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1. Introduction

Numerous geological archives reveal periods of
abrupt climate change even in the relatively stable
Holocene epoch, i.e. during the last 11 700 years
(e.g. Mayewski et al., 2004; Wanner et al., 2008;
Wanner et al., 2011). One such period occurred
around 2800 years ago. It is characterised by several
changes, which include: (i) a distinct increase of the
atmospheric “C concentration (Reimer et al.,
2013), which has been interpreted to be a result of
decreased solar activity (e.g. van Geel et al., 1998),
(ii) palacoclimatic records indicating a change
towards wetter, cooler and windier climate in
Europe (e.g. van Geel et al., 1996; Speranza et al.,
2002; Martin-Puertas et al., 2012) possibly also
visible in globally distributed records (e.g. van Geel
et al., 2000; Chambers et al., 2007; Van der Putten
et al., 2008) and (iii) prominent variations in the
geomagnetic field recorded around 3000-2000 cal
BP (e.g. Snowball et al., 2007; Knudsen et al.,
2008). The timing of the climate shift has been
discussed and several palaeoclimatic records indicate
that it occurred simultaneously with the increased
atmospheric "“C concentration, therefore suggesting
a climate change induced by decreased solar activity
(e.g. van Geel et al., 1998; Speranza et al., 2002). A
delay between the increased “C and a climate
change has been observed in some studies and
attributed to an influence of the ocean, suggested to
be responsible for complex climate patterns
(Plunkett, 2006; Swindles et al., 2007; Plunkett
2008).
chronologies are crucial in order to improve our

and Swindles, Accurate and  precise
understanding of the causes and mechanisms
behind the observed changes. For example, well-
dated geological archives are the pre-requisite to
constrain the timing of climate changes relative to
solar activity variations and to investigate their
spatial development. Insufficient chronological
control restricts comparisons between different
palacoclimatic records and the relation to external
forcing factors, and feedback mechanisms can only
be reliably investigated with well-constrained
chronologies. ~ Furthermore,  highly-resolved
palacomagnetic records are needed to evaluate the
geomagnetic fleld influence on the increased

atmospheric “C concentration at around 2800

years ago and to address the hypothesised
geomagnetic  fleld-climate  connection  (e.g.
Dergachev et al., 2004; Gallet et al., 2005;
Courtillot et al., 2007).

Annually laminated (varved) lake sediments can
provide valuable information on both palaeoclimatic
conditions (e.g. Ojala and Alenius, 2005; Brauer et
al., 2008; Snowball et al., 2010) and palacomagnetic
changes (e.g. Saarinen, 1998; Snowball et al., 2007;
Haltia-Hovi et al., 2010; Stanton et al., 2010). In
addition, the preserved seasonal deposition signal in
the sediments allows for the construction of high-
resolution  chronologies. However, there are
uncertainties associated with varve chronologies in
form of e.g. possible missing varves (Ojala et al.,
2012) and the chronologies should therefore,
ideally, be validated with independent techniques,
such as radiocarbon (*C) dating (e.g. Stanton et al.,
2010). Radiocarbon dating also has its limitations
e.g. due to requirements for the availability of
suitable materials and the need for calibration of
“C ages. Terrestrial plant macrofossils are the
preferred material for “C dating since they are
supposed to reflect the atmospheric "*C signal at the
time of sediment deposition (e.g. Torngvist, 1992).
However, macrofossils might be scarcely distributed,
or absent, in the sediments and the age
determination instead might have to rely on "C
dating of bulk sediment samples. Yet, bulk
sediments can be contaminated by old carbon
derived from e.g. soil and vegetation from the
catchment area, and these sources contribute to a
1C reservoir effect that causes relatively old ages
compared to the time of deposition (e.g. Olsson,
1986; MacDonald et al., 1991; Bjorck and
Wobhlfarth, 2001). One way to overcome these
problems is to apply the “C wiggle-match dating
technique (Pearson, 1986; van Geel and Mook,
1989). With this technique, a series of closely
spaced samples are “C dated to match the variations
in the "“C calibration curve (Reimer et al., 2013).
The "C wiggle-match dating technique has
previously been applied successfully to improve
chronologies of e.g. lake sediment records (Hormes
et al., 2009; Snowball et al., 2010; Blaauw et al.,
2011) and cores from peat deposits (Kilian et al.,
1995; Kilian et al., 2000; Speranza et al., 2000;
Mauquoy et al., 2002; Blaauw et al., 2003;



Investigations of temporal changes in climate and the geomagnetic field via high-resolution radiocarbon dating

Chambers et al., 2007; Mauquoy et al., 2008). This
adaptation of the '*C dating method can be used to
recognise and estimate the "“C reservoir effect in
lake sediments (e.g. Snowball et al., 2010).

Even with very good time-scales, there are often
still uncertainties associated with the definition of
climatic and palacomagnetic changes. For example,
with a gradual change in climate proxy data there
can be some ambiguity for the definition of the
start of a reconstructed change or proxy records
might react delayed to climate forcing.
Palacomagnetic records based on sediments can
include the effects of a post-depositional remanent
magnetisation (PDRM) lock-in process (e.g. Irving
and Major, 1964; Verosub, 1977; Roberts et al.,
2013). This process implies that the primary
geomagnetic signal is locked into the sediments
over a depth range, which causes the recorded signal
to be delayed with respect to deposition and
smoothed. These effects need to be taken into
account when interpreting palacoclimatic and

palacomagnetic records.
1.1 Project aims

The main aim of this thesis is to improve our
knowledge about the temporal development of
climate and geomagnetic field variations and
possible linkages to external forcing using the *C
wiggle-match dating technique. The focus was on
the period around 3000-2000 cal BP since it is
characterised by prominent changes in the
atmospheric C  concentration, and therefore,
provides an opportunity to investigate the possible
connections between solar, climate and geomagnetic
field changes. More specifically, the aims were to:

*  Evaluate the accuracy of chronologies inferred
with the "C wiggle-match dating technique of
bulk sediment samples from ca. 3000 to 2000
cal BP.

*  Constructa well-constrained chronology for the
varved lake sediments from Lake Gyltigesjon in
south-west Sweden around 2800 cal BP that
can be used for geomagnetic field

reconstructions and for future palaeoclimatic

investigations.

e Test and improve the varve chronology of Lake
Kilksjon (Stanton et al., 2010) in west-central
Sweden for the period between ca. 3000 and
2000 cal BP.

* Determine the timing of geomagnetic field
changes recorded in the sediments from
Gyltigesjon and Kilksjon and to investigate the
presence and effects of a post-depositional
remanent magnetisation lock-in process.

e Test the hypothesis of a solar-induced climate
change in southern Sweden around 2800 cal
BP and to investigate relationships between the
temporal and spatial development of the
reconstructed climate changes, and potential
external forcing factors.

2. Background
2.1 Cosmogenic radionuclides

Cosmogenic radionuclides are produced by
reactions of galactic cosmic ray (GCR) particles
with atoms in the atmosphere. The GCRs consist of
approximately 87 % protons, 12% alpha particles
and 1% heavier nuclei (Masarik and Beer, 1999).
The production rates of cosmogenic radionuclides
(such as "“C and '“Be) vary with the influx of GCRs,
which is dependent on the solar magnetic field
shielding and the strength of the geomagnetic field.
Low solar activity and/or low geomagnetic field
intensity leads to an increased GCR influx and
higher radionuclide production rates, and vice versa
for high solar and geomagnetic shielding (e.g.
Masarik and Beer, 1999). Variations in solar activity
are, therefore, reflected in the radionuclide
production rates; hence, cosmogenic radionuclide
records can be used to reconstruct solar activity if
one corrects for the influence of the geomagnetic
field. The geomagnetic field is considered to
dominate the radionuclide production rates on
relatively long time-scales (more than 3000 years)
and changes in solar activity are assumed to be
responsible for changes on shorter time-scales (less
than 1000 years) (e.g. Beer, 2000). However, short-
term variations in the geomagnetic field intensity

cannot be disregarded as an explanation for variable
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radionuclide production rates (Snowball and
Sandgren, 2002; St-Onge et al., 2003; Snowball
and Muscheler, 2007).

palacomagnetic records can be used to disentangle

Highly-resolved

the influence of solar activity and geomagnetic field
on the radionuclide production rates.

The atmospheric “C concentration varies both
with changes in production rate and with changes
in the global carbon cycle (e.g. Siegenthaler et al.,
1980). Nevertheless, changes in 'C production
rates and in the carbon cycle can be disentangled by
combining information from '“C and ""Be records,
because of their common production signal but
different depositional processes (e.g. Muscheler et
al., 2000; Muscheler et al., 2004).

2.1.1 Radiocarbon dating

The method of "C dating was developed in the
1940s by W.E Libby and co-workers (e.g. Libby et
al., 1949). C is produced in the upper atmosphere
in a reaction between secondary cosmic ray

neutrons and nitrogen atoms:
R+ MN o UCHp

The two stable isotopes '*C and "C represent
about 98.9% and 1.1%, respectively, of all carbon
on Farth, and only 1.1810"% of the carbon
isotopes are in the form of the radioactive "C
(Olsson, 1968). The produced "“C oxidises to “CO,
and is incorporated into the global carbon cycle. All
living plants absorb '“C and it is passed through the
food web. As long as organisms are alive the uptake
of "C is replenished through photosynthesis or
dietary uptake. After death, the '“C uptake stops
while the “C continues to decay to nitrogen
through beta decay. The half-life of the radioactive
isotope “C was estimated to 5568+30 years (Libby
half-life, Libby et al., 1949), but re-estimated later
on to 5730440 years (Cambridge half-life, Godwin,
1962). The Libby half-life is still used to calculate
14C ages. The radioactive decay of C constitutes
the foundation of radiocarbon dating. By counting
the beta decay with the conventional technique, or
measuring the isotopic ratios with accelerator mass

spectrometry (AMS) an age of an organic substance
can be obtained. AMS detects low “C/'*C ratios

(commonly 10" to 10') and is nowadays widely
used for "“C measurements (e.g. Hellborg and Skog,
2008). In order to calculate a “C age, the measured
samples are related to a standard of known activity
and corrected for isotopic mass fractionation, which
occurs, for example, when metabolic processes
incorporate  the carbon

preferentially lighter

isotopes (for methods see e.g. Stuiver and Polach,
1977; Mook and van der Plicht, 1999; van der
Plicht and Hogg, 20006). The rate of radioactive
decay of "C limits the use of this method back to
about 50 000 years ago.

The measured “C age is not the same as a
calendar age due to variations in the atmospheric
"C concentration and a "“C calibration curve is
used to obtain calibrated ages (cal BP) (Reimer et
al., 2013). For "C ages and calibrated ages, ‘before
present’ (‘BP’) refers to before the year AD 1950.
The "“C calibration curve is based on "C
determinations of tree-rings with known ages and
covers the last ca. 12 550 years. Beyond this age the
curve is extended by floating tree-ring chronologies
and "C dating of corals, foraminifera, speleothems,
and plant macrofossils and extends to 50 000 cal
BP (Reimer et al., 2013).

The "C calibration curve reveals increases and
decreases of the atmospheric “C concentration
(A™C). A™C (%o) is expressed as the “C/"C ratio
in relation to a standard corrected for fractionation
and decay (Stuiver and Polach, 1977). A decrease in
the '“C age versus calendar age implies an increase
of the "C content in the atmosphere. For some
sections of the calibration curve, the "C ages are
relatively constant and show plateaus, which reflect
decreasing '“C in the atmosphere. If a '“C age of a
sample lies on a so-called *C age plateau, it leads to
a wide range of possible calendar ages. For periods
with pronounced drops of the "C age versus
calendar age, a more precise calendar age
determination can be made. The wiggles in the '“C
calibration curve can be utilised to achieve accurate
age estimates with the C wiggle-match dating
technique (Pearson, 1986; van Geel and Mook,
1989). The wiggle-matching technique can be
performed by using different approaches (e.g.
Blaauw et al., 2003; Snowball et al.,, 2010).
Commonly, Bayesian methods are used that are
incorporated in freely available “C calibration
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software packages, e.g. OxCal (Bronk Ramsey,
2009), Bpeat (Blaauw and Christen, 2005) and
Bacon (Blaauw and Christen, 2011).

The period around 3000-2000 cal BP shows
pronounced variations in the atmospheric *C
concentration (Reimer et al.,, 2013) (Figure 1).
Thus, the "C calibration curve of this period
provides a suitable structure for the wiggle-
increases of

matching approach. Two rapid

atmospheric '“C concentration are recorded for this
period, at 2795-2675 and 2365-2290 cal BE, both
associated with a A™C change of approximately
20%o, separated by a 310-years long '"C age
plateau.

[
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Figure 1. IntCall3 "C calibration curve (blue) and the
atmospheric A" C (green) for the period 3000-2000 cal BP
both shown with 1o error (Reimer et al., 2013).

2.2 Palaeomagnetism

Palacomagnetism is a geophysical method used to
reconstruct past changes in the geomagnetic field
direction and intensity, based on the natural
remanent magnetisations (NRMs) acquired by
sediments, igneous rocks and archaeological
artefacts, ideally at the time of their formation.
Palacomagnetic data are used for e.g. relative dating
of suitable geological records and for reconstructions
of tectonic plate movements (outlined by Butler,

1992). With regards to the latter part of the

Quaternary period, increased attention has also

4

been given to obtain reliable estimates of changes in
geomagnetic field strength (e.g. St-Onge et al,,
2003; Snowball et al., 2007; Snowball and
Muscheler, 2007; Knudsen et al., 2008), and such
reconstructions can be used to evaluate the
geomagnetic field influence on  cosmogenic
radionuclide production rate. The geomagnetic
field is generated by fluid convections in the Earth’s
outer core and can be explained by a dynamo
mechanism (Butler, 1992). The geomagnetic field
can be described by a dipole field, which simplified
can be viewed as a magnet with two poles; one in
the north and the other in the south. In addition to
the dominant dipole field, there is a dynamic non-
dipole field suggested to derive from currents
between the core and mantle, which varies on
shorter periodicities than the dipole field (<3000
years) (Butler, 1992). Both dipole and non-dipole
changes are incorporated in the concept of
palacomagnetic secular variations (PSV). Ideally,
the PSV records are composed of absolute intensity,
declination and inclination data. The intensity
refers to the strength of the geomagnetic field.
Because of non-dipole contributions and magnetic
pole movements, the angle between the magnetic
north and geographic north varies and this angle is
referred to as the declination. Inclination is the
angle between the vertical component of the
geomagnetic field and a plane tangent to the Earth’s
surface. Inclination is steepest at the magnetic poles
(£90°) and shallowest at the magnetic equator (0°).

2.2.1 Post-depositional remanent magnetisation

Magnetic particles align to the geomagnetic field in
the water column and in the simplest case the initial
alignment is preserved in the sediments as a
depositional remanent magnetisation (DRM).
Studies carried out several decades ago showed the
possibility that magnetic particles may re-align to
the geomagnetic field after deposition and acquire a
post-depositional remanent magnetisation (PDRM)
(e.g. Irving and Major, 1964; Kent, 1973; Hamano,
1980). The PDRM is eventually locked into the
sediments after compaction and dewatering of the
sediments (e.g. Lovlie, 1976; Verosub, 1977) and
this process could depend on the physical and
chemical properties of the sediments. This ‘lock-in
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depth’ causes a delay between the age of the
sediment and geomagnetic signal and smoothing of
the primary geomagnetic field signal (e.g. Lund and
Keigwin, 1994; Roberts and Winklhofer, 2004).
The occurrence of a PDRM acquisition and the
lock-in depth has been extensively discussed (e.g.
deMenocal et al,, 1990; Sagnotti et al., 2005;
Suganuma et al.,, 2010 Suganuma et al., 2011),
mainly in a context of marine sediments that have a
mixed (bioturbated) surface layer. The depth of the
bioturbated layer has been suggested as an
important factor determining the lock-in depth
(e.g. Liu et al., 2008). The existence of a significant
lock-in depth/delay in marine sediments has,
however, been questioned mainly based on the
effect of particle flocculation inhibiting re-
alignment after deposition and potential time-scale
uncertainties (Tauxe et al., 2006). The lock-in
process in lake sediments and its implication for
palacomagnetic reconstructions have previously
also been discussed (e.g. Snowball and Sandgren,
2004; Haltia-Hovi et al., 2010). Due to difficulties
to recover unconsolidated surface sediments intact
for palacomagnetic analyses the determination of
lock-in depth/delay in lake sediments has been
problematic.

Estimates of the PDRM lock-in depth/delay in
marine sediments have been made by e.g.
comparing depth offsets between stratigraphic
markers with known ages, such as the last
geomagnetic reversal (Matuyama-Brunhes
boundary, ca. 780 000 years ago) and oxygen
isotope ages (e.g. deMenocal et al., 1990). The lock-
in process in lake sediments has been estimated by
e.g. comparing palacomagnetic data from lake
sediments with archacomagnetic data, for which a
lock-in process can be excluded (Stockhausen,

1998).
3. Study areas

The location of the three studies sites are shown in
Figure 2. Gyltigesjon and the peat bog of
Undarsmosse are both located in the province of
Halland in south-west Sweden. Kilksjon is located
in the province of Virmland in west-central
Sweden.

Undarsmossé/ ﬁ

Gyltigdkjon

Figure 2. Location map showing the three study sites.

3.1 Gyltigesjon

Gyltigesjon (56°45'33"N, 13°10'37"E, 66 m asl)
has an area of 0.4 km? and is connected to three
other lakes  (Tdddesjon,
Brearedssjon) by the Fylledn River in the valley of

Simlingen  and

Simlangsdalen. Gyltigesjon is the first lake in this
chain. The inlet is situated in the northern part of
the lake and the outlet is to the south. In addition,
eight smaller streams enter the lake. The lake has
two deeper basins separated by a sill. One basin is
located in the northern part of the lake and the
other in the southern part with depths of about
12.3 and 18.5 m, respectively. The lake sediments
are varved, but in contrast to other varved lakes
located further north and northeast in Sweden (e.g.
Snowball et al., 1999; Zillén et al., 2003), the
sediments show mainly a biogenic composition
with two dominant laminae per year (Paper II).
Water temperature and oxygen levels were measured
in the deepest part of the lake in March 2013. Low
levels of oxygen (<2 ml O,/1) and a temperature
about 4°C was found below a water depth of 17 m
(Paper 1II). The stratified water and the lack of
oxygen in the bottom waters favour the preservation
of varved sediments.

The catchment area covers a total of 182 km?
and consists mostly of forest (61%), but wetlands
(25%), open land (8%) and open water (6%) are
also present (Guhrén et al., 2003). The main
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bedrock types in the catchment are augen granite
and gneiss (Karlqvist et al., 1985). The Quaternary
deposits nearby the lake and around the main river
inlet are primarily of glaciofluvial origin (Daniel,
2006). The average turnover time for the water is
about 11 days (Guhrén et al., 2003). Daily
discharge data are available from a hydrological
station at Simlangen (SMHI, 2014). Monthly data
between AD 1952-2013 show largest discharges (8
m?/s) between November and January and the
lowest are found for June and July (3 m?/s).

3.2 Kalksjon

Kilksjon (60°09'13"N, 13°03'23"E, 98 m asl) has
an area of 0.3 km” and a maximum water depth of
14.2 m. The lake has three inlets in its eastern part
and one to the north. The outlet is in the western
part of the lake. The catchment area covers 4 km?
and consists mostly of managed boreal forest
(spruce, pine and birch), and arable land is present
in the area nearby the lake (Zillén et al., 2003). The
Kilksjon chronology extends back to ca. 9200 cal
BP (Stanton et al., 2010) when the lake became
isolated from the ancient Lake Vinern (Bjorck,
1995). Since the lake is located below the highest
coastline, clays and silts, but also glaciofluvial
deposits like sand and gravel are common in the
catchment area (Zillén et al., 2003) and the bedrock
is mainly gneissic (SGU, 2014).

The lake was investigated as a part of a search for
lakes with varved sediments by Zillén et al. (2003).
The varved sediments of the lake have a clastic-
biogenic composition, commonly found in Swedish
and Finnish freshwater lakes (e.g. Renberg, 1982;
Saarnisto, 1986; Petterson, 1996; Ojala et al.,
2000), with three to four laminae per year that
deposit in different seasons (Zillén et al., 2003;
Stanton et al., 2010). A water temperature profile
and oxygen levels were measured in March 2003
(Zillén, 2003; Stanton, 2011). The temperature
approximated 4°C in the bottom parts of the water
column and a lack of oxygen was found below a
water depth of 13 m. These conditions are assumed
to be present during most of the year, thus,
contributing to the preservation of varves (Zillén,
2003). Two short seasonal turnovers may, however,
occur (Zillén, 2003). No discharge data are available

for Kilksjon. However, monthly data from two
nearby stations (located within approximately 25
km) show that the largest discharge occurs between
April and May, with a smaller discharge peak in
November (SMHI, 2014).

3.3 Undarsmosse

The Undarsmosse peat bog (56°47'46"N,
12°39'22"E, 20 m asl) is situated on the coastal
plain of Halland, about 2.5 km east to the present
day coastline. Isolation of the Undarsmosse basin
from a marine bay into a lake has been estimated to
ca. 10 250 "C BP (Berglund, 1995). Today,
Undarsmosse is an ombrotrophic bog with an area
of about 1.2 km? and the vegetation is dominated
by species of Ericaceae and Sphagnum (de Jong,
2007). The peat bog is surrounded by low bedrock
hills to the east and west, and flat areas are present
to the north and to the south. Clay deposits are
common in the vicinity of the bog (Passe, 1988).
Sandy sediments are found mainly to the west in
the northern part of the basin and tills are common
both to the east and west of the bog (Passe, 1988).

4. Materials and methods

4.1 Fieldwork

Sediment cores were recovered from Gyltigesjon
when the lake was ice-covered between January and
March 2010, and in February 2011. Coring took
place at the deepest part of the lake located using a
plumb-line and a hand-held echo-sounder. The top
sediments (about 0.8 m) were recovered using a
freeze-coring technique (Renberg and Hansson,
1993). Three sediment sequences (GP1-2 and GP4)
were recovered with a rod-operated piston corer
(Snowball and Sandgren, 2002) in 5 m long PVC
tubes and one sequence (GDO0a) in a 3 m long PVC
tube. These cores cover depths between about 18.7
and 27.0 m below the lake surface at a depth of
18.5 m. Furthermore, a cable-operated Uwitec
(‘Niederreiter’) percussion piston corer was used to
recover sediment sequences in 3 m long PVC tubes
(GD1-4) that extend between about 19.5 and 31.5
m depth. A deeper penetration into the sediments
was not possible with the available equipment. All
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sediment sequences were cut into about 1.0-1.5 m
long sections and stored in a cold room at a
temperature of about 4°C. Additional cores with a
length of 1.5 m each (GPRI-3) were recovered
between about 19.5 and 26.0 m depth using a
modified rod-operated Russian corer (Jowsey,
1966).

Fieldwork at Kilksjon was previously conducted
from the deepest part of the lake when it was ice-
covered in March 2002 and 2003 (Stanton et al.,
2010), and in February 2008. A rod-operated
piston corer was used to recover four overlapping
sediment sequences (KP1-4) in 5 m long PVC
tubes (Stanton et al., 2010; Stanton et al., 2011).
Four sediment sequences (K6-9) were further
recovered by a 1.5 m long modified rod-operated
Russian corer and used to construct the chronology
(Snowball et al., 2010; Stanton et al., 2010). Two 5
m long parallel sediment sequences (KP5-6) were
also recovered with a modified rod-operated piston
corer. All sequences cover the depths of about
14.25-21.0 m below the ice-covered lake surface
(14.2 m deep). The sediment cores recovered by the
piston corer were cut into sections of about 1.5 m.

Fieldwork at Undarsmosse took place in 2003 as
a part of the PhD study by de Jong (2007). Two
parallel and overlapping cores extending to a depth
of about 3.4 m were retrieved from the north-
central part of the bog with a Russian corer and
described in field before storage in a freezer. Prior to
this study the cores were sub-sampled (1 or 2 cm
segments) and stored in plastic boxes at a
temperature of 4°C.

4.2 Core correlation and composite depth
scale

Visual stratigraphy (distinct varves) and magnetic
susceptibility were used to correlate the sediments
cores from Gyltigesjon and to construct a composite
depth scale (Paper II). Distinct features, observed in
both lithology and magnetic susceptibility, were
used as tie points. The depth scales of the cores GP2
and GP4 were adjusted to the depths between tie
points in the core GPl by applying linear
interpolation. The freeze core retrieved from the
uppermost part of the sediment column was linked
to the core GDOa by identifying distinct varves

present in both cores. Surface susceptibility
scanning was performed for all cores at 0.4 cm
resolution using a Bartington Instruments Ltd
MS2E1 sensor coupled to a TAMISCAN-TS1
conveyor. However, these measurements were only
used to correlate the deeper core sections of GD3
and GD4. For the other cores (GD0a, GP1, GP2
and GP4), volume specific magnetic susceptibility
(x) was measured (see section 4.5).

A detailed description of correlations between
the Kilksjon cores is provided by Stanton et al.
(2010; 2011). The two additional cores, KP5 and
KP6, were correlated to the chronology cores and
assigned varve ages by using distinct marker varves
and magnetic susceptibility correlations.

4.3 Sediment characterisation

The Gyltigesjon sediment sequence was divided
into nine different units based on the stratigraphy
and magnetic susceptibility profiles. The organic
and carbonate contents of the sediments were
estimated by measuring loss-on-ignition. A total of
59 sediment samples (1 cm? each) were analysed at
about 20 cm increments. The samples were first
dried at 105°C overnight before ignited at 550°C
and 950°C for four and two hours, respectively
(Heiri et al., 2001).

Laminations in the upper 60-70 cm of the
Gyltigesjon sediments were previously noted and
described as varves by Guhrén et al. (2003). Liming
has been conducted annually since AD 1982
(Guhrén et al., 2003) and the start of this activity is
marked as a distinct layer in the freeze core. Thus,
an annual sediment deposition above this layer
could be confirmed. A visual inspection of the
sediment cores revealed that the laminated structure
extends to a depth of about 9 m (ca. 8000 cal BP)
(Paper II). Detailed analyses of the lamination
structure were conducted on a total of 19 thin-
sections of sediment blocks (cores GPR1 and
GPR2), which covered the time period between
3000-2000 cal BP. The sediment blocks covered 10
cm each with overlapping sections of 2 ¢cm. The
sediment blocks were frozen with liquid nitrogen
(Brauer et al., 1999) and freeze-dried for 48 hours
before impregnated with Araldite resin and polished
(thickness of about 20-25 pm). The analyses further
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confirmed the presence of varves in the lake
sediments (Paper II). A detailed description of the
characterisation of the Kilksjon sediments can be
found in Zillén (2003), Snowball et al. (2010) and
Stanton et al. (2010).

4.4 Chronology

An effort was undertaken to obtain an as accurate
and precise time-scale as possible of the three
records of Gyltigesjon, Kilksjon and Undarsmosse.
This was achieved with the '“C wiggle-match dating
technique whereby the variations in the atmospheric
"C concentration are identified in the sediment/
peat samples. This makes it possible to connect the
time-scales to the absolutely dated tree-ring
chronology that underlies the Holocene part of the
4C calibration curve (Reimer et al., 2013).

4.4.1 Gyltigesjon

Several steps were performed in order to construct a
1“C wiggle-matched chronology of the Gyltigesjon
sediments around 3000-2000 cal BP (Paper I),
which involved: (i) varve counting and sub-
sampling, (ii) pre-treatment, graphitisation and
AMS "C dating, and (iii) age modelling. In the
following the different steps are described.

Varve counting was performed on the fresh
sediments from the cores GP1 and GP2 (composite
depths from 448 to 527 cm below the sediment
surface).  The
independently by two
stereomicroscope. The sediments were divided into

counting ~ was  performed

investigators using a
sections of 50 years and uncertain varves were
counted as 0.5 years with an error of +0.5 years,
identical to the method used for the Greenland ice-
core chronologies (e.g. Rasmussen et al., 2006). A
total of 873 varves were counted with an error
estimate of +34 varves. A series of 15 closely spaced
(every 50 year) bulk sediment samples, along with
three plant macrofossils found in the core GP4,
were '“C dated. The sampling depths of the
macrofossils were identified in the varve counting
cores (GP1 and GP2) by marker varves.

All bulk sediment samples were pre-treated with
2% HCl to remove carbonates. The plant
macrofossils were small and fragile, thus, only

allowing for a weak chemical pre-treatment. A less
aggressive version of the standard acid-base-acid
(ABA) method with 0.25% NaOH and 1% HCI
was used to remove possible contaminants. All
samples were graphitised using a semi-automated
graphitisation line (Unkel, 2006) before “C
measurements at the Single Stage AMS facility at
Lund University, Sweden (Skog et al., 2010;
Adolphi et al., 2013).

The age modelling was performed using OxCal
version 4.1 (Bronk Ramsey, 2009) with the
IntCal09 “C calibration curve (Reimer et al., 2009)
and the implemented V_Sequence deposition
model (Bronk Ramsey, 2008), which considers the
relative ages between the samples and the estimated
errors. ‘The age modelling approach described by
Snowball et al. (2010) was applied to construct the
chronology. The reservoir effect was estimated by
systematically subtracting *C ages from the bulk
sediment samples using the age model agreement
index to determine the best fit. The chronology was
validated by

determinations in the age modelling.

including  macrofossil ~ '“C

The Gyltigesjon chronology was further
extended to cover ca. 6400 cal BP (Paper II). To do
so four additional plant macrofossils from the core
GP4 were "C dated. A P_Sequence deposition
model (Bronk Ramsey, 2008) and the previously
used V_Sequence model for the period 3000-2000
cal BP were combined to build the age model. A
lead pollution isochron at AD 1850 identified by
Guhrén et al. (2003) was further included in the
model. “C dating was also performed on nine bulk
sediment samples for other periods than 3000-2000
cal BP; however, they were not included in the final
age model due to the unknown reservoir effect for
these periods (Paper II).

4.4.2 Kélksjon

Stanton et al. (2010) constructed a varve chronology
for the Kilksjon sediment sequence extending to
9193+186 cal BP. They tested the varve chronology
by using independent dating techniques including:
measuring lead isotope ratios (**Pb/*Pb) (see e.g.
Renberg et al., 2001) in the upper part of the
sediment sequence, '“C dating on 12 bulk sediment
samples distributed throughout the sequence and

