.6%o. It
should be considered, however, that Elphidium exca-
vatum is an infaunal species, which results in lower
3'"*C values than epifaunal species at the same site
(Mackensen et al. 2000). A study in the Barents and
Kara Seas concluded that E. excavatum had the lowest
8'"°C values of the nine species analysed, which sug-
gests the deepest infaunal habitat (Hald et al. 1994).

As seen in figure 10, the 5"°C values are low but
relatively stable in the early part of the core (18 — 15.7
ka), with an increase from 15.7 to 14.3 ka. This could
suggest stagnant conditions due to strong salinity strat-
ification during the earlier stage, followed by im-
proved ventilation, more mixing and increased bottom
water oxygen levels between 15.7 and 14.3 ka. Such a
proposed change in ventilation could indirectly indi-
cate a decrease in the amount of glacial meltwater
flowing into the basin, since more freshwater input
gives stronger stratification and less ventilation, owing
to the density contrast between the shallow and deep
water bodies.

The low values suggest an ice-proximal setting
similar to a fjord, where the bottom water has a long
residence time due to the limited mixing. The bottom
water can remain stagnant until a storm or similar in-
flow event provokes waters to flush or mix, bringing
in more oxygenated and saline water (Farmer & Free-
land 1983), and is possibly what happened at 15.7 ka
when 8"°C values increase. This could be a combina-
tion of a decrease in fresh water input as well as a larg-
er inflow of seawater from the North Sea to Kattegat.
Apart from larger seawater quantities, a sudden change
in 8'°C values can also be attributed to a changed wa-
ter origin, due to the varying 8"°C signals of different
water masses.

Several authors note the importance of the period
18 — 15 ka in the history the deglaciation in Kattegat.
According to Houmark-Nielsen & Kjer (2003),
Svendsen et al. (2015) and Larsen et al. (2009), this
period saw the disintegration of the Norwegian Chan-
nel Ice Stream (NCIS) in its final stages, which had
prior to this significantly contributed to discharging
large amounts of the southwestern SIS into the Norwe-
gian Sea. As a result, it is possible that meltwater to a
larger extent drained in Skagerrak and Kattegat by 18
ka, which is characterised as a period with rapid degla-
ciation and deposition in a fjord system (Houmark-
Nielsen & Kjer 2003). This freshwater supply and
consequent stratification could partly explain the low
bottom water 8"°C values during this period.

Kattegat underwent a marine inundation at 17.2 —
17 ka (Houmark-Nielsen 2003; Larsen et al. 2009),
establishing marine conditions at the time of the SIS
retreat from the basin. It is possible to discern a change
around this time, perhaps most clearly in the salinity
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graph (Figure 13) where a freshening comes to a halt
and salinity increases for about half a millennia (from
17.2 to 16.6 ka) before decreasing again. At 16 ka the
last ice readvance in eastern Denmark took place, and
there was drainage of proglacial lakes and dead ice
meltwater into Kattegat. Simultaneously, waters from
the Baltic discharged into Kattegat northward through
Oresund and Storebelt (Houmark-Nielsen & Kjar
2003). This is expected to be reflected in our record,
either as an intense salinity decrease due to an abun-
dance of fresh water supply, or a 8"*C decrease if the
drained waters remained on the surface and strength-
ened stratification. There is only a slight lowering of
salinity, but a more distinguished 8"°C decrease (of
1%0) during the three centuries leading up to 15.7 ka.
This suggests a final increase in stratification, alterna-
tively a lowering of the 3"°C values due to the arrival
of water from the Baltic with a potentially more nega-
tive 5"°C signal.

Interestingly, the carbon and oxygen isotope data
together reveal what must be an important event at
15.7 ka (21.38 mbsf), where the 3"*C values quickly
increase after a long period of stagnant conditions, and
the 8'*0 shows a salinity increase after a long period
of declining salinity. The most dramatic change is seen
in the 3"°C record, and there was undoubtedly an oc-
currence that drove these environmental changes sim-
ultaneously. In ~500 years (15.7 — 15.2 ka) the 3"°C
values increase by 2.2%o, 5'°O values increase by
1.5%o, and the calculated salinity increases by 5 units.
Since stratification and stagnant bottom waters is the
most likely reason for the negative 3"°C signal, a
change in these conditions probably stems from a mix-
ing event that broke up the salinity stratification and a
strong influence of water with more positive §"°C.

If the 5"°C decrease at 16 ka was a result of Baltic
water influence, the increase seen at 15.7 ka probably
had origins in the North Sea and Atlantic Ocean.
Knudsen et al. (1996) interpret a 5'°0 and salinity in-
crease in their Skagerrak-Kattegat record as an influ-
ence of saline Atlantic bottom water. This, however,
occurs much later (13.1 ka) and could not correspond
with the 15.7 ka event recorded in our Anholt core,
even if the interpretation could be valid. Between 16
and 15 ka, the SIS had retreated to expose considera-
ble areas of southern Sweden and resulted in an ice-
dammed lake in the southern Baltic. In Kattegat, sea
levels rose and spread southward into the Oresund
region. Subsequently, isostatic rebound led to continu-
ous regression in Kattegat, followed by a marine inun-
dation around 15 ka (Houmark-Nielsen & Kjer 2003).
The 15.7 ka events recorded by 3'°0 and 8"°C are like-
ly to be a result of the increased marine influence in
the area.

4.2 Grain size (weight percent coarse

fraction)
The early part of the record shows an extremely
high sedimentation rate of as much as 4 cm per year,



and the samples from this interval are therefore ultra-
high temporal resolution. The cause for this rapid sedi-
mentation is most probably the discharge of sediment-
laden glacial meltwater and the calving of glaciers into
the basin (Houmark-Nielsen & Kjer 2003). The first
two centuries (82.50 — 79.28 mbsf) show coarser grain
sizes as the >63pum fraction ranges from ~10 to 30%
(Figure 14). This occurs at the same time as the rapid,
large freshening interpreted from 5'°0. The presence
of sand-sized grains suggests that the site was in an ice
proximal setting, potentially with icebergs that would
have deposited dropstones such as the one found in
80.01 mbsf (18 ka).

After 17.9 ka, the percent coarse fraction decreases
sharply and remains low (0% to <7%) until 16.3 ka.
The lack of coarse sediments suggests that the ice mar-
gin was more distant than before, and few or no ice-
bergs reached this area any longer, but continued rapid
sedimentation of silt and clay (Andrén et al. 2015b)
suggests that the ice sheet was still relatively near
(Knudsen et al. 1996). At 16.3 ka (30 mbsf) the wt. %
coarse fraction increases to values between 0 and 10%,
and then between 15.9 ka (24 mbsf) and 14.3 ka (9.6
mbsf), values range from 10% to almost 70%. The
dramatic increase in grain size at 15.9 ka approximate-

Coarse sediment, >63um (%)
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Fig. 14. Weight percent coarse sediment plotted against
time, with an inset showing the values close to 0% more
clearly. Samples in the oldest and youngest portions of the
core have values 10—70%, while most of the record re-
mains between 0 and <7%.
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ly coincides with changes in the trends of foraminifer-
al 8'%0 and 8"C at 15.7 ka. Furthermore, the most
significant changes in sedimentation rate occur be-
tween 16 and 15.7 ka where sedimentation rates of >3
cm/year transition to <0.8 cm/year at the shallow part
of the core. The decrease in sedimentation rate coupled
with an increase in wt. % coarse fraction suggests that
the SIS had retreated significantly and the sediment
source transitioned from an ice marginal setting to an
environment dominated by sand deposition (Andrén et
al. 2015b). Regression is also a possible cause of the
change in sediment deposition. The infilling of the
Kattegat basin coupled with isostatic rebound would
have led to a shallower water depth and consequently a
different depositional environment. Besides retreat of
the SIS and the resulting regression, the altering of
sediment characteristics lend support to Houmark-
Nielsen & Kjer’s (2003) deglaciation model (Figure
16). By 16 — 15 ka, the southern part of the ice sheet
had decayed, leading to meltwater reaching Kattegat
from the northeast. The Danish sedimentary glacial
flour that had previously made up the bulk of the sedi-
ment deposited, was replaced with coarser grains from
the hard Fennoscandian crystalline rock.

Average weight per shell (ug)

2 4 6 8
|
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Age (yrs BP)

17000

18000

Fig. 15. Average weight per foraminifera shell plotted
against age. A 5-point smoothing line has been applied to
facilitate discernment of trends, such as the shallow portion
which shows a decrease in shell weight.



4.3 Mean shell weight

The average  foraminifera  shell  weight
(representing the thickness of the shell) fluctuates be-
tween 2 and 8pg from 18.1 to 15.7 ka where it reaches
a peak weight of 6ug per shell and then decreases for
the rest of the core to ~3pug. The shell thickness can
reveal environmental factors, since thicker shelled
foraminifera suggest more favourable calcification
conditions or a better shell preservation in the sedi-
ment. We can assume that after 15.7 ka, conditions
became less favourable for Elphidium excavatum, al-

w JE
17-16 Ka

BP

ternatively preservation worsened. Being an arctic
species, the decreasing shell weight could suggest
warming conditions, since E. excavatum tolerates a
wide salinity range.

Hald et al. (1994) studied the species distribution
in arctic seas and concluded that they are most abun-
dant between 1°C and 1.8°C, while almost absent at
temperatures higher than 2.5°C. E. excavatum clava-
tum in fjords were found to prefer colder water with
reduced salinity and high turbidity. Potentially higher
temperatures and salinities in combination with de-

16-15 Ka BP

Fig. 16. Paleogeoraphical reconstruction of southwestern Scandinavia during the deglaciation. The maps show the extent of the
SIS from 19 to 15 ka. The position of Anholt is marked with a red star. Modified from Houmark-Nielsen & Kjaer (2003).
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creased turbidity could have caused deteriorating calci-
fication conditions for E. excavatum.

4.4 Sources of error

As previously mentioned, there are several differ-
ent factors that can influence the oxygen and carbon
isotope results, and they can be cumbersome to sepa-
rate. Besides the ambiguities that can arise from at-
tempting to reconstruct paleoenvironments based on
non-instrumental proxies, there are also several other
potential errors that must be considered before con-
cluding the reliability of interpretations made from
these results.

Age model: Creating an age model for any given
set of samples is a matter subject to uncertainties. The
ages may not be perfectly accurate — fossils could be
redeposited or influenced by old carbon, and the reser-
voir effect subtracted could be wrong. Dating and cali-
bration is performed on a limited number of samples
throughout the length of the core and then interpolated
to fit each depth. The finished age model therefore
gives approximations rather than exact ages. Addition-
ally, each sample is about 2 cm thick, which, depend-
ing on the resolution, can represent a few years or a
few decades. The small-scale changes are therefore not
possible to detect in such an experiment.

Salinity calculations: As already discussed, the
sea bottom salinities are based on temperature estima-
tions that may not be accurate enough to give a valid
interpretation. The assumption that temperatures have
been constant for 3.7 ka, or increased with a constant
rate, make salinity calculations reasonable estimations
at best or educated guesses at worst. Besides the possi-
bility of having assumed an inappropriate temperature
range, none of the equations used have been calibrated
for Elphidium excavatum, which could also give po-
tential errors, as another foraminifera species is as-
sumed to fractionate identically. The assumptions
made when calibrating the paleotemperature calcula-
tions are a separate issue that can be further explored
by reading the corresponding publications (Epstein et
al. 1953; O'Neil et al. 1969; Shackleton 1974; Bemis
et al. 1998; Bemis et al. 2002).

Limited proxies: Benthic foraminifera can only be
used to record seafloor conditions, but provide no sur-
face water information. Isotope measurements from
both benthic and planktonic foraminifera in the same
site, would offer a more complete representation of
changes in the entire water column. However, no
planktic foraminifera occurred in this record, which
suggests surface water salinities lower than in the open
ocean. Furthermore, foram assemblages have not been
analysed for this thesis, which could also improve the
data and give a more valid interpretation.

Initial coring: When retrieving a sediment core
there is a possibility of limited preservation, as well as
sediment expansion and compaction when subjected to
changing pressure. Fortunately, the samples presented
in this thesis come from core depths where sediment

21

recovery was >90% and only had some minor gaps in
the record (Figure 4).

5 Conclusions

The stable isotope, shell weight and grain size rec-
ords presented in this thesis represent the deglaciation
of the late Weichselian (~18 — 14 ka) in the Kattegat.
Oxygen isotopes are thought to reflect salinity more
than temperature, while 5"°C is interpreted as indicat-
ing ventilation, productivity and salinity.

Between 18.0 and 15.7 ka, 8'%0 values indicate
brackish marine conditions, with a long-term decrease
in salinity from nearly marine conditions at 18 ka to
increasingly brackish conditions by 15.7. The first
couple of centuries of this interval show a rapid fresh-
ening of the Kattegat bottom waters followed by a
continued, slower salinity decrease until 15.7 ka, with
some salinity and/or temperature oscillations during an
overall freshening trend. This is interpreted as a period
of strong glacial meltwater influence on the Kattegat.
Very negative foraminiferal 5"°C values between 18.1
and 15.7 ka suggest stagnant, poorly ventilated, low
oxygen bottom waters. This was probably a result of
stratification of the water column due to a combination
of meltwater-rich surface waters and denser, more
saline bottom water in a fjord-like environment.

The weight percent coarse fraction data display
a high proportion of coarse sediment at 18 ka, and is
interpreted as an ice proximal setting with icebergs.
The predominantly silt and clay sediments between
17.9 and 16.3 ka (represented by a low percentage of
wt. % coarse fraction) suggests discharge of sediment-
laden glacial meltwater and a more distant ice margin
and little influence by icebergs. Betweenl6 and 14.3
ka, an increased weight % coarse fraction suggests a
change in sediment source and depositional environ-
ment.

At 15.7 ka, a large environmental change appears
to have occurred, indicated by increased salinity and
ventilation (indicated by more positive §'*0 and §"°C),
foraminifera shell weight decrease and sedimentation
is slower. The increase in salinity could reflect a
stronger marine influence due to less fresh water being
discharged into the basin from the SIS and more sea-
water inflow, leading to mixing between the bottom
and surface waters and increased ventilation. Although
no study specifically identifies 15.7 ka as an important
environmental event, these findings agree partially
with previous studies that discuss the stages of the
deglaciation and their effect on the Kattegat, such as
discharge events and influence from the North Sea.
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Appendix. 1. Age model for site MOOG0A. The graph shows calibrated **C ages for depths down to 80 mbsf. Provided by
Aarno Kotilainen and Outi Hyttinen.
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Appendix 2: Table with depth, percent coarse fraction (sediment >63um), average weight per foraminifera shell, oxygen isotope
values and carbon isotope values.

Core Top Bottom Depth Sediment Avg weight 5%0 83
Section depth depth (mbsf) >63um per shell (%) (%)
(cm) (cm) (%) (ng)

8-1 62 64 9.62 34.12 3.5 -0.497  -1.643
8-2 14 16 10.64 40.36 2.7 0.550 -2.181
8-2 113 115 11.63 28.95 2.3 -0.329 -2.146
9-1 37 39 12.67 17.39 3.1 0.608 -2.222
9-1 142 144 13.72 55.65 3.1 0.217 -2.078
9-2 88 90 14.68 66.77 5.0 0.446 -2.146
10-1 3 5 15.63 50.73 3.3 0.864 -2.197
10-1 103 105 16.63 66.80 4.2 -0.100  -1.543
10-2 56 58 17.67 52.56 4.0 0.183 -2.117
10-3 7 9 18.68 42.29 3.8 0.343 -2.365
11-1 67 69 19.57 13.95 6.0 0.666 -2.663
11-2 36 38 20.76 33.47 4.8 0.258 -2.416
11-2 57 59 20.97 34.02 54 -0.016 -2.606
11-2 98 100 21.38 19.12 5.1 -0.785 -3.707
11-2 137 139 21.77 35.29 4.7 -0.311 -2.959
11-3 5 7 21.95 27.40 4.3 0.137 -3.707
12-1 24 26 22.44 19.37 6.4 -0.375 -2.981
12-1 64 66 22.84 25.49 4.6 -0.113  -3.009
12-1 104 106 23.24 35.41 6.7 -0.409 -3.094
12-1 144 146 23.64 32.15 5.7 0.056 -3.103
12-2 24 26 23.94 5.46 4.5 -0.164 -3.188
12-2 44 46 24.14 8.25 3.5 0.054 -2.602
12-2 84 86 24.54 3.88 2.6 -0.352 -3.057
12-2 105 107 24.75 2.82 3.0 -0.147 -2.932
12-2 124 126 24.94 3.74 3.2 0.490 -2.926
12-3 24 26 25.44 9.82 6.0 -0.440  -2.766
13-1 24 26 25.74 0.02

13-1 64.5 66 26.15 0.36

13-1 105 107 26.55 3.46 5.6 0.125 -2.892
13-1 125 127 26.75 10.63 3.3 0.660 -2.920
13-2 20 22 27.20 2.38

13-2 66 68 27.66 0.19

13-2 86 88 27.86 10.10 3.4 -0.377 -2.580
13-2 128 130 28.28 0.20

13-3 13 15 28.63 0.10

25



Core Top Bottom Depth Sediment  Avg weight 5%0 83
Section depth depth (mbsf) >63um per shell (%) (%)
(cm) (cm) (%) (ng)

13-3 34 36 28.84 6.02 4.0 -0.078 -2.671
15-1 6 8 30.56 0.25

15-1 26 28 30.76 0.02

15-1 66 68 31.16 0.07

15-1 106 108 31.56 0.04

15-1 126 128 31.76 0.01

15-1 146 148 31.96 0.41 4.0 0.147 -2.902
15-2 37 39 32.37 2.52 3.7 -0.120 -3.306
15-2 74 76 32.74 0.14

15-2 96 98 32.96 0.02

15-2 136 138 33.36 0.47

15-3 24 26 33.74 0.10

16-1 27 29 34.07 0.94 6.6 0.502 -2.766
16-1 67 69 34.47 0.13

16-1 108 110 34.88 1.99

16-1 148 150 35.28 1.37

16-2 38 40 35.68 0.62

16-2 58 60 35.88 0.20

16-2 98 100 36.28 0.24

16-2 138 140 36.68 0.16

16-3 8 10 36.88 1.20

17-1 13 15 37.23 3.80 4.9 1.495 -2.666
17-1 39 41 37.49 0.86

17-1 71 73 37.81 0.38

17-1 91 93 38.01 0.10 5.0 0.903 -2.598
17-1 131 133 38.41 0.97

17 -2 14 16 38.74 6.11 2.7 0.744 -2.817
17 -2 55.5 55.7 39.16 0.34

17 -2 95 97 39.55 0.06

17 -2 132 134 39.92 0.09

17 -3 14 16 40.24 1.40

18-1 18 20 40.58 0.46

18-1 43 45 40.83 1.78 5.5 1.161 -2.684
18-1 92 94 41.32 1.95 2.3 0.399 -2.565
18-1 122 124 41.62 0.93

18-1 143 145 41.83 1.63

18-2 43 45 42.33 2.10 3.0 1.545 -2.713
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Core Top Bottom Depth Sediment  Avg weight 5%0 83
Section depth depth (mbsf) >63um per shell (%) (%)

(cm) (cm) (%) (ng)

18-2 68 70 42.58 1.33

18-2 92 94 42.82 0.47

18-2 142 144 43.32 1.81

18-3 18 20 43.58 1.55 2.9 0.317 -2.834

19-1 25 27 43.95 0.07

19-1 75 77 44.45 0.16

19-1 98 100 44.68 0.03

19-1 125 127 44 .95 0.40

19-2 27 29 45.47 0.10 6.1 0.503 -2.482

19-2 50 52 45.70 0.57

19-2 79 81 45.99 1.14 4.1 0.580 -3.272

19-2 108 110 46.28 0.71 4.5 1.034 -2.491

19-3 17 19 46.87 0.84

20-1 25 27 47.25 0.03

20-1 47.5 49.5 47.48 0.61

20-1 75 77 47.75 0.15

20-1 125 127 48.25 0.36 2.8 0.513 -3.450

20-2 12.5 14.5 48.63 0.46 4.1 0.662 -2.963

20-2 25 27 48.75 0.04 4.8 0.909 -3.069

20-2 75 77 49.25 0.02

20-2 98 100 49.48 0.16

20-2 124.5 126.5 49.75 1.55

21-1 5 7 50.35 0.01 1.6

21-1 37 39 50.67 0.50

21-1 54 56 50.84 0.54

21-1 108 110 51.38 0.21

21-1 133 135 51.63 0.02 5.7 0.435 -2.991

21-2 5 7 51.85 0.01

21-2 55 57 52.35 0.00

21-2 81 83 52.61 0.00

21-2 106 108 52.86 0.05

21-3 10 12 53.40 1.00 3.2 0.595 -2.594

22-1 7 9 53.67 1.38 4.6 0.790 -2.769

22-1 32 34 53.92 0.05 33 1.535 -2.239

22-1 81 83 54.41 1.78 3.3 1.148 -2.334

22-1 107 109 54.67 0.21 1.8

22-1 132 134 54.92 0.32 4.3 0.724 -3.045
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Core Top Bottom Depth Sediment  Avg weight 5%0 83
Section depth depth (mbsf) >63um per shell (%) (%)

(cm) (cm) (%) (ng)

22-2 31 33 55.41 0.00

22-2 57 59 55.67 0.07 2.4 0.208 -4.082

22-2 83 85 55.93 0.24 2.6 0.414 -3.375

22-2 131 133 56.41 1.14 2.9 0.585 -2.650

22-3 7 9 56.66 0.50 3.1 0.633 -2.809

22-3 32 34 56.91 0.12

23-1 35 37 57.25 0.00

23-1 68 70 57.58 1.49 4.3 0.663 -2.508

23-1 85 87 57.75 1.17 4.5 0.420 -3.361

23-1 135 137 58.25 1.37 5.0 1.657 -2.842

23-2 17 19 58.57 2.22 4.5 1.273 -2.476

23-2 35 37 58.75 2.02 5.8 1.563 -2.743

23-2 85 87 59.25 1.26 3.7 0.991 -2.785

23-2 118 120 59.58 1.57 3.1 0.466 -3.423

23-2 135 137 59.75 0.70 3.8 1.236 -2.516

24 -1 25 27 60.45 0.35 2.8 1.234 -2.606

24-1 50 52 60.70 4.46 4.9 0.623 -3.355

24-1 75 77 60.95 0.89 3.4

24-1 124 126 61.44 0.46 3.0 1.903 -2.210

24 -2 0 2 61.70 0.90 5.3 1.187 -2.461

24 -2 25 27 61.95 0.26 4.5 0.896 -3.199

24 -2 75 77 62.45 0.35 6.4 1.077 -2.693

24 -2 100 102 62.70 2.25 8.1 1.275 -2.729

24 -2 124 126 62.94 1.14

24 -3 24 26 63.44 3.03 5.4 1.138 -2.691

24-4 4 6 63.67 1.89 3.7 1.173 -3.503

25-1 25 27 63.75 0.68

25-1 50 52 64.00 0.87 2.6

25-1 75 77 64.25 0.30 2.9 0.616 -2.834

25-1 125 127 64.75 0.93 6.9 1.052 -3.415

25-2 25 27 65.25 1.17

25-2 50 52 65.50 3.41 3.8

25-2 75 77 65.75 0.20

25-2 125 127 66.25 0.21 2.3 1.529 -3.899

25-3 2 4 66.52 0.47 2.8 1.150 -2.652

25-3 27 29 66.77 0.24

26-1 50 52 67.30 0.11 5.5 1.391 -3.180
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Core Top Bottom Depth Sediment  Avg weight 5%0 83
Section depth depth (mbsf) >63um per shell (%) (%)
(cm) (cm) (%) (ng)

26-1 73 75 67.53 0.72 4.6 1.118 -4.415
26-1 100 102 67.80 0.61 8.3 1.424 -2.901
26-2 0 2 68.30 0.47 4.7 1.037 -3.112
26-2 22 24 68.52 0.11

26-2 50 52 68.80 0.24 4.6 1.256 -3.583
26-2 100 102 69.30 0.08

26-2 123 125 69.53 0.02

26-3 10 12 69.70 0.04 4.5 1.652 -2.980
27 -1 48 50 70.28 0.02

27 -1 75 77 70.55 0.64

27 -1 98 100 70.78 0.18 3.8 1.567 -2.738
27 -2 0 2 71.30 0.31

27 -2 24 26 71.54 0.14

27 -2 50 52 71.80 0.20

27 -2 100 102 72.30 0.00

27 -2 126 128 72.56 0.02

28-1 0 2 72.80 0.42

28-1 23 25 73.03 1.10

28-1 48 50 73.28 0.03

28-1 73 75 73.53 0.23

28-1 100 102 73.80 0.21 3.0 1.207 -3.157
28-1 121 123 74.01 0.10

28 -2 5 7 74.35 0.13

28-2 33 35 74.63 0.00

28 -2 50 52 74.80 2.22

28 -2 75 77 75.05 0.73

28-2 99 101 75.29 0.04

28 -2 123 125 75.53 0.14

29-1 6 8 75.86 0.44

29-1 31 33 76.11 0.11

29-1 57.5 59.5 76.38 0.42 4.5 1.468 -2.363
29-1 84 86 76.64 0.68

29-1 110 112 76.90 0.24

29-1 135 137 77.15 0.67

29-2 7 9 77.37 0.38 4.3 0.887 -3.160
29-2 34 36 77.64 1.09 5.0 0.980 -2.713
29-2 60 62 77.90 1.59 4.8 0.810 -2.212
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Core Top Bottom Depth Sediment  Avg weight 5%0 83
Section depth depth (mbsf) >63um per shell (%) (%)
(cm) (cm) (%) (ng)

29-2 83 85 78.13 0.85 3.5 1.952 -3.361
29-2 107.5 109.5 78.38 0.19 7.3 1.357 -3.598
29-2 134 136 78.64 0.75 6.6 1.133 -3.324
29-3 7 9 78.87 4.28 5.6 0.988 -3.378
29-3 32 34 79.12 0.71 5.6 0.753 -3.615
30-1 18 20 79.28 9.20 6.3 1.371 -3.111
30-1 43 45 79.53 26.07

30-1 68 70 79.78 7.31 5.6 2.417 -2.465
30-1 93 95 80.03 13.40 3.0 2.440 -2.816
30-1 118 120 80.28 12.29 4.4 1.794 -2.882
30-1 143 145 80.53 24.93 4.4 2.860 -2.637
30-3 4 6 80.76 30.26 5.1 2.491 -2.462
30-3 29 31 81.01 16.40 3.4 2.403 -2.226
30-3 54 56 81.26 14.80 2.9 2.495 -2.788
30-3 79 81 81.51 16.16 4.9 3.309 -2.397
30-3 104 106 81.76 12.67 4.2 2.263 -2.881
30-3 129 131 82.01 13.05 3.8 1.614 -3.078
30-4 3.5 5.5 82.26 12.77 5.3 2.492 -2.852
30-4 28 30 82.50 17.68 2.5 2.449 -2.863
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