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S1. Sediment sampling intervals

Details on sampling of sediment core KY15 for lithological and environmental magnetic
measurements presented in Table S1 and S2 respectively. Below, detailed explanation on each
method is given. For environmental magnetic methods, a short explanation on each parameter is
given.

Table S1. Methods used in the study and measurement interval.

Property Method Number of
subsamples /
measurements

Interval

Magnetic susceptibility Surface scan 363 / 646 10 cm / 1 cm*

Organic content Loss on ignition 109 50 cm & contacts

Grain size Laser diffraction 60 50 cm / 1 m** & contacts

Macro fossil for dating AMS radiocarbon 3 -

Bulk sediment for dating AMS radiocarbon 4 -

Environmental magnetic
characteristics

See Table S2 23 5–50 cm, selected depths, units
2–4

* 10 cm interval from the whole core and 1cm interval from four depths (6.8–8 m, 15–17 m, 19–21.8 m and
27–28 m)

** 50 cm interval on sections where environmental magnetic characteristics were measured, otherwise 1 m
interval and where grain size variations were observed during logging

.: Environmental magnetic measurements

method equipment and used settings demagnetization / acquisition steps

NRM &
demag.

2G-SQUID magnetometer 0, 2.5, 5, 7.5, 10, 15, 20, 30, 40, 60, 80, 100, +
120, 140, 160 mT

from freeze dried subsamples:

RRM
acquisition

Molspin triple mu-metal shielded AF
demagnetizer, 50 Hz, AF 100 mT, 5
rps

AF 100 mT in +Z-direction, 100 mT in -Z-direction.
Demagnetizing as in NRM. Prior static
demagnetization in +Z-direction.

ARM
acquisition

LDA3 demagnetizer+ AMU-1A 100 mT peak AF and 0.1 mT bias field along +Z-
axis. Demagnetizing as in NRM.

IRM
acquisition,
S-ratio

Pulse magnetizer MMPM 10 3000 mT in +Z-directions and 100 mT along -z
axis. Demagnetizing as in NRM.

Frequency
dependent
susceptibility

SM105, Field 320 A/m, frequency 1: 512 Hz, frequency 2: 8000 Hz

NRM – natural remanent magnetization
RRM – rotational remanent magnetization
ARM – anhysteretic remanent magnetization
IRM – isothermal remanent magnetization



S2. Grain size determination

The grain size distribution was analysed using laser diffraction method. Prior to analysis, the
subsamples were diluted in a small amount of distilled water and treated to dissolve organic matter,
diatoms and carbonates. To remove organic matter, subsamples were heated with 5 ml of 30 % H2O2,
adding more of the peroxide until chemical reaction seized completely and excess peroxide could be
boiled from the subsample with water. To remove diatoms, approx. 80 ml of 10 % NaOH was added
and brought to a boil for 5 minutes. Lastly to remove carbonates, 5 ml of 10 % HCl was added and
brought to a boil for 60 seconds. Beakers were filled with distilled water and left to settle for at least
overnight and decanted when clear. For subsamples from depths 0.8–9.7 m NaOH treatment was not
applied, and for subsamples from depths 10.7–15.7 m NaOH treatment was done last after carbonate
removal. Before the analysis, 0.0134 M sodium pyrophosphate (Na4P2O7) was added as a dispersant
and subsamples were treated with ultrasonic vibration for 60 seconds to avoid flocculation. Grain size
distributions were analysed with a Malvern Mastersizer 2000 Laser Diffractometer with an analytical
range of ~ 0.02–2000 μm and an error of < 2%, (30 s measurement time, 15 s in between of
measurements, pump speed 2100 RPM, stirrer speed 550 RPM) as a 5-measurement-average.
Sediment with d50-value below 2 μm is defined as clay and d50-value between 2–60 μm is defined
as silt. However, due to the underestimation of the clay percentage by laser diffraction method
(Konert and Vandenberghe 1997), 6.3 μm if used to represent the 2μm clay boundary (Ramaswamy
and Rao 2006). When organic content of the sediment exceeds 2%, the sediment is defined as gyttja
clay/silt, as defined by the Geological Survey of Finland (Haavisto-Hyvärinen and Kutvonen 2007).

S3. Water depth, relative shoreline displacement estimation and age-depth model

Past water depth of the study site shown in Figures 2 and 6 was estimated based on the relative
shoreline displacement curve (Figure S1) and tentative age-depth model (Figure S2) for the KY15
sediment core. Shore displacement curve was compiled from dated isolation observation from this
study (radiocarbon date from depth 0.61 m), nearby isolation and landform observations from the
Ancient Shoreline Database (Geological Survey of Finland), Eronen (1974), Glückert et al. (1993)
and Vuorela et al. (2009). Landform observations (n=14) were 2–76 km away from the study site,
and isolation observations (n=6) 64–123 km away. Sites that were near the same isostatic uplift
isobase as Kurikka were preferred, and elevation was corrected for sites away from the isobase to
correspond the uplift in Kurikka using figure 17 in Glückert et al. (1993). The tentative age-depth
model was constructed using the Bacon software (Blaauw and Christen 2011) (Figure S2).
Uncalibrated accepted radiocarbon dates and the estimated deglaciation time was used as inputs.
Bacon calibrated the dates using IntCal 20-curve and basic programme settings were used.



Figure S1. Relative shoreline distribution curve for Kurikka, Southern Ostrobothnia. Depth of sediment during
deposition (brown) estimated based on the tentative age-depth model. Estimated water depth at the study site
shown in blue. Deglaciation (ice depicted as light turquoise) time (10.6 ka) according to Stroeven et al. (2016).

Figure S2. Tentative age-depth model for KY15 constructed in the Bacon software. Estimated deglaciation
time for Kurikka was used as the basal age for the model. Other age points are based on radiocarbon dating
(see results ch. 4.1. and Table 1).



S4. Environmental magnetic methods

The environmental magnetic methods aim to measure concentration of magnetic minerals, identify
these minerals and determine their grain size. Magnetic susceptibility (κ), natural remanent
magnetization (NRM), anhysteretic remanent magnetization (ARM), and saturation isothermal
remanent magnetization (SIRM) are concentration dependent parameters. Most of these parameters
primarily reflect changes in ferrimagnetic mineral concentrations because ferrimagnetic materials
(such as greigite, (Ti-)magnetite and maghemite) have the highest intrinsic magnetization of all
known natural materials (Hunt et al. 1995). Magnetic susceptibility reflects the combined magnetic
response of all ferromagnetic, paramagnetic, and diamagnetic materials, whereas SIRM is affected
by only ferromagnetic minerals. This includes contributions from both low-coercivity (‘soft’,
ferrimagnetic) magnetic grains that are easier to magnetize and demagnetize and high-coercivity
minerals (‘hard’, antiferromagnetic) that require stronger magnetic fields to become magnetized.
ARM captures only the contribution of low-coercivity minerals grains in the sample, such as greigite
and magnetite. To estimate the relative amount of high- and low-coercivity remanence in a sample,
S-ratio (IRM-0.1T/IRM3T) is calculated (Stober and Thompson 1979, Reinholdsson et al. 2013). S-
ratio is close to -1 when ferrimagnetic low coercivity minerals such as magnetite and greigite
dominate.

Both mineralogy and grain size affect magnetic coercivity. Coercivity can be expressed with the
median destructive field of demagnetization curves (MDFNRM), i.e. the field that is needed to halve
the natural remanent magnetization in a sample (e.g. Maher 2011, Liu et al. 2012) For the relatively
low-coercivity mineral magnetite, the MDFNRM is, depending on grain size, ~15–30 mT (Dankers
1981, Dunlop 1986), the coercivity of greigite being slightly higher (Roberts 1995). However, due to
grain size variations, their signals can also overlap. Usually, higher MDF values suggest smaller
average grain sizes (Maher 2011).  In addition to MDF, SD greigite is known for the acquisition of a
significant rotational remanent magnetization (RRM) (Snowball 1997). Stephenson (1980) explained
it in terms of a gyroremanent effect associated with a flip of magnetic moments during AF
demagnetization. The magnitude of RRM is diagnostically considerably higher for greigite compared
to magnetite (Snowball 1997). RRM is imparted on samples after static demagnetizing by
simultaneously rotating and demagnetizing the sample, and after this measuring the produced
magnetization. The RRM is expressed in relation to the rotation vector (see Figure S3), where parallel
magnetization produces a positive RRM (Stephenson and Snowball 2001) and with antiparallel
magnetization, the sign of RRM is negative. This is done in both sample +z and -z -directions, and
the average of the measurements is calculated.



Figure S3. A: Subsampling method and subsample coordinates in relation to core and sediment structure.
Sediment core is unoriented. B: RRM is expressed in relation to the rotation vector, where the right-hand rule
is applied. C: When acquired magnetization is parallel to the rotation vector, the RRM sign is positive, and
when the acquired magnetization is antiparallel to the rotation vector, the RRM sign is negative. Arrow colours:
Black: Subsample coordinate; Blue: Up core direction; Red: rotation vector direction; Green: Acquired
magnetization direction.

Because the magnitude of RRM is proportional to the abundance of the magnetic minerals in the
sample, RRM can be normalized by the biasing (direct) field imposed during ARM acquisition (Potter
and Stephenson 1986). The resulting effective gyro field (Bg = b x (RRM/ARM); b = biasing field,
100 uT) can be used alongside RRM to distinguish the carriers of RRM. Of all other magnetic
minerals, greigite has the highest known effective gyrofield (several hundred T for a peak AF of 80
mT; Snowball (1997)), making Bg a good indicator of greigite.

Thermomagnetic analyses can also be used to investigate magnetic mineralogy of powdered samples.
Magnetic minerals become paramagnetic and lose magnetic susceptibility when heated to specific
temperatures (Curie or Néel temperatures). The Curie temperatures for stoichiometric magnetite and
monoclinic pyrrhotite are 580C and 325C, respectively (Dekkers 1989, Dunlop and Özdemir 1997).
The Néel temperature for stoichiometric hematite is 675C (Dunlop and Özdemir 1997). Although
the Curie temperature for greigite is not known (e.g., Roberts 1995, Dekkers et al. 2000, Roberts et
al. 2011), greigite exhibits some diagnostic behaviour when heated (Dekkers et al. 2000, Muxworthy
et al. 2023). Magnetic susceptibility of greigite drops between ~250°C and ~400°C during heating
(e.g., Snowball and Thompson 1988, Roberts 1995, Dekkers et al. 2000, Roberts et al. 2011), due to
its transformation into sulphur, pyrite, marcasite, and pyrrhotite (Skinner et al. 1964, Krs et al. 1992,
Dekkers et al. 2000). Depending on the amount of oxygen present when heated, either hematite
(abundant air), magnetite (restricted air) or pyrrhotite and magnetite (air excluded) is produced in
samples containing greigite (Dekkers et al. 2000). In addition, some magnetic minerals display
crystallographic changes in cryogenic temperatures that aid in their identification, such as
stoichiometric magnetite, which shows the Verwey transition at around 120 K (Verwey 1939).

The magnetic properties of magnetic minerals are dependent on grain size. Very small magnetic
particles behave superparamagnetically (SP), mid-sized grains have a single magnetic domain (SD),
and big grains feature multiple domains (MD). SD-grains are magnetically stable and have the highest
coercive force, while MD-grains are usually magnetically softer. The absolute grain sizes for these
classes depend on the mineral. For greigite, threshold for SP behaviour is estimated as 0.03–0.05 m,
SD behaviour has been observed with natural grains spreading 0.03–0.115 m and grains above 0.5–
0.7 m should start showing MD behaviour (Roberts et al. 2011). Magnetosomal (produced by
magnetotactic bacteria) SD grains have usually a narrower size distribution than authigenic minerals,



this type of greigite is on average ~0.07 m. Presence of SP ferrimagnetic grains can be detected by
measuring magnetic susceptibility with two different frequencies (i.e., frequency dependent
susceptibility, χfd = 100χlf–χhx/χlx), where larger χfd values suggest a larger amount of SP grains.
According to Dearing (1999), 2–10% χfd in natural environmental samples indicate a mixture of SP
grains, and the theoretical maximum credible χfd percentage is 14 %. In addition to this, ARM can be
used to distinguish relative ferrimagnetic SD and MD contributions. High ARM correlates strongly
with SD-grains (Potter and Stephenson 1986, Maher 1988), whereas MD and SP-grains do not acquire
ARM. Since ARM is proportional to the field used to generate it, ARM is normalized with this field
to produce comparable values across laboratories (Evans and Heller 2003). The produced value is
called as the susceptibility of ARM (χARM = ARM/Hdc, Hdc = 79.58 A/m with 100 mT bias field). Due
to SIRM being fairly insensitive to different sizes (Evans and Heller 2003) and χARM being strongly
size dependent, the relative abundance of SD magnetite grains can be estimated by the ratio of
χARM/SIRM (King et al. 1982, Maher 2011), with higher values indicating higher SD fraction. Totally
concentration independent parameter χARM/χ ratio is used to study relative contributions of SP and
SD grains to the bulk signal (e.g., Banerjee et al. 1981, Evans and Heller 2003). The χARM is strongly
size dependent whereas low field magnetic susceptibility χ shows same value over a very wide range
of grain sizes. Very small SP and large multi-domain (MD) grains carry higher magnetic
susceptibility, but lower ARM than SD grains. Especially, SP grains are supposed not to carry
remanence (Maher 1988). Therefore, for SD grains the value of this ratio is high and for MD and SP
grain the value is lower (e.g., King et al. 1982).

S5. Imaging and elemental analysis

Carbon-coated, magnetically extracted grains from subsample 15.75 were imaged using a JEOL
JXA-iSP100 electron microprobe at 15 kV, operated in backscattered electron compositional mode
(BED-C) at HelLabs, University of Helsinki. Energy dispersive spectroscopy (EDS) with a silicon
drift detector (SDD) was used to analyze the grains, and Fe/S ratios were calculated to determine
mineralogy. Both greigite and pyrite aggregates/framboids were identified, with greigite composed
of smaller grains than pyrite (Fig. S4). The grain size of greigite was below the detection limit of
the instrument. The Fe/S ratios of 0.69–0.75 correspond to that of greigite (0.75), and while the
ratios of 0.37–0.4 are lower than of pure pyrite (0.5), these ratios are interpreted to indicate pyrite
grains. The offset between measured and expected ratios might derive from partial oxidation and
interference with surrounding material, as the small size of the grains makes it probable that the
measurement has focused on both the mineral grain and the surrounding matrix (Roberts et al. 2011,
Chen et al. 2021, Ucar et al. 2024).



Figure S4. Images and elemental analysis of individual Fe-S grains and grain aggregates from the subsample 15.75. 
Fe/S ratios close to 0.4 are interpreted as pyrite, while ratios around 0.7 indicate greigite. The size of individual grains in 
greigite aggregates is below detection limit of the instrument. 
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