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The central Baltic Sea has one of the largest hypoxic zones in the world, and during the past
decades, increasing hypoxic conditions have also been observed in the coastal zone. While
the Holocene development of repeated hypoxia in the Baltic Sea basin is well studied in
multiple central and southern Baltic deep-sea cores, less is known about the development
of the coastal zone during the Holocene thermal maximum (HTM). Understanding the
coastal hypoxia during HTM is topical, providing an analogy for assessing future develop-
ment of hypoxia in a warming climate. A high resolution (average sediment accumulation
rate 0.65 cm/a) ~40-m long sediment core from coastal eastern Bothnian Sea (Kurikka, S.
Ostrobothnia, Finland) was analysed with lithological and environmental magnetic meth-
ods. This core covers local deglaciation and basin evolution from a freshwater to brackish
phase until isolation from the sea (~10.6—4.3 ka). The study site featured freshwater off-
shore conditions that transformed into a brackish coastal estuary environment with ongo-
ing shallowing. Environmental magnetic methods and occurrence of magnetic mineral
greigite (Fe,0,) was used to assess oxygen conditions along the sediment sequence. Mag-
netite was found in Ancylus lake sediments, while both greigite and magnetite was found
in Littorina Sea deposits. Greigite was identified as SD-sized and authigenic with signs of
formation within the sulphidic zone, contrasting the central Baltic Littorina Sea sediments,
where bacterial greigite has previously been found. Results indicate that deoxygenation
was common, but frequently interrupted during the HTM in the shallowing coastal Both-
nian Sea. Two multicentennial predominantly hypoxic periods and two intensive decadal
hypoxic events were observed with more regular oxic conditions in between. However, the
interpreted greigite concentrations were variable within the hypoxic interval, suggesting
unstable oxygen conditions and perennial trends in deoxygenation intensity. The pattern
seen in Kurikka record corresponds with the description of a multicentennial nature of
hypoxia variability in the Baltic Sea with oscillating intensity, suggesting basin-wide regu-
larity and common drivers of hypoxia.
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Introduction

Bottom water oxygen depletion, hypoxia (O, con-
centration < 2 mg L") causes severe ecosystem
disturbance in the water basin and sulphide sedi-
ment deposition in environments like the present-
day Baltic and Black Sea (Diaz and Rosenberg
2008, Middelburg and Levin 2009). The hypoxic
formation environments of sulphide sediments are
a growing global concern (Breitburg et al. 2018),
and when uplifted above the sea level, these
sediments become acid sulphate soils known
to cause societal, financial, and environmental
harm (Faltmarsch et al. 2008). Both natural and
anthropogenic factors cause present day hypoxia
in the Baltic Sea basin (Zillén ef al. 2008). In
2019, the central Baltic Sea was determined to
contain one of the largest hypoxic zones in the
world (Fennel and Testa 2019), and during the
past decades, increasing hypoxic conditions have
been obtained also in the coastal zone (Conley
et al. 2011). Besides restricted water circulation,
coastal hypoxia is caused by nutrient loads from
urban and agricultural sources driving phyto-
plankton growth and increased oxygen consump-
tion in the Swedish and Finnish archipelagos
(Conley et al. 2011). By contrast, the deep basins
below the halocline of the Baltic Sea are perma-
nently stratified (Conley et al. 2009).

Repeated natural hypoxic intervals have been
linked to warmer than present conditions in the
Baltic Sea Basin during the Holocene thermal
maximum (HTM, ca. 84 ka) and Medieval Cli-
mate Anomaly (Zillén ef al. 2008). While the
Holocene development of repeated hypoxia is
well studied in multiple central and southern
Baltic deep-sea cores, a limited number of studies
have focused on the development of Baltic Sea
coastal hypoxia (Ning et al. 2016, van Helmond
et al. 2017, Dijkstra et al. 2018, Jokinen et al.
2018). Only some of these extend across the HTM
period, leaving the early HTM understudied.
Moreover, temporal resolution enabling detailed
examination on the multiannual development of
hypoxia is lacking in both coastal and deep-sea
sediment studies (Jilbert ef al. 2021). Understand-
ing the driving forces for coastal hypoxia during
HTM is topical, providing an analogy for assess-
ing future development of hypoxia in a warming
climate.
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Hypoxia alters also the seafloor redox con-
ditions. Diagenesis is driven by degradation of
organic matter, where different electron donors
are used in a subsequent order (Froelich et
al. 1979), creating diagenetic / chemical zones.
Diagenetic environments with different redox
levels produce specific mineral assemblages
with distinctive magnetic properties that can
be differentiated using environmental magnetic
methods (Roberts et al. 2018). A magnetic min-
eral greigite (Fe,S,) can form under anoxic con-
ditions in sulphidic and methanogenic redox
zones (Roberts ef al. 2018). Therefore, the pres-
ence and characteristics of greigite in sediments
offer a novel proxy for anoxia and other envi-
ronmental processes (Li et al. 2019, Ebert et
al. 2020, Chen et al. 2021). Greigite is formed
either authigenically or by magnetotactic bacte-
ria in various grain sizes. Bacterial greigite has
usually a very narrow size distribution, while
authigenic greigite can present in a wider size
range (Roberts ef al. 2011) . Yet, the formation
and magnetic characteristics of greigite are still
actively explored (Roberts et al. 2011, Roberts
et al. 2018, Li et al. 2019). Greigite has been
identified from deep Baltic Sea sediments (e.g.,
Sohlenius 1996, Kortekaas 2007, Lougheed et
al. 2012, Reinholdsson et al. 2013), but the for-
mation pathways are still under debate.

Recent studies have brought light to
the complexity of the Finnish Ostrobothnian
Quaternary stratigraphy that ranges from early
Weichselian sediments to the last deglaciation
and subsequent aquatic deposition (Putkinen et
al. 2020, Hall et al. 2021, Malinowski et al.
2023). The HTM alone has resulted in tens
of meters of sulphide sediments, capturing
the development of a shallowing coast. Here
a ~40-m long sediment record with average
accumulation rate of 0.65 cm/a from Kurikka,
Southern Ostrobothnia, Finland is studied, pro-
viding a unique opportunity for reviewing the
evolution of coastal deoxygenation in the north-
ern Baltic Sea during the HTM. This study aims
to: 1) construct the stratigraphy; 2) distinguish
the magnetic minerals in the Kurikka sediment
sequence; 3) distinguish the origins for the mag-
netic minerals and understand the diagenetic
environment; and 4) study the patterns in the
development of oxygen condition variability.
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Study site

The Bothnian Sea is a northern sub-basin of
the Baltic Sea, divided from the central Baltic
by a sill. The Bothnian Sea is a coastal basin
with low salinity (~4—6 %o), shallow waters and
no current hypoxia, with multiple rivers feed-
ing fresh water and terrestrial matter into the
Sea. The Bothnian Sea region became ice-free
ca 11.3-10.5 ka. After deglaciation, the Baltic
Sea basin has experienced multiple freshwater
and brackish phases. The water body of the
lacustrine Ancylus phase following deglaciation
in Bothnian Sea was well mixed and oxygenated
(Sohlenius et al. 1996, Andrén et al. 2011, War-
nock et al. 2018). The salinity of the Baltic Sea
basin started to increase around 8 ka (Andrén et
al. 2000a, Andrén et al. 2000b, Sohlenius et al.
2001, Berglund et al. 2005). The rise in salin-
ity that marks the initiation of the Littorina Sea
phase, was caused by the enabled contact with
the Atlantic Ocean due to the rising eustatic
sea level linked to the melting of ice sheets. By
7 ka the central Baltic Sea had a stratified water
column and brackish water, with gradual and
delayed increase in salinity further north (Soh-
lenius et al. 2001). Increased primary produc-
tion across the Baltic Sea included with salin-
ity stratification during the Holocene Thermal
Maximum led to a +3-ka interval of hypoxia
and in the deepest parts, periods of occasional
euxinia (Sohlenius et al. 2001, Zillén et al.
2008, Jilbert et al. 2015). Intense hypoxic con-
ditions during HTM have been observed in the
northern sub-basins as well (Zillén et al. 2008,
Jilbert et al. 2015, Hausler et al. 2017), but
shallowing of the threshold between Bothnian
Sea and the central Baltic Sea during mid- to
late Littorina Sea phase hindered deep water
exchange, leading to environmental separation
of the northern and central Baltic Sea (Jilbert et
al. 2015, Héusler et al. 2017). The salinity of the
Baltic Sea decreased, and the oxygen conditions
improved with the eustatic sea level rise ceasing
at the onset of more humid and cold conditions
(Gustafsson and Westman 2002). This is seen
as the hypoxic zone diminishing in the central
and northern Baltic Sea around 4 ka (Zillén et
al. 2008, Jilbert and Slomp 2013, Jilbert et al.
2015, Hiusler et al. 2017). In northern Baltic

Sea, signs of reduced salinity and climatic cool-
ing is seen already before this (Tuovinen et al.
2008).

The study site (Fig. 1) in Kurikka, Southern
Ostrobothnia, Finland is located in Kyrénjoki
river valley, currently 58 m. a.s.l, on the eastern
coast of Bothnian Sea. The site lies in a bedrock
depression formed in an old rift valley associated
with the preglacial river Eridanos (Gibbard and
Lewin 2016, Hall ef al. 2021). During the degla-
ciation of the Weichselian Late Glacial the area
was at a lateral margin configuration between an
interlobate area and an ice lobe (Boulton et al.
2001). Towards the end of the deglaciation, the
lateral margin position shifted some kilometres,
leaving a interlobate esker (Niemeld ez al. 1993)
and till-dominated marginal deposits later cov-
ered by fine basin sediments (Malinowski et al.
2023). The region became ice-free at approxi-
mately 10.6 ka ago (Stroeven et al. 2016) and
submerged as a part of the Bothnian Sea. Since
the local deglaciation, the study site has accu-
mulated ~40 meters of sediments from deglacia-
tion and the last Baltic Sea stages until isolation
from the sea. During this time, the sedimenta-
tion environment has changed due to relative
sea level change. Immediately after deglacia-
tion, during the lacustrine Ancylus phase, the
water depth on the study area was approxi-
mately ~190 m (see Fig. S1 in Supplementary
Information), and with an estimated distance to
the shore of ~70 km (Fig. 1; shoreline shown in
light yellow) the study area featured open-water
conditions. With isostatic uplift causing regres-
sion, the water depth decreased to < 60 m in the
beginning of the Littorina Sea phase, turning
the study site into an archipelago setting and
finally into an estuary-type system, connected
to the river Kyronjoki (Fig. 1; shoreline shown
in light green). During this time, the study site
featured a sheltered sedimentation environment
with an island to the west providing shield from
prevailing southwestern wind and wave action.
The study site was supposedly closely linked to
the Kyronjoki river feeding fresh water and ter-
restrial matter into the bay. With increasing shal-
lowing, the site was uplifted above sea level at
~4.5-4.3 ka ago (see Fig. S1 in Supplementary
Information for relative shoreline displacement
curve).
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Fig. 1. Study site is located in Kurikka, Southern Ostrobothnia, Finland. Due to isostatic uplift, the shoreline has
shifted across the Baltic Sea basin. During lacustrine Ancylus phase (subaquatic areas shown in light green and
blues) the study site has been offshore, ca 70 km from the then coastline. During the later brackish Littorina Sea
phase (subaquatic areas shown in blues), the study site was coastal, protected by a large island to the west. Darker
areas indicate deeper bedrock topography and gives indication on the bathymetry of the sedimentation basin.
Ancient shorelines (1:1 000 000 © Geological Survey of Finland); basemap on left: Bedrock surface (1:1 000 000 ©
Geological Survey of Finland); basemap on right: Kurikka Bedrock elevation model (Malinowski et al. 2023).

Material and methods

The sediment core KY15 (0.5-41.6 m depth
below surface) was retrieved from Kurikka,
Southern Ostrobothnia, Finland (62.6204°N
22,4149°E, WGS84) in May 2019. The sedi-
ment core was drilled with a GM 200GT heavy-
duty soil investigation drill rig as a continuous
series of 1-m-long sections until 39 m depth
until bedrock was reached with a 2-meter bed-
rock control. Preliminary visual interpretation
of sediment was obtained during coring. The
sections were sealed in plastic and stored in +6
°C at the University of Helsinki. Upon subsam-
pling in 2019-2020, the sediments were split,
trimmed, logged, and photographed section by
section downcore at the University of Hel-
sinki. Colour of sediment was determined using
a Munsell colour chart. For sedimentological
analysis, discrete subsamples were extracted on

equal intervals and upon lithological contacts
into plastic bags and stored in +6 C°. Details on
sampling are presented in Supplementary Infor-
mation section S1 and Table S1.

The organic content was determined from
subsamples by loss on ignition (LOI) (Dean
1974, Heiri et al. 2001) at Hellabs, University
of Helsinki using a LECO TGA701 thermo-
gravimetric analyser. For grain size analysis,
subsamples were pretreated with 30% H,O,,
10% NaOH and 10% HCI (see details in Sup-
plementary Information section S2). Before
the analysis, 0.0134 M sodium pyrophosphate
(Na,P,0.) was added as a dispersant and sub-
samples were treated with ultrasonic vibration
for 60 seconds to avoid flocculation. Grain
size distributions were analysed with a Malvern
Mastersizer 2000 Laser Diffractometer at Hel-
labs. Due to the underestimation of the clay
fraction by laser diffraction method (Konert
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and Vandenberghe 1997), 6.3 um is used to
represent the 2 um upper clay fraction boundary
(Ramaswamy and Rao 2006).

Radiocarbon-AMS determinations (De Vries
and Barendsen 1954, Tikkanen et al. 2004) of
two terrestrial plant remains, one marine shell
and four bulk sediment subsamples (see details
in Table S1) were performed at the Labora-
tory of Chronology at the Finnish Museum of
Natural History, University of Helsinki. The
results were calibrated to the IntCal20 -calibra-
tion curve (Reimer et al. 2020) using OxCal
calibration program version 4.4 (Bronk-Ramsey
2009) and are presented as years cal BP. The
marine shell macrofossil age (depth 10.5 m)
was calibrated without the marine reservoir
correction due to the immediate proximity to
the shore of the location, the reported dynamics
in Baltic Sea reservoir ages (Lougheed et al.
2012) and better agreement with the over- and
underlying terrestrial plant macro fossil dates.
Due to the limited amount of datings, both age-
depth model and estimations on sedimentation
rates are tentative (see details in Supplementary
Information section S3 and Fig. S2 for the age-
depth model). The mean sedimentation rates
are given rough estimates based on radiocarbon
dates and presumed deglaciation and isolation
times. Water depths during sedimentation were
estimated from a tentative age-depth model
and a relative shoreline displacement curve that
was drawn based on nearby shoreline observa-
tions from ancient shoreline database (Geologi-
cal survey of Finland), nearby isolation dating
results from Eronen (1974), Glickert et al.
(1993), Vuorela et al. (2009) and a radiocar-
bon date from this study (Table 1) (see details
in Supplementary Information section S3 and
Fig. S1 for the relative shoreline displacement
curve).

Table 1. AMS-radiocarbon dating results.

For environmental magnetic measurements,
23 subsamples were collected from selected
depths of units 2—4 in April 2021 at the Uni-
versity of Helsinki, by gently pushing 8 cm?
plastic cubes into the fresh sediment surface
where oxidized sediment was removed before
sampling. Environmental magnetic measure-
ments apart from thermomagnetic measurements
were carried out in the Solid Earth Geophysics
Laboratory of the University of Helsinki. Used
methods and acquisition steps are presented in
Table S2 in Supplementary Information. Mag-
netic susceptibility (k) was measured directly
from the surface of the plastic wrapped split
cores with a handheld SM-30 magnetic suscepti-
bility meter (ZH Instruments, 8 kHz frequency)
on two measurement intervals (see Table S1
in Supplementary Information). Mass-specific
magnetic susceptibility (x,, x,) of discrete 8
cm® cubic subsamples were measured with a
ZH Instruments SM105 magnetic susceptibility
meter with two frequencies (320 Am™; x,. 500
Hz, %, 8000 Hz). Frequency dependent suscep-
tibility (x,, %) was calculated as a percentage
loss of magnetic susceptibility following Dear-
ing et al. (1996) (see Supplementary Informa-
tion section S4).

Natural remanent magnetization (NRM)
of each subsample was measured and demag-
netized with 755-R single-sample 2G-SQUID
magnetometer. Subsamples were step-wisely
demagnetized with alternating field (AF) in
12 steps (up to 100 mT) using an automated
2G-SQUID magnetometer (see Table S2). The
demagnetizing field needed to halve the NRM,
i.e. median destructive field of NRM (MDF
was obtained.

Anhysteretic remanent magnetization (ARM)
was imparted using 100 mT peak alternating
field (AF) and a constant 0.1 mT direct field

NRM)’

Unit Depth Material Radiocarbon age Calibrated mean age Laboratory
m yr BP cal BP +1s code

usB 0.6 Bulk sediment (gyttja) 3879 +19 4322 +53 Hela-5145
usB 0.91* Bulk sediment (silt) 16360 + 50 redeposited Hela-5144
U4 9.31 Plant remains 5657 + 33 6437 + 40 Hela-4696
U4 10.50 Marine shell 5881 + 34 6703 =38 Hela-4699
U4 16.50 Plant remains 6495 + 38 7398 + 45 Hela-4698
U1 32.97F Bulk sediment (silt) 30740 = 140 redeposited Hela-5131

U1 35.20" Bulk sediment (silt) 30000 + 130 redeposited Hela-5130

* Interpreted as redeposited material, rejected from the age-depth model
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along z-axis with AGICO LDA-3A AF-demag-
netizer and AMU-1A ARM magnetizer. ARM of
the subsamples was measured and demagnetized
stepwise with the 2G SQUID. The susceptibil-
ity of ARM (X,,,) Was calculated for measured
ARM values following Evans and Heller (2003)
(see Supplementary Information section S4).

Rotational Remanent Magnetization (RRM)
(Stober and Thompson 1979a, b, Stephenson
1980a, b, Snowball 1997b) was imparted with
a Molspin triple mu-metal shielded AF demag-
netizer, which operates at a frequency of 50 Hz
and at a maximum AF of 100 mT. Subsamples
were at first demagnetized with 2G SQUID
magnetometer in a static position along three
orthogonal axes (X, Y and Z) in a peak AF
of 150mT and the residual magnetization was
measured following Snowball (1997b). RRM
was then induced by rotating subsamples around
their -Z-axis at frequency of 5 rps, perpendicu-
lar to the 100 mT alternating field (see details
in Supplementary Information section S4 and
Fig. S3). Imparted remanence along -Z-axis was
measured with 2G SQUID magnetometer. After
that the process was repeated, but with the rota-
tion around their +Z-axis following Reinholds-
son et al. (2013). The final RRM value was
calculated as the mean of the two measurements.
A positive RRM is acquired if the magnetization
is parallel to the rotation vector and negative if it
is acquired anti-parallel (Fig. S3 in Supplemen-
tary Information). The effective gyro field (Bg)
was calculated following Snowball (1997b) as
the ratio of the absolute value of RRM to ARM,
multiplied by the strength of the DC bias field
used to induce the ARM (see Supplementary
Information section S4).

Isothermal remanent magnetization (IRM)
along +Z-axis was imparted with the MMPM
10 pulse magnetizer at a field of 3T, and the pro-
duced saturation isothermal remanent magneti-
zation (SIRM) was measured with a 2G SQUID
magnetometer. Then the subsamples were mag-
netized in a reversed field of —100 mT with a
MMPM 10 and the remanence was measured
with a 2G SQUID magnetometer. S-ratio was
calculated following Reinholdsson et al. (2013)
and Stober and Thompson (1979b) as (IRM- ./
IRM, ). All subsamples were then demagnetized
in same steps as NRM.
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Temperature dependence of low-field mag-
netic susceptibility was measured from —192°C
to ~700°C followed by cooling back to room
temperature. Subsamples were measured with
a AGICO MFKA-1A kappabridge (200 A/m,
976 Hz) at the Geophysical Laboratory of the
Geological Survey of Finland and analysed with
Cureval 8.0.2. High-temperature measurements
were run in argon as reasoned by Muxworthy et
al. (2023).

Results and interpretations
Radiocarbon dating of sediment record

AMS-radiocarbon dating results are presented in
Table 1. Mean sedimentation rate estimated from
local deglaciation (Stroeven et al. 2016) and
isolation (this study) times gives the sediment
succession an average temporal resolution across
the sedimentary record of 1.5 a/cm. The age-
depth model (Fig. S2 in Supplementary Informa-
tion) is tentative due to limited dating results.

The age determination from depth 0.6 m was
taken from post-isolation fine detritus gyttja,
and the age represents minimum isolation time
for the sediment sequence. Ages from depths
091 m, 3297 m and 35.2 m are older than
deglaciation in the area and are interpreted as
reworked and redeposited material, rejected
from the age-depth model.

Sediment stratigraphy of Kurikka
sediment core

The sediment succession was divided into five
lithological units according to physical properties
(lithology, organic content, grain size and mag-
netic susceptibility). The lithology of each unit
is described below in detail from bottom to top
and summarized along with physical properties in
Table 2 and Fig. 2.

The basal KY15-Ul unit (sediment depth
below core surface 41-33 m) features light grey
sands mixed with heavily deformed dark grey
coarse silt and very light coarse sand interbeds
of varying thickness (typically 2-5 mm, with
distance from one silt bed to the next 15-20 cm).
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Approximately eight sets are counted from one
silt bed to the next. The grain size of the sediment
fines upward until the sandy sediment is changed
abruptly at 35.3 m to a rhythmic coarse silt.
Individual varves are separated by fine sediment
laminas and shift from irregular and deformed
~5 cm thick beds to more regular and slightly
thinner ones, totalling to ~30—40 couplets. The
unit is characterized with low organic content and
high variability in grain size and magnetic suscep-
tibility (Fig. 2) corresponding to ice frontal sedi-
mentation. The bulk sediment radiocarbon dates
(35-30 ka; Table 1) corresponding to Marine
Isotope Stage (MIS) 3 show, that the material is
reworked and redeposited sediment of glaciogenic
origin. The unit is interpreted to represent local
deglaciation with sandy glacial outwash con-
nected to esker formation and with a distancing
glacier front, glaciolacustrine rhythmites.

In the unit KY15-U2 (33-20.9 m), the rhyth-
mite from Ul passes within ~5 cm to green-
ish grey silt, and with a couple odd couplets
the rhythmic nature disappears. The greenish
grey silt is mainly homogenous, with occasional
coarser layers and very faint sulphide mottling,
low organic content, and low magnetic suscep-

Table 2. Sedimentary description of lithological units

tibility. The organic content and the magnetic
susceptibility remain constantly low within the
unit (magnetic susceptibility: ~0.35 +0.1x107°
(SI), LOIL: 2-2.5%). The lithology corresponds
to lacustrine Ancylus phase sediments from other
Baltic Sea sediment cores (Winterhalter 1992).
The low organic content and magnetic suscepti-
bility indicate oligotrophic conditions (Sohlenius
1996) and the faint sulphide mottling is usually
attributed to sulphide diffusing downward in the
sediment column from overlying sediments (Soh-
lenius 1996).

In unit KY15-U3 (20.9-16 m) the lacustrine
silts transition gradually within ~15 cm to sul-
phide banded gyttja silt with an increasing trend
in organic content and magnetic susceptibility.
Sulphide banding is mostly blurry / mottled. This
unit is interpreted to represent the transition to
Littorina Sea phase. Top 2.5 m of the unit feature
homogenous greenish black silts.

In unit KY15-U4 (167 m) homogenous sul-
phide silt passes to into darker strongly lami-
nated sulphide gyttja silt that feature occasionally
varved behaviour, some coarser grained and some
thin white laminas. Dense sulphide lamination is
usually some millimetres thick. With highly varia-

Unit depth LOI d50 K Munsell Estimated Sediment description Interpreted
m % mm S110° colour water depth sedimentation
m environment
usB ~1.0 35 0.24 £0.15 Brown to 0-8 Fine detritus gyttja, Beach deposition and
0.5-3.0 grey sand with coarse isolation
beds, coarse massive
silt

U5A 1.2 16 0.45+0.08 Greenish 8-23 Sulphide banded silt Littorina Sea, shallow
3.0-7.0 dark grey
U4 2.6 10 0.52 Greenish 23-45 Strongly laminated Littorina Sea, coastal
7.0-16.0 +0.16 black to sulphide gyttja silt

black
u3 25 10 0.50+£0.12 Greenish 45-50 Sulphide banded to Littorina transition,
16.0-20.9 dark grey to homogenous gyttja silt  coastal

very dark

grey
u2 2.2 9 0.36 £ 0.08 Greenish 50-170 Massive and faintly Ancylus lake, offshore
20.9-33.0 grey mottled silt
U1 <15 12/38 1.24+0.56 Light grey ~180 Fine sand to silt Deglaciation, proglacial
33.0-39.0 couplets basin
Observed at coring:
39.2-40.8 sand Deglaciation, esker

formation

40.8-41.6 fine sand Deglaciation, esker

formation
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ble oscillating magnetic susceptibility and slightly
elevated organic content, the sediments corre-
spond to the marine Littorina Sea phase (Sohle-
nius 1996, Reinholdsson et al. 2013), supported
by macrofossils dating to 6400 and 6700 cal BP
(Table 1). Sulphide lamination transitions to faint
and irregular from 11 m upward.

Unit KY15-US5 is divided into two sub-
units. In sub-unit KY15-USA (7-3 m), sediment
remains similar than below, but sulphide band-
ing reappears gradually. Sulphide bands grow
thicker upcore and have a varved behaviour until
4.8 m depth, after which the banding fades away.
Grain size has an increasing trend in the unit
while organic content and magnetic susceptibil-
ity decrease, it’s oscillatory behaviour becoming
more irregular. These are interpreted as Litto-
rina Sea phase sediments deposited in shallowed
water depth. From 4 m upward the grain size
increases and the silty sulphide sediment transi-
tions to dark grey coarse silt with sandy sections
and a few sulphide bands at 3 m depth in the
sub-unit KY15-U5B (3-0.5 m). This is interpreted
as beach deposits with redeposition and sandy
layers originating from storm events in the shal-
lowing bay during the final uplift from the sea.
The remixing is supported by radiocarbon date
signalling a mix of older redeposited material and
sediment deposited during this time. The top 1 m
features sand with some coarser ~1 cm layers with
a sharp contact to fine detritus gyttja representing

100 200 300 400 500\/500 700
Magnetite

netic susceptibility changes with arrows
pointing to the decay area.

final isolation from the sea. The isolation time is
dated from fine detritus gyttja at 0.61 m depth to
~4300 cal BP.

To conclude, the unit Ul represents a highly
dynamic postglacial sedimentation setting with
low organic content and coarser, variable grain
size, reflected in the magnetic susceptibility pat-
tern. The unit U2 represents lacustrine Ancylus
sediments as grey uniform silts with stable mag-
netic susceptibility and grain size with occasional
coarse layers. Unit U3 corresponds to the Lit-
torina transition with increasing organic content,
magnetic susceptibility, and sulphide banding.
Unit U4 features dark greenish grey to black
sulphide sediments deposited during the Litto-
rina Sea phase. The unit U5 with beach deposits
feature lower organic content, coarser grain size
and a marked change in the sedimentation during
approaching isolation.

Environmental magnetism

Environmental magnetic results are presented in
Table 3 and Figs. 2 and 3. Due to the more
dynamic sedimentation environments of the units
Ul and U5, where differences in sediment char-
acteristics are mainly driven by changes in melt-
water quantities during deglaciation (Ul) and
near-shore mixing during shallowing into a beach
environment (US), the magnetic properties are



64

suspected to be driven by changes in the grain size
and organic content. In units U2-U4 where litho-
logical features remain relatively similar, mag-
netic susceptibility is suggested to be driven by
changes in the magnetic mineralogy. Therefore,
environmental magnetic methods were applied for
discrete subsamples from units U2, U3 and U4,
while units U1 and US were not further studied.

To study magnetic mineralogy more detailed,
thermomagnetic analyses were applied for the
subsamples from U2-U4 (Fig. 3). Subsamples
from all units show a low temperature Verwey
transition at ca —150°C (Fig. 3a) suggesting that
the subsamples contain stoichiometric magnetite
(Dunlop and Ozdemir 1997). Heating subsamples
from room temperature to 700°C shows clearly
distinct behaviour between different units indi-
cating different magnetic mineral assemblages
(Fig. 3b—d). Subsamples from all units show irre-
versible behaviour during heating and cooling
cycles indicating thermal alteration of the initial
magnetic minerals (Fig. 3b—d).

Environmental magnetic characteristics of
unit U2 Ancylus lake sediments

The greenish grey, at times faintly mottled Ancylus
lake silts have even, low organic content, and grain
size apart from occasional sandy layers. Concen-
tration of magnetic minerals in the lacustrine silts
is low, with lowest and very uniform magnetic
susceptibility and SIRM values among the studied
units (0.5-0.6x10° m*kg ' and 1.8-3.7 Am*kg!,
respectively) (Fig. 2). A relatively high S-ratio
(—0.8—0.7) suggests the magnetic minerals to be
predominantly ferrimagnetic. Similarly, coercivity

of natural remanent magnetization (NRM,, ) and
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Bg values are low and uniform compared to the
upper units. According to NRM,, . (23-29 mT)
and close to zero RRM (—0.6-—0.9x107° Am? kg™")
values, the Ancylus silts contain purely magnet-
ite. Comparably low susceptibility of ARM (X, >
0.5-0.9x10° m’kg™") coupled to high ¥, /SIRM
(24-28x10° mA™) indicates that magnetic grains
are predominantly in SD-size range (Maher 1988),
but their total amount is low compared to other
units. These findings are supported by the close to
zero Bg (—1.1—1.6 uT) corresponding to SD mag-
netite (Snowball 1997b, Hounslow et al. 2023).
Four subsamples in the lower part of the unit
acquired a positive frequency dependent suscepti-
bility (y,, = 3.1-4.6%), indicating the presence of
small < 0.05 um SD to SP size grains in the sub-
samples (Dearing et al. 1996), while subsamples
from above 27 m depth did not show the presence
of SP grains. In thermomagnetic measurements,
subsamples from unit U2 show a wide, but promi-
nent Hopkinson peak around 470°C, which decays
by 562°C (Fig. 3b). This peak is associated with
the newly formed magnetite with a wide range of
grain sizes (Muxworthy et al. 2002) from oxida-
tion of different iron bearing minerals present in
the sediments of U2 and conversion into magnetite.
In addition, a second decay at ~580°C is obtained,
indicating the presence of stoichiometric magnet-
ite. During cooling to room temperature there is an
increase in the magnetic susceptibility and through-
out cooling y remains higher than during heating.

Environmental magnetic characteristics of
unit U3 Transition to Littorina Sea

With the transitioning to the marine Littorina
Sea phase sulphide banding appears. The silty

Table 3. Values of environmental magnetic properties measured from discrete subsamples and mean magnetic susceptibility surface scan results.

Depth Unit n K X SIRM S-ratio NRMuor RRM Bg Xarm Xarn/SIRM X'
m 10° 10° 10° 10° 10° 10° %
S| m’kg™ A m%kg”' mT A m%kg’ mT m’kg” mA” n
7-8 U4 3 0.58 1.0 125 -0.74 281 -38.2 -21.6 1.7 16.9 4.0
upper (0.13) (0.3) 94) (0.02) 5.4) (37.8) (15.2) (0.8) (4.6) 1
15-16 U4 lower 10 0.48 1.2 42.5 -0.74 443 -283.2% -57.3 54 12.8 2.6
(0.16) (0.6) (25.5) (0.07) 3.3) (272.5) (15.7) (4.5) (34) 2
19-21 u3 4 0.49 1.0 315 -0.61 45.7 -153.0 -58.6 3.1 10.4 22
042)  (0.1) (13.3) 003  (2.8) (70.3) (11.3) (1.1) (1.4) 1
21-33 u2 6 0.35 0.6 29 -0.74 27.2 -0.8 -14 0.7 25.6 3.9
0.08)  (0.1) 0.7) 003) (1.9 (0.1) 0.1) (0.1) (1.3) 4

Mean (standard deviation)

K values from only the depths where environmental magnetic subsamples are collected.

"average results calculated only from subsamples that reached > 0.5% ¥ values.

n refers to the number of subsamples that the mean is calculated from.
* One subsample (15.45 m) excluded from result
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sediments have a uniform grain size and an
increasing trend in both organic content and
magnetic susceptibility. Magnetic susceptibility
increases and oscillates with a growing range
(Fig. 2). Concentration of magnetic minerals is
growing, indicated by the magnetic susceptibil-
ity and SIRM values considerably higher than
in Ancylus lake sediments (0.9—1.1x107° m*kg™
and 13-42 Am?kg™' respectively). In this unit,
S-ratio (—0.65——0.57) indicates a weak contri-
bution from detrital hematite, but also here fer-
rimagnetic minerals are the main carriers of the
magnetic signal. A change in magnetic min-
eralogy from Ancylus lake sediments is indi-
cated with an increased NRM, (4248 mT).
Also, RRM, Bg and x,,, increase between
U2 and U3 (measurement depths 19.9 m and
20.9 m respectively) with orders of magnitude
greater values in U3 (Table 3). High nega-
tive RRM (—54——213x10"° Am? kg™') and Bg
(—43——70 puT) with the NRM, _ indicate pres-
ence of greigite (Snowball 1997b). Furthermore,
low ¥,/ SIRM (9-12x107° mA™) together with
the high negative RRM and Bg values are char-
acteristic for diagenetic SD-greigite (Snowball
1997b). One subsample has signs of minor con-
tribution of SP grains at 2.2% y, . During thermo-
magnetic analyses, subsamples feature a slight
increase in magnetic susceptibility in the warm-
ing curve followed by a decrease of y between
~360-460°C, interpreted to be associated with
the thermal decomposition greigite (Krs et al.
1992, Roberts 1995, Dekkers et al. 2000, Mux-
worthy et al. 2023) (Fig. 3c). This is followed
with a minor peak that decays at 580°C for one
subsample and at 600°C for the two others, asso-
ciated to original stoichiometric magnetite and
possibly maghemite. The cooling curves have
a slightly higher y than heating curves, but no
prominent peaks are obtained.

Environmental magnetic characteristics of
unit U4 Littorina Sea sulphide laminated
sediments

The strongly laminated very dark sulphide
silt deposited during the Littorina Sea phase has
an even grain size but a highly variable oscillat-
ing magnetic susceptibility and slightly elevated

organic content. Magnetic enhancement is most
pronounced in these sediments, as magnetic sus-
ceptibility and SIRM are highest of the studied
units (0.6-2.6x107% m?* kg™ and 4-95 Am? kg™
respectively), indicating a high concentration of
ferrimagnetic minerals. S-ratio is in a similar but
wider range as in Ancylus sediments (—0.9—0.6),
indicating that magnetic mineralogy consists of
predominantly ferrimagnetic minerals and in
some subsamples maybe also hematite. Most
parameters have the largest variation in Littorina
Sea sediments, values and variation decreasing
again up-core. RRM and Bg have highest nega-
tive values of the studied units that decrease up-
core (U4 lower: —11-—991x107¢ Am? kg ' and
—19—73.0 mT; U4 upper: —3—90x10° Am? kg!
and —4—41 mT). Based on these, magnetic
enhancement is mainly driven by SD-greigite
as pictured in U3, but the mineral assemblage
/ characteristics alter within the unit. Magnetic
mineralogy is dominated by greigite in the lower
Littorina Sea sediments as in Littorina transition.
In the upper part of the unit (78 m depth), most
parameters decrease to or below the levels of U3.
E.g., the NRM, _ decreases and values are more
variable (23-35 mT) indicating possibly less
greigite and more magnetite. Magnetic grain size
is similar than in sediments below, while three
subsamples also have indications of SP-grains
(% 1.7-4.0 %). The thermomagnetic behaviour
of the subsamples varies between upper and
lower unit (Fig. 3d). A similar hump followed by
decay between ~340-460°C is obtained during
heating as in U3 interpreted to indicate thermal
decomposition of greigite. This feature is more
prominent in subsamples in the lower part of the
unit. A second decay occurs at 580°C or 600°C
corresponding to the presence of stoichiomet-
ric magnetite and possibly maghemite. In some
cases, a Hopkinson-like peak around 500-550°C
precedes the decay, marking newly formed mag-
netite. Magnetic susceptibility increases upon
cooling for most U4 subsamples due to new
magnetite formed. Some cooling curves feature
a Hopkinson peak at ~320 to 340°C, indicating
pyrrhotite formation from pyrite during heating
(Wang et al. 2008). Since this was not prominent
for all subsamples, probably only a small amount
of pyrite is present in these Littorina sulphide
sediments.
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To conclude, magnetic susceptibility fluc-
tuations are driven by either lithological fea-
tures where grain size and organic content fluc-
tuate (U1, US) or magnetic mineral composi-
tion changes (U2, U3, U4) in units with fairly
stable organic content and grain size. Accord-
ing to remanent magnetizations and temperature
dependent magnetic susceptibility, the magnetic
signal of laminated sulphide sediments (U3-U4)
is produced by both SD greigite and magnetite,
while freshwater silts (U2) contain purely SD
magnetite.

Discussion
Sedimentary environment

The ~40-meter sediment record is estimated to
represent ca 6.3 ka period from local degla-
ciation to uplift during the HTM, giving a mean
average annual sedimentation rate of 0.65 cm.
Typically Holocene marine and lacustrine sedi-
mentary records surrounding the Baltic Sea are
less than 10 m in length. The sediment record
is dated with four radiocarbon dates, one from
bulk sediment organic matter from unit USA and
three others from macrofossils from unit U4. The
age-depth model used in this study should only
be considered suggestive due to limited dating
results, and thus sedimentation rates or temporal
resolution will not be discussed further.

The deglaciation dynamics in the lateral
margin of two ice masses have been multiphased
and unordinary (Putkinen ez al. 2020, Malinow-
ski et al. 2023). The retreating ice sheet con-
figuration was favourable to prevent the ancient
bedrock valley in the study site vicinity (Hall et
al. 2021) from filling with the thick coarse mar-
ginal deglaciation deposits typical for Kurikka
region and allowed for an unremarkably long
sequence of Baltic Sea sediments to deposit in
the bedrock depression. The study site is neigh-
boured by an extensive interlobate esker system
(Niemeld et al. 1993) that deglaciated between
10 500-10 600 years ago (Stroeven et al. 2016).
The base of KY'15 sediment record (U1) is inter-
preted to feature flank sands from this esker,
continuing as a high-energy basin sedimentation
where the laminated sandy deposits are interlain
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with fines deposited from suspension. With pro-
ceeding deglaciation and undulating ice streams
lateral marginal position, the sediment input
and the quantity of meltwater have probably
fluctuated, leading to varied lamination thick-
ness. Similar sediments have been described in
the Baltic Sea region as glacial/sandy outwash
(e.g., Virtasalo et al. 2007, Hyttinen et al. 2017,
Jensen et al. 2017).

Sediments above the sandy outwash in the
top part of unit Ul consist of glaciolacustrine
rhythmites, typical for Baltic Sea sediments
(Winterhalter 1992, Virtasalo ef al. 2007, Andrén
et al. 2014, Hyttinen et al. 2017). The fining of
grain size indicates sedimentation in a deeper
basin where the ice margin has receded from
the vicinity. The glaciolacustrine rhythmite tran-
sitions within a short section (~10 cm) into
homogenous silt in unit U2. The lithology of
the sediment in this unit corresponds chiefly
to descriptions of homogenous postglacial clay
deposited during the Ancylus lake phase (Win-
terhalter 1992, Virtasalo et al. 2007, Andrén et
al. 2014). During this time, barren land areas
sensitive to erosion became exposed from under
Baltic Ice Lake and were deposited in the Baltic
Sea basin. Hence, the lacustrine phase was oligo-
trophic with a low organic production, causing
low organic contents in the depositing sediments
(Sohlenius et al. 1996, Andrén et al. 2011). In
the Kurikka sediment record, sulphide banding
is not observed within Ancylus lake sediments.
Instead, the sediments feature increasing mot-
tling upcore in this unit.

The gradually increasing organic content and
magnetic susceptibility as well as the transition
of postglacial lacustrine silts to sulphide banded
sediment in the unit U3 indicate the transition
to a marine phase (Andrén et al. 2011). The sul-
phide sediments in unit U3 and U4 correspond to
the description of brackish water mud deposited
during Littorina Sea phase (Winterhalter 1992,
Andrén et al. 2000b, Zillén et al. 2008, Virtasalo
et al. 2016, Hyttinen et al. 2017). According to
Virtasalo et al. (2016), the base of the brackish
water mud can be used as a regional stratigraphic
marker across the Baltic Sea basin. Here, this
contact is found at the base of U3, where the
colour and structure of sediment changes notably
from light grey mottled silt to clearly sulphide
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banded / laminated silt with a slightly elevated
organic content. However, no erosional surface
or sandy layer marking marine flooding was
seen. Moreover, since no biostratigraphical or
dating control is available, the onset of Littorina
transition cannot be precisely identified. Sedi-
ment in these units is mostly laminated sulphide
gyttja silt, but at times sediment is very dark
black and rather homogenous. The absence of
laminas is thought to indicate increased biotur-
bation and thus more oxic bottom conditions in
the otherwise hypoxic Littorina Sea environment
(Zillén et al. 2008). The occasional white lines
could be bacterial growth produced in hypoxic
conditions by Beggiatoa, or alternatively, diatom
layers. The increase in organic content indicates
increased production, but the organic content in
the studied sediment record is notably lower than
in similar offshore deposits, where total organic
carbon regularly exceeds 10 wt% (Moros et
al. 2020). The salinity of the Baltic Sea basin
increased as a consequence of relative sea level
rise (Andrén et al. 2011), leading to extensive
hypoxia across the basin (Zillén et al. 2008).
Occasional coarser grained bands that become
more common upcore in the unit suggest disrup-
tions in the otherwise very peaceful bay setting.
Sandy bands could indicate either intensifying
near-shore influence in the shallowing basin or
sporadic increase in clastic input from terrestrial
sources.

In the unit USA, the decrease in magnetic
susceptibility and organic content and the sul-
phide bands become fewer and rhythmic in
nature, which indicate the system changing into
a mode where more frequent coastal processes
maybe together with increased freshwater input
control the bottom oxygen conditions. The shal-
lowing is seen as the coarsening of grain size
indicating a higher-energy system with increased
wave action and more sediment being redepos-
ited from the banks into the coastal basin. The
rhythmic nature of laminas could result from e.g.
spring flooding producing pulses of terrestrial
matter on top of the dark fine winter laminas,
phasing into a lamina with more organic content
as the spring shifts to summer. There is a change
in sedimentation at 3 m core depth (U5B),
where magnetic susceptibility and organic con-
tent decrease, grain size coarsens, and sulphide

lamination disappears completely. Coarse silt
indicates that waves and currents dominate the
sedimentation environment. There are no clear
sedimentary structures indicating that the mate-
rial is reworked. The radiocarbon date from
0.91 m depth (Table 1) confirms, that the sedi-
ment contains a mixture of fresh and reworked
older organic matter. Uplift to sea level and final
isolation can be seen as repeated sandy gravel
layers at 0.9-0.63 m depth followed by an ero-
sional contact, where sandy sediment cuts into
a thin layer of fine detritus gyttja deposited into
a shallow pond. The radiocarbon date from the
bottom of the fine detritus gyttja gives the mini-
mum age for isolation at 4.3 ka cal BP.

Environmental magnetic characteristics

According to the environmental magnetic
results, there are three distinctive zones with
different magnetic records in the studied units:
1) unit U2 Ancylus lake sediments: amount of
magnetic material is small, and the parameter
values are constant; 2) U3 Littorina transition:
amount of magnetic material increases; and
3) U4 Littorina Sea sulphide sediments: oscil-
latory magnetic enhancement. Median destruc-
tive field of natural remanent magnetization
(NRM,, . 23-48 mT) and S-ratio (=0.89—0.57)
indicate that ferrimagnetic minerals are present
along the whole studied sediment sequence.
Generally, the trends in mass magnetic suscep-
tibility (), SIRM, NRM_ . rotational remanent
magnetization (RRM), gyro field (Bg) and sus-
ceptibility of ARM (y,.,) from discrete sub-
samples correspond to magnetic susceptibility
(x) trends throughout the units U2, U3 and
U4, while mean S-ratio is relatively constant
throughout these units. For these units k varies
in the range of 0.2-0.8x107° SI with maximum
values and biggest variation obtained in the
units U3 and U4. Similarly, SIRM values are
lowest (3x102 Am? kg™') for the unit U2 and
one order of magnitude higher for the units U3
and U4 (40-95x107° Am*kg™'). The NRM,
is lowest (23-29 mT) in U2, and it increases
in the U3-U4 to the highest of the sediment
sequence (42-48 mT). In the upper part of the
unit U4 NRM,, = decreases and is more vari-
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Fig. 4. Biplots for magnetic min-
eral characterization. a) Low-
field magnetic susceptibility vs.
SIRM/ magnetic susceptibility;
b) Susceptibility of ARM vs. mag-
netic susceptibility; ¢) S-ratio vs.
ARM,, /SARM. Ferrimagnetic min-
eral determination following Peters
& Thompson (1998); d) Suscepti-
bility of ARM/SIRM vs. Susceptibil-
’ ity of ARM/magnetic susceptibility.
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able (23-35 mT). High (negative) RRM values
follow high magnetic susceptibility (k) values
and Bg behaves like RRM, but with a smaller
range. The values of Bg vary from ~—1.0 mT
in U2 up to —73.0 mT for U3 and U4. y,,.,
varies from 0.5x107m?/kg for U2 to more than
10x107® m*/kg for U3 and U4. Range for S-ratio
is from —0.89 to —0.57, with the mean of —0.72
(Table 3). The presence of greigite was studied
with RRM, effective gyrofield (Bg), NRM,
and thermomagnetic measurements. The ther-
momagnetic measurements support other envi-
ronmental magnetic method results, with most
subsamples in U4 and U3 showing decay of
magnetic susceptibility around 360—460°C,
interpreted to indicate thermal decomposition
of SD-sized greigite. SD-sized magnetite is pre-
sent at varying oxidation states in all units and
subsamples. Pyrite is present in the middle U4
subsamples evidenced by pyrrhotite formation
during heating (e.g. Wang et al. 2008, Muxwor-
thy et al. 2023) and Energy Dispersive X-ray
Spectroscopy (EDS) analysis (see details in Sup-
plementary Information section S5 and Fig. S4).

10.0 100.

.0 P P .
" origins of greigite and magnetite,

modified after Snowball (1994) and
Reinholdsson et al. (2013).

Greigite in the Bothnian coastal zone

Presence of greigite is indicated from various
indicative ratios of magnetic parameters (Fig. 4)
in addition to the negative values of RRM and
effective gyrofield (Bg), NRM, . thermomag-
netic measurements and EDS analysis (Fig. S4
in Supplementary Information). SIRM/x,, values
for Littorina transition and Littorina Sea phase
(U3-U4) subsamples are high (22-50 kAm™)
(Fig. 4a) being indicative for greigite (Roberts
1995, Dekkers and Schoonen 1996, Snowball
1997a, Sagnotti and Winkler 1999, Larrasoaia
et al. 2007, Roberts et al. 2011, Liu et al. 2012).
Xary (Fig. 4b) values, which discriminate SD
grain sizes, are high for these same subsamples,
as are also the values for x, . /X, ratio (Fig. 4d,
indicating high relative contribution of SD grains
in U3-U4 (e.g., Banerjee ef al. 1981, Evans and
Heller 2003).

Biplots to distinguish different ferrimag-
netic minerals and their origin are shown in
Figs. 4c and 4d. IRM_ ./SIRM (S-ratio)
versus ARM SARM (i.e. ARM_) can be

(40mT)/ (0)
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Fig. 5. a) Comparison of magnetic susceptibility (black;
composite of 10 cm and 1 cm resolution records)
and RRM (red) values. Coloured bar next to depth-
axis indicates lithological units and their approximate
appearance. Grey bars next to the lithological units
mark thin coarser silty bands in the sediment. The grey
vertical line shows the threshold magnetic susceptibility
value for greigite occurrence. b) a comparison between
10 cm (black) and 1 cm (orange) interval magnetic sus-
ceptibility record is shown.

used to indicate different ferrimagnetic minerals
as described by Peters and Thompson (1998).
Xprn/ SIRM versus x, . /X, was used by Rein-
holdsson et al. (2013) to distinguish minerals
formed authigenically from those formed through
biomineralization by magnetotactic bacteria.
S-ratio values (< —0.6) (Fig. 4c) indicate the
presence of ferrimagnetic minerals in all the stud-
ied subsamples. Furthermore, based on ferrimag-
netic determination diagram (Peters and Thomp-
son 1998) (Fig. 4c), the dominant ferrimagnetic
mineral in Littorina transition and Littorina Sea
phase subsamples is greigite, whereas the Ancy-
lus and upper Littorina Sea phase subsamples
show lower ARM,,, . /SARM values indicating
non-bacterial SD magnetite. Further on, the sub-
samples fit to authigenic greigite threshold values
characterized by Reinholdsson et al. (2013),
where authigenic SD-greigite show lower X, .,/
SIRM values than greigite formed by magne-
totactic bacteria (Fig. 4d). However, authigenic
greigite could perhaps overprint a weak contribu-
tion of biogenic greigite and while the signature
of authigenic greigite is clear, co-occurring popu-
lation of biogenic greigite cannot be ruled out.

Figure 4a shows positive correlation between
high magnetic susceptibility values and the pres-
ence of greigite in subsamples (r, = 0.63,
Pryorsitea — 0-0015 7, spearman 0.85 P,y aitea < 0.001).
The higher magnetic susceptibility values cor-
relate also well to the SD-size range (Fig. 4b)
(rpearson = 0.9, Pooraited ~ 0.001; T pcarman 0.94,
Prvoriiea < 0-001). The findings suggest that high
magnetic susceptibility along the sediment core
in the studied units (U2-U4) indicates the pres-
ence of SD-greigite, and low magnetic suscep-
tibility indicates magnetite. Naturally, with a
limited amount and coverage of environmental
magnetic subsamples, changes in magnetic car-
riers within these zones cannot be ruled out.
However, magnetic susceptibility appears to echo
the environmental magnetic characteristics of the
sediment sequence, allowing the use of mag-
netic susceptibility record as a proxy for chang-
ing magnetic minerals and hence, assessment
of changing bottom conditions during mineral
formation. Based on the connection between
magnetic susceptibility and (magnetic mineral
indicative) environmental magnetic parameters
(Fig. 4a, 4b), changes in magnetic susceptibil-
ity reflect the occurrence and concentration of
greigite. In the interpretation of the sediment
sequence, the threshold value of magnetic sus-
ceptibility for significant greigite occurrence in
the Kurikka sediment sequence is estimated to
0.5x107* SI (Fig. 5). While most of the sam-
ples below this have RRM values close to zero,
four greigite-containing depths exhibit magnetic
susceptibility values between 0.3-0.5 x107* SL
Detailed studies would be needed to explain
the slightly different signatures of the individual
subsamples in this transitional zone, confirm the
composition of magnetic assemblages throughout
the sediment sequence, and to clarify the timing
of the formation of various magnetic phases.

Greigite has been identified in Baltic Sea
sediments several times (Sohlenius 1996, Lep-
land and Stevens 1998, Berglund ef al. 2005,
Kortekaas 2007, Reinholdsson et al. 2013, Holm-
kvist ef al. 2014), although many of these obser-
vations are not based on magnetic measurements.
Authigenic greigite was identified in Yoldia Sea
brackish water sediments (Sohlenius 1996),
Ancylus lake sediments (Lougheed et al. 2012,
Reinholdsson et al. 2013), Littorina transition
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sediments (Berglund et al. 2005) and Littorina
Sea laminated sapropels (Sohlenius 1996, Lep-
land and Stevens 1998). Most recently, through
more detailed magnetic and Transmission Elec-
tron Microscope (TEM) measurements, Littorina
Sea sapropels deposited in central Baltic deep
basins were found to contain biomineralized SD-
greigite most likely produced by magnetotactic
bacteria (Reinholdsson ez al. 2013), bringing the
question of the origins of greigite in Baltic Sea
sediments for consideration. The formation envi-
ronment for the central Baltic sediments contain-
ing magnetosomal greigite has been previously
proposed having long periods of continuous
hypoxia and periodical euxinia during the HTM
(Sohlenius et al. 2001, Zillén et al. 2008). The
Kurikka record confirm multiple formation path-
ways for greigite growth in Baltic Sea sulphide
sediments highlighting the different processes
in Baltic deep basins compared to coastal zone.
According to Héusler et al. (2017), the bottom
conditions in central Bothnian Sea were — as
opposed to the central Baltic Sea — probably long-
term hypoxic but non-euxinic during local HTM
based on the occurrence of Mn(Ca)CO, layers. In
Kurikka, SD-greigite is observed without signs
of pyrrhotite, indicating greigite formation in the
sulphidic zone (Roberts et al. 2018). Further on,
the thermomagnetic analyses indicated the pres-
ence of pyrite and absence of pyrrhotite in lower
Littorina Sea sediments (Fig. 3), supporting for-
mation in the sulphidic zone. In addition to the
differences in water chemistry, coastal areas with
shallower water depth have more pronounced
mixing and hypoxia could be mainly seasonal
(van Helmond et al. 2017). Hence, different for-
mation environments (continuous hypoxia and
periodical euxinia vs. (seasonal) hypoxia, no eux-
inia) might lead to different origins of greigite.
We suggest that in the coastal zone, the low
organic content and high sedimentation rate
during Littorina Sea phase support authigenic
greigite production due to the ratio between reac-
tive iron content and organic content favouring
greigite formation (e.g., Kao et al. 2004, Rowan
and Roberts 2006). Similarly, greigite might be
preserved due to the relatively rapid accumula-
tion rate arresting pyritization (Kao et al. 2004,
Blanchet ef al. 2009, Chen et al. 2021). In a near-
shore sedimentary environment the accumulation
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of terrestrial sediment into the shallowing bay has
probably been considerably larger than that in the
Baltic deep basins. Authigenic greigite formation
in Kurikka shows that in an epicontinental basin
like the Baltic Sea, greigite origin can vary across
similar sediments, highlighting the key role of the
sedimentary environment, from coastal to deep
settings.

Oxygen variability in the Bothnian
Coastal zone during HTM

The correlation between magnetic susceptibility
and the environmental magnetic characteristics
of the sediment sequence (Fig. 4) allows the
use of magnetic susceptibility record as a proxy
for changing bottom conditions during mineral
formation. While greigite can be formed also
after deposition at any time during diagenesis,
the rapid burial likely limited postdepositional
alteration and could enable both greigite and
magnetite preservation. Moreover, the varying
mineralogy and magnetic susceptibility indicate
changing conditions in the system. Hence, the
threshold value for significant greigite occurrence
(0.5x107% SI, Fig. 5) is considered also a thresh-
old for deoxygenation, and changes in oxygen
conditions are assessed based on the magnetic
susceptibility record. The ability of the 10 cm
interval magnetic susceptibility record to depict
fine-scale changes was evaluated by compar-
ing it with 1 cm interval magnetic susceptibility
in four parts of the sediment sequence (Fig. 5).
The 10 cm magnetic susceptibility traces gener-
ally very well fine-scaled cyclicity, allowing the
detailed use of the 10 cm magnetic susceptibility
record throughout the whole sediment sequence.
At only 16—17 m depth, the oscillation was found
to be more fine-scaled than what was depicted by
the 10 cm magnetic susceptibility record.

Kurikka deoxygenation history based on the
magnetic susceptibility record

Based on the Kurikka magnetic susceptibility
record and mean assumed sedimentation rates,
deoxygenation in the Kurikka bay has been
common during HTM from Littorina transition
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Fig. 6. Interpretation on oxygen deficiency derived
from the magnetic susceptibility record. Green indi-
cates increasing oxygen deficiency (hypoxia) while blue
indicates oxic conditions. Red asterisks mark radiocar-
bon dates, shown as years cal BP. Coloured bar on left
indicates lithological units and coarser sandy bands in
sediment are marked with small horizontal bars next to
the unit bar. Water depth as inferred from the relative
shoreline displacement curve and tentative age-depth
model of sediment record.

to Littorina Sea phase ca 8—6 ka cal BP years
ago (interval at 7-20 m depth), but not con-
tinuous (Fig. 6). Within this HTM interval, two
multicentennial (~8-7.5 ka cal BP; 19-17 m
depth and ~6.5-6 ka cal BP; 10-7 m) pre-
dominantly hypoxic periods and two intensive
decadal (16-15 m and 12—11 m depth) hypoxic
events are obtained. Between multicentennial
hypoxic periods, a period with predominantly
oxic conditions (17-15 and 13-10 m depth)
is obtained. The predominantly oxic conditions
are interrupted by at least two decadal hypoxic
events around ~7 ka cal BP, but the total length
and character of this period remains unknown
because of a data gap in the magnetic suscepti-
bility record (15-13 m). Within these multicen-
tennial periods, concentration of magnetic min-
erals fluctuates. This could derive from changing
/ unstable bottom conditions. Greigite concentra-
tion in the sediment is highest during the older
decadal event around 7 ka cal BP (1615 m),
indicating the maximum intensity of oxygen

depletion. Perennial variability in magnetic sus-
ceptibility is large between 12—7 m, coinciding
with the shallowing of the water column from
approximately 38 to 23 m depth. Above this, the
termination of oxygen deficiency in the Kurikka
sediment sequence is synchronous to lithologi-
cal changes from marine to coastal high-energy
sedimentation deriving from shallowing of the
sedimentary system and the ultimate uplift above
sea level. At times, lower magnetic susceptibil-
ity corresponds to the coarser silty bands seen in
sediment (Fig. 6). A coarser layer could indicate
for example a rise in relative sea level, redepos-
ited beach sediments caused by increased bottom
currents or wave action or a pulse of increased
terrestrial input due to increased rainfall and
erosion. All these scenarios would also explain a
short weakening of hypoxia due to mixing of the
water column.

Comparison with Bothnian sea hypoxia
records

The initiation of hypoxia in Kurikka around
~8 ka cal BP coincides with the start of the HTM
hypoxic interval observed across the Baltic Sea
(in central Bothnian Sea, ~7.8-7 ka (Jilbert et
al. 2015, Hausler et al. 2017), in central Baltic
Sea ~8-7.2 ka (Sohlenius ef al. 2001, Zillén et
al. 2008, Jilbert and Slomp 2013)). The HTM
hypoxic interval is linked to the ingression of
saline water into Baltic Sea ~8-7 ka, observed
from the Danish Straits (e.g., Bennike et al.
2021) all the way to the Bothnian Sea (Hausler
et al. 2017). A strong deep-water exchange from
central Baltic to the Bothnian Sea was suggested
due to a significantly deeper position of the sill
between the basins from 8 until at least 4 ka
(Jilbert et al. 2015). The coevality of the hypoxic
interval across the Baltic Sea basin indicates that
the effects of saline water intrusion were rapidly
seen even in northern Baltic coastal systems. The
rapid shift from freshwater to brackish condi-
tions was also observed in the western coast of
Bothnian Sea by Warnock et al. (2018). In the
coast of the central Baltic Sea, hypoxia during
HTM was found persistent (Ning et al. 2016),
shifting to seasonal hypoxia with shallowing
water depth from ~55 to 30 m after the HTM.
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In the southern Baltic coast, hypoxia was found
seasonal throughout the Holocene since the tran-
sition to Littorina Sea phase ~8 ka ago (van Hel-
mond ef al. 2017).

Zonation & periodicity of hypoxia in Kurikka

The patterns of the hypoxic interval in Kurikka
fit the description of the ~200-500-year multi-
centennial hypoxic events varying with intensity
in the central Baltic Sea observed by Jilbert and
Slomp (2013). The two multicentennial periods
of more prevalent hypoxia and the predomi-
nantly oxic period in between in the Kurikka
record fit well the description of a multicenten-
nial nature of hypoxia variability. This periodic-
ity of hypoxia in the Baltic Sea basin has been
proposed to be forced by climate variability.
The rapid intensification and termination of the
hypoxic events are suggested to be driven by
the feedbacks in the phosphorous cycle (Jilbert
and Slomp 2013). The feedbacks in coupled
iron— and phosphorous cycles have been thought
to drive also smaller-scale changes in hypoxia
intensity within the hypoxic events (Jilbert et
al. 2021). While the oscillatory behaviour of
hypoxia is evident in the Kurikka record, further
investigations will allow for a more detailed
look into the behaviour of hypoxia on short time
scales. It has been suggested that eutrophication
in the coastal environment is currently affected
more by local terrestrial inputs and sea-ice cover
duration, rather than large scale climatic or
hydrospheric drivers responsible for deep basin
eutrophication (Vigouroux et al. 2021). How-
ever, the similar patterns in Holocene oxygen
condition variability in Kurikka and offshore
records might suggest basin-wide regularity and
drivers of hypoxia during HTM.

Conclusions

The ~40 m sedimentary record from Kurikka rep-
resents the Holocene development of the shallow-
ing northern Baltic Sea from the local deglaciation
through the last Baltic Sea phases until local
isolation from the Littorina Sea. The depositional
environment transforms from offshore, ~190 m
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water depth setting during Ancylus lake phase to
sheltered coastal Littorina sea conditions with 18
meters of sulphide sediment deposited. No sign
of Littorina transgression is observed. The sedi-
ment record is topped with < 3 m of sandy beach
deposits.

For Kurikka sediment sequence, the magnetic
component of Ancylus lake deposits (U2) was
identified as magnetite only. Whereas in Littorina
Sea deposits (U3—U4) both greigite and magnetite
were detected by magnetic parameters. Results
differ from central Baltic Sea Basin where both
magnetite and greigite were present in Ancylus
sediments and only greigite was found in Littorina
sediments.

Greigite in Littorina Sea deposits has magnetic
properties characteristic of authigenic greigite,
rather than magnetosomal greigite that has been
found in the central Baltic Sea. In the coastal zone
with substantial terrestrial input, the low organic
content and high sedimentation rate during Lit-
torina Sea phase might support authigenic greigite
production due to the ratio between reactive iron
content and organic content favouring authigenic
greigite formation.

Hence, the Kurikka record confirm multiple
formation pathways for greigite growth in Baltic
Sea sediments highlighting the different processes
in Baltic deep basins compared to coastal zone.
The authigenic greigite origin in Kurikka indicates
that the local sedimentation environment strongly
governs greigite formation and its preservation
even within same basin-wide stratigraphic units.

The correlation between high magnetic sus-
ceptibility and greigite occurrence (and perhaps
quantity) allows the detailed magnetic susceptibil-
ity record to be used within the studied units as a
proxy for greigite occurrence and hence, a proxy
for past deoxygenation.

Based on this proxy, deoxygenation has been
common but not continuous during the Littorina
Sea phase. The initiation of deoxygenation coin-
cides with the start of the HTM hypoxic interval
observed across the Baltic Sea, indicating that
the effects of saline water intrusion from Danish
Straits were rapidly spread up to northern coastal
systems. The pattern of oxygen conditions in
Kurikka coastal setting corresponds to the mul-
ticentennial nature of hypoxia variability with
oscillating intensity in the central Baltic Sea.
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