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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;
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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
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correlation between the palacomagnetic data
obtained from the Kilksjon sediments and the
FENNOSTACK PSV curve for Fennoscandia
(Snowball et al., 2007). With these methods, they
discovered 270 missing years in the sediments
younger than 1000 cal BP and 230 years too many
in the sediments older than 8000 cal BP.
Uncertainties may still exist and the "C wiggle-
match dating technique was therefore applied to
test and improve the varve chronology around
3000-2000 cal BP (Paper III) using the same
routine applied to the above-mentioned sediments
of Gyltigesjon. The most recently recovered
sediment cores, KP5 and KP6, were used for "“C
dating of 19 bulk sediment samples and four
macrofossils samples, respectively. Sub-sampling
was performed at known time intervals to ensure
that the structure of the C calibration curve is
well-captured by the “C dates. The depth of each
sub-sample was identified in the chronology cores
(K7 1-2) and assigned a varve age (Stanton et al,,
2010). A
graphitisation, AMS “C measurements and age

similar routine of pre-treatment,

modelling as previously described for the
Gyltigesjon sediments was applied (see section
4.4.1). The only exception is that some samples,
later on in the project, were graphitised with an
Automated  Graphitisation Equipment (AGE)
(Wacker et al., 2010).

4.4.3 Undarsmosse

De Jong et al. (2006) constructed an age model of
the Undarsmosse peat sequence based on “C dating
of 14 samples. All samples except one were
composed of bulk peat. The age model was
constructed by individual “C age calibration of the
results. Subsequently, a combination of a 7" and
10* degree polynomial fit to the calibrated ages was
used for the final age model (de Jong et al., 2006).
In order to improve the age constraints around
2800 cal BP the "C wiggle-match dating technique
was applied (Paper IV). In total 13 plant macrofossil
samples, covering ca. 3200-2200 cal BP, were
carefully selected and 'C dated. All samples
underwent pre-treatment, graphitisation and AMS
"C dating according to the previously described
routines (see section 4.4.1). Age modelling was

performed using OxCal version 4.2 (Bronk Ramsey,
2009) with the IntCall3 'C calibration curve
(Reimer et al., 2013) and the implemented P_
Sequence deposition model (Bronk Ramsey, 2008).
To allow for variations in the peat accumulation
rate a function for variable k-values was added to
the model. In this case, variations were allowed
between 0.01 and 100 cm™ with the base value set
to 1 cm™ (Bronk Ramsey and Lee, 2013).

4.5 Palaeomagnetic and mineral magnetic
measurements
and mineral

The palacomagnetic magnetic

measurements for the Gyltigesjon sediments (cores
GDO0a, GP1-2 and GP4) are in detail described by
Snowball et al. (2013; Paper II) and for the Kilksjon
sediments (cores KP1 and KP3) by Stanton et al.
(2010; 2011) and in Paper III (KP5-6). Data
treatment and the PDRM lock-in depth modelling
are described in Papers II and III.

All magnetic measurements were carried out at
and  Mineral
Laboratory at Lund University. Sediment sub-

the Palacomagnetic Magnetic
sampling was conducted at 3 cm intervals using
standard palacomagnetic cubes (2x2x2 c¢m external
dimensions, internal volume 7 cm?) that were
stored at a temperature of 4°C. A 2G-Enterprises
superconducting rock magnetometer (model 755R)
was used to measure natural
magnetisation  (NRM)

alternating field (AF)

(ARM)
demagnetisation. The ARM was induced using a
100 mT AF with a biasing direct current field of
0.05 mT. For both Gyltigesjon and Kilksjon

samples, the inclination and declination were

remanent
demagnetisation  and
anhysteretic remanent

magnetisation acquisition and

determined using principal component analysis
(Kirschvink, 1980)
intervals of 30-60 mT. Relative palacointensity

between demagnetisation
(RPI) was determined for the Gyltigesjon sediments
and for the Kilksjon cores KP5 and KP6 by
dividing the NRM intensity values with the ARM
values obtained at AF demagnetisation steps at 30,
40 and 50 mT, respectively, and an average was
produced of the three RPI estimates. A pseudo-
Thellier technique (Tauxe et al., 1995) was used to
obtain RPI estimates for the Kilksjon cores KP1
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and KP3 (see Stanton et al., 2011).

A Redcliffe 700 BSM pulse magnetizer was used
to induce a saturation isothermal remanent
magnetisation (SIRM), which was measured with a
Molspin Minispin magnetometer. Volume specific
magnetic susceptibility (y) was measured with a
Geophyzica Brno (now Agico) KLY-2 magnetic
susceptibility bridge. Following the measurements
the samples were oven dried at 40°C and the dry
mass specific magnetic SI units of y, ARM and
SIRM were calculated. In order to investigate grain
size variations ratios of SIRM/y, yARM/SIRM and
YARM/y were calculated; with higher values
indicating finer grain sizes of magnetite (Oldfield,
2007). Magnetic properties were also determined
using first order reversal curves (FORCs) (Harrison
and Feinberg, 2008) and measurements were
carried out with a Princeton Measurements
Corporation alternating gradient magnetometer

(PMC AGM 2900-2).
4.6 Pollen and aeolian sand influx analyses

Estimations of aeolian sand influx (ASI), which
have been used as a proxy for (winter) storminess
(Bjorck and Clemmensen, 2004), and pollen
analysis were previously carried out for the
Undarsmosse peat sequence by de Jong et al
(2006). In the following the analyses conducted
and described by de Jong et al. (2006) are
summarised. Pollen analysis was performed on
samples (2 cm?) taken at irregular sampling
intervals. 'The preparations followed standard
methods for pollen analysis (Berglund and Ralska-
Jasiewiczowa, 1986; Moore et al., 1991). In order
to obtain pollen concentration and influx data
Lycopodium tablets were added prior to further
treatment (Stockmarr, 1971). Following counting,
the Tilia software (Grimm, 1992) was used to
calculate concentrations and percentages. ASI
(grains/cm?*/year) was calculated based on mineral
grain content. Sub-sampling with a known volume
was carried out every cm. The samples were first
dried at 105°C overnight and then ignited at 550°C
for 4.5 h and the ignition residue was treated with
10% HCI. The remaining quartz grains were
divided into different classes based on their sizes. In
Paper IV, the ASI values were re-calculated based on
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the new "“C wiggle-matched time-scale for
Undarsmosse.

4.7 Macrofossil analysis

Plant macrofossil analysis was carried out for the
period around 3400-1600 cal BP to investigate
local vegetation changes at Undarsmosse and to
complement the published pollen data. The analysis
was carried out on a total of ten samples (3-5 cm?).
After weighing each sample the volume was
determined by immersing it in a known volume of
water. The samples were treated with 5% NaOH
overnight and subsequently sieved through a mesh
(0.250 mm). The macrofossils retained on the sieve
were stored in 200 ml of water and the content was
examined using a stereomicroscope. Dominant
remains were quantified by taking a sub-sample
with a known volume from the initial sample
(Janssens, 1983; Van der Putten et al., 2009). More
rare remains were counted for the complete sample.
The number of each taxon was calibrated for a
standard sample volume. Finally, the diagrams were
constructed using the Tilia and Tilia graph software
(Grimm, 2007).

5. Summary of papers

Author contributions for the following papers are

listed in Table 1.
5.1 Paper |

Mellstrom A, Muscheler M, Snowball I, Ning W,
Haltia E. (2013). Radiocarbon wiggle-match dating
of bulk sediments — How accurate can it be?

Radiocarbon 55 (2-3): 1173-1186.

The aim of Paper I was to explore the potential of
the “C wiggle-match dating technique on bulk
samples from varved sediments and to establish an
accurate and precise chronology for the sediments
of Gyltigesjon in southern Sweden covering the
period around 3000-2000 cal BP. Since terrestrial
plant macrofossils might be scarcely distributed in
sediments, the focus was on investigating the
accuracy of a bulk sediment based age model.

The age modelling was performed in OxCal
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Table 1. Author contributions to Papers I-[V

Paper I Paper II Paper III Paper IV
Fieldwork I. Snowball 1. Snowball 1. Snowball -
A. Mellstrom A. Mellstrom
W. Ning E. Ahlstrand
A. Nilsson
W. Ning
Sediment description A. Mellstrom A. Mellstrom - -
E. Ahlstrand
1. Snowball
Varve composition A. Mellstréom A. Mellstrom
I. Snowball A. Brauer
I. Snowball

Varve counting
Loss-on-ignition

1C sample preparation and
graphitisation

Age modelling

Palacomagnetic sampling and
measurement

Lock-in modelling

Macrofossil identification/
analysis

Data interpretation

A. Mellstrom
W. Ning

A. Mellstrom

A. Mellstrom

E. Haltia

A. Mellstrom
R. Muscheler
I. Snowball

A. Mellstrom

A. Mellstrom

A. Mellstrom
I. Snowball

E. Ahlstrand
W. Ning

I. Snowball
E. Haltia

A. Nilsson

E. Haltia

I. Snowball
A. Mellstrom
E. Haltia

A. Nilsson
W. Ning

R. Muscheler
A. Brauer

A. Mellstrom

A. Mellstrém

1. Snowball
T. Stanton
A. Nilsson

A. Nilsson
N. Suttie

A. Mellstrém
A. Nilsson

T. Stanton
R. Muscheler
1. Snowball
N. Suttie

A. Mellstrom

A. Mellstrom

N. Van der Putten

A. Mellstrém

N. Van der Putten
R. Muscheler

R. de Jong

S. Bjorck

version 4.1 (Bronk Ramsey, 2009) using a V_
Sequence deposition model (Bronk Ramsey, 2008).
The age model was based on “C dating of 15 bulk
sediment samples. The results revealed a misfit
between the structure of the variations in measured
"C ages and the structure of the "C calibration
curve. This misfit can be removed by subtracting an
old-carbon (*C reservoir) age that was estimated to
ca. 260 "C years. The "C reservoir age is not
necessarily constant for all of the samples as

assumed in the first approximation. A revised total
C error was therefore calculated and included in
the modelling to account for this effect. The age
model was validated, and the estimated "“C reservoir
effect was confirmed, by including "C results of
three macrofossil samples in the modelling.

In order to evaluate the age uncertainties we
compared three models established based on "C
dating of: (i) 15 bulk sediment samples, (ii) 15 bulk

sediment and three macrofossil samples, and (iii)

11
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only the three macrofossil samples. The results
showed that the bulk sediment based age model has
an uncertainty of ca. +30 years (95.4% probability
range). A similar result was obtained when
macrofossils were included. The age model only
based on the macrofossil “C results has an
uncertainty of ca. +60 years.

This study illustrates the opportunity to estimate
the "C reservoir effect with the C wiggle-match
dating technique. We emphasized the possibilities
to construct accurate chronologies solely based on
bulk sediment samples using this method. Finally,
we indicated future prospects based on this well-
constrained chronology.

5.2 Paper I

Snowball I, Mellstrom A, Ablstrand E, Haltia E,
Nilsson A, Ning W, Muscheler R, Brauer A. (2013).
of  post-depositional
magnetization lock-in depth in organic rich varved
lake sediments. Global and Planetary Change 110:
264-277.

An  estimate remanent

In Paper II the entire sediment sequence retrieved
from Gyltigesjon was investigated. This included:
the construction of a composite depth scale,
sediment characterisation, determination of the
organic content, age modelling including the "C
wiggle-matched sequence around 3000-2000 cal
BP (Paper 1) and additional "C dating of
macrofossils.  The study focused on the
palacomagnetic properties of the lake sediments
covering the last ca. 6400 years.

High-quality ~ palacomagnetic ~ data  have
previously been obtained from varved lake
sediments in Sweden and Finland (e.g. Ojala and
Saarinen, 2002; Snowball and Sandgren, 2002;
Haltia-Hovi et al., 2010)

investigation of the palacomagnetic properties in

encouraging the

sediments from Gyltigesjon. Mineral magnetic data
and first order reversal curves indicated that the
natural remanent magnetisation in Gyltigesjon is
carried by single-domain magnetite grains with
magnetic properties characteristic of bacterial
magnetosomes. The main aim of the study was to
test for the influence of a post-depositional

remanent magnetisation (PDRM) lock-in process
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in the sediments. The PDRM lock-in depth was

estimated by comparing the  Gyltigesjon
palacomagnetic data (declination, inclination and
relative palacointensity) from four stacked and
smoothed cores to the palacomagnetic secular
variation reference curves for Fennoscandia
(FENNOSTACK and FENNORPIS; Snowball et
al., 2007). The highest correlation between the
records was found when lock-in depths of about 21
to 34 cm were assumed for the Gyltigesjon
sediments. These depth ranges are probably
minimum estimates since the underlying data sets
that contribute to the reference curve also might be
influenced by unknown lock-in delays.

The study detected a significant PDRM lock-in
depth in the Most

important, the study illustrated the possibility for a

Gyltigesjon  sediments.
PDRM lock-in process to occur in sediments even
in the absence of a mixed (bioturbated) surface
layer.

5.3 Paper |l

Mellstrom A, Nilsson A, Stanton T, Muscheler R,
Snowball I, Suttie N. Application of archacomagnetic
field models to infer post-depositional remanent
magnetization lock-in depth in precisely dated varved
sediments. Submitted to Earth and Planetary Science
Letters.

The existence and extent of a PDRM lock-in depth/
delay in varved lake sediments was investigated in
more detail in Paper III. This paper focused on two
parts, first the establishment of an accurate
chronology for the palacomagnetic data and second,
the modelling of a lock-in depth/delay. The period
around 3000-2000 cal BP was investigated since it
is characterised by strong geomagnetic field
intensity and distinct palacomagnetic secular
variations, such as the northern hemispheric
westerly declination swing from so-called feature
“f” ataround 2700 cal BP to feature “¢” (e.g. Turner
and Thompson, 1981; Snowball et al., 2007;
Haltia-Hovi et al., 2010).

The varved lake sediments of Kilksjon were
investigated, which previously have shown high-
quality palacomagnetic data (Stanton et al., 2010;
Stanton et al., 2011). Since a varve chronology
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could have uncertainties in form of e.g. missing
varves (Ojala et al., 2012), the "C wiggle-match
dating technique was applied to test and improve
the varve chronology. The age model was based on
“C dating of 19 bulk sediment samples, with
known relative ages between the samples, and four
terrestrial plant macrofossils. This allowed for an
estimation of the reservoir age (150 C years) in
the lake sediments and establishment of an age
model with an uncertainty of only +20 years (95%
probability range).

Relative declination and inclination data from
Kilksjon were compared to the Gyltigesjon
palacomagnetic record (Paper II), which has a
similar *C wiggle-matched chronology (Paper I),
and to the archacomagnetic models ARCH3k.1,
ARCH3k_cst.1 (Korte et al., 2009) and A_ FM-M
(Licht et al, 2013) that are
archacomagnetic material unaffected by a lock-in

based on

delay process. The comparison revealed older
palacomagnetic ages in the lake records.
Subsequently, a PDRM lock-in depth modelling
was performed using different lock-in filter
functions. The best fit was — for both lakes —
achieved with a linear function, with modelled
lock-in depths of about 30-90 cm in Kilksjon and
50-160 cm in Gyltigesjon. In addition, the lock-in
model was able to explain the reduced amplitude of
variation seen in the lake sediment data. The study
provided evidence for significant and deep lock-in
depths in both lake sediment records, possibly due
to the high organic content of the sediments and
progressive sediment consolidation due to de-
watering.

5.4 Paper IV

Mellstrom A, Van der Putten N, Muscheler R, de Jong
R, Bjorck, S. A shifi towards wetter and windier
conditions in southern Sweden around the period of a
solar minimum ca. 2700 cal B Manuscript.

In Paper IV we focused on the climate change that
has been reported at around 2800 cal BP. An
increasing number of records show a shift towards
cooler, wetter and windier conditions in Europe
around this period, suggested to be induced by a
shift towards low solar activity (e.g. van Geel et al.,

1996; van Geel et al., 1998; Speranza et al., 2002;
Martin-Puertas et al., 2012). In this paper we
investigated the possibility for such a climate
change in southern Sweden.

A peat record from Undarsmosse in south-west
Sweden has previously shown increased aeolian
sand influx (ASI) and increased influx of Sphagnum
spores around this period, interpreted to reflect
intensified storminess and a wetter bog surface (de
Jongetal., 2006). A new age model was constructed
using the '“C wiggle-match technique based on 13
carefully selected macrofossil samples and four bulk
samples previously used to construct a chronology
(de Jong et al., 2006). The mean uncertainty of the
resulting age model was estimated to ca. +90 years
(95.4% probability range).

A macrofossil analysis of the peat record showed
a previously undetected vegetation change, from a
woody fen with presence of Pinus to a bog
dominated by diverse moss species, such as
Sphagnum. This fen-bog transition represents a shift
towards wetter conditions and is dated to 3035-
2540 cal BP (95.4% probability range). The large
age uncertainties arise mainly from a
contemporaneous change in the peat accumulation
rate (possible hiatus). The period with increased
ASI occurred slightly after the fen-bog transition,
based on the stratigraphic order of the samples. The
increased storminess started earliest around 2765
cal BP (95.4% probability range) with a modelled
mean age of 2680 cal BP.

A summary of the climate changes observed in
other well-dated (**C and '"Be wiggle-matched)
records in Europe was presented. Within our age
model uncertainty, the timing of the fen-bog
transition and the increased ASI recorded in
Undarsmosse could be synchronous with the
inferred from the other

climate  changes

palaecoclimatic records. In addition, we also
provided a summary of the primary suggested Sun-
climate hypothesis and the physical mechanisms
that possibly could explain the recorded changes. In
conclusion, the changes recorded in Undarsmosse
most likely occurred as a result of a shift in the
circulation,  possibly

larger-scale  atmospheric

induced by decreased solar activity.
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6. Discussion

6.1 Radiocarbon wiggle-match dated
chronologies - How accurate?

The chronologies of the varved lake sediments of
Gyltigesjon and Kilksjon and the peat sequence of
Undarsmosse, spanning ca. 3000-2000 cal BP, were
all constructed using the "C wiggle-match dating
technique. However, the age models of the varved
lake sediments (Paper I and III) are based on C
dating of bulk sediment samples, with known
relative ages between the samples, validated with
macrofossil “C results. The peat sequence was
constructed mainly using '*C dating of macrofossils
(Paper IV). The robustness of using the '“C wiggle-
match dating technique to construct chronologies
of lake sediments and peat deposits, and their
uncertainties, will be addressed in the following
sections.

6.1.1 C reservoir effect

Uncertainties with an old-carbon (**C reservoir)
effect associated with '“C dating of bulk sediment
samples are well-known (e.g. Olsson, 1986;
MacDonald et al., 1991). The “C reservoir effect
can vary between different sites and is not
necessarily constant through time (e.g. Stanton et
al., 2010; Oldfield et al., 1997) which complicates
the construction of accurate chronologies based on
1C dating of bulk samples. Studies have previously
shown the unreliability of such chronologies and in
consequence, the use of terrestrial plant macrofossil
1“C dates have been recommended (e.g. Barnekow
et al., 1998; Bjorck et al., 1998). Bulk sediment
samples are composed of a mixture of organic
materials derived from different sources and the “C
age of a sample reflects the mix of the dated
fractions. There are many potential sources for the
old-carbon effect including: direct in-wash of old
material from soils and vegetation in the catchment
and transportation of dissolved inorganic carbon to
the lake, possibly originating from calcareous
bedrock and soil (hard-water effect) (e.g. Bjorck
and Wohlfarth, 2001). Estimations of the “C
reservoir effect have been made by comparing "C
ages of bulk sediments with macrofossil samples
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(e.g. Bjorck et al., 1998) and by comparing bulk
1“C ages with "C ages corresponding to absolute
ages inferred from varve counting (e.g. Stanton et
al., 2010). As shown by Snowball et al. (2010) the
“C reservoir age in lake sediments can also be
estimated using the "C wiggle-match dating
technique of bulk sediment samples. A similar "C
applied
successfully to the Gyltigesjon and Kilksjon
sediments for the period around 3000-2000 cal BP
and the age modelling showed the presence of a 1C

wiggle-match ~ dating approach  was

reservoir effect estimated to ca. 260 and 150 YC
years, respectively (Paper 1 and III). It is difhicult to
determine the influencing factors for the reservoir
effect in Gyltigesjon and Kilksjon, but calcareous
bedrock is absent in the catchments and a significant
hard-water effect can therefore be excluded. The
time-varying reservoir effect in the Kilksjon
sediments (Stanton et al., 2010) may arise as a
result of changes in the lake and surrounding
catchment related to shifts in the climate and
environmental conditions. Reservoir age variations
in the Gyltigesjon sediments for other periods than
around 3000-2000 cal BP are unknown but can,
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Figure 3. Age model agreement indices for the Gyltigesjon
sediments constructed using P_Sequence (grey shading) and
V_Sequence (purple shading) deposition models (Bronk
Ramsey, 2008) and the IntCal09 calibration curve (Reimer
et al., 2009) implemented in OxCal version 4.2 (Bronk
Ramsey, 2009). Assumed " C reservoir ages were subtracted
Sfrom 0 to 1000 at 10-year intervals. The dashed line shows
the limit for a good agreement (Bronk Ramsey, 2009).
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however, be expected.

The probability of successfully estimating the
reservoir effect using the '“C wiggle-match dating
technique depends on the amplitude and variability
of the reservoir age. In both studied lakes the
reservoir age was rather small and constant for the
period around 3000-2000 cal BP otherwise the *C
dates would not have reflected the structure of the
"C calibration curve. This method is therefore
restricted to sites characterised by small reservoir
variations, and the structure of the calibration curve
determines the limit for such variations for this
technique to work. The amplitude of the reservoir
effect can also be estimated and confirmed with "C
dating of macrofossils (Paper I and III).

As shown in Papers I and III the “C wiggle-
match method worked well for the sediments when
including the additional varve-based information
about the relative ages between subsequent '“C
determinations. In the following, tests are carried
out to investigate whether it would be possible to
estimate the “C reservoir age and construct accurate
chronologies with the "C wiggle-match dating
technique for non-varved lake sediment sequences,
solely based on bulk sediments. For this purpose,
age models of the Gyltigesjon sediments were
constructed using a P_Sequence deposition model
(Bronk Ramsey, 2008), similarly applied to the
Undarsmosse peat record (Paper IV), taking depth
information into account instead of known relative
ages between the samples. '“C reservoir ages were
subtracted from the "“C ages from 0 to 1000 year at
10-year intervals similarly to the approach presented
in Paper 1. Figure 3 shows the resulting age model
agreement indices in comparison to the
corresponding routine using a V_Sequence model
(Paper I). Two distinct agreement indices peaks are
revealed with potential “C reservoir ages; about
250 and 500 "“C years (Figure 3). The grey shading
in Figure 3 indicates that it could be difficult to
estimate the correct reservoir age without any
complementary information from other dating
methods. By including '“C dating of macrofossils
the best estimate of the reservoir age can
immediately be identified (see Papers I and III),
which in this particular case has an age of 260 '“C
years. The age model constructed using V_Sequence
shows the highest agreement index at this particular

reservoir age. However, the strong relative age
constrains lead to the lower agreement index
(Figure 3). This exercise shows that the *C wiggle-
match dating technique potentially can be applied
to non-varved lake sediments and the "C reservoir
effect can be estimated. However, additional dating
information might be required to pinpoint the
correct estimate, via methods such as e.g. "“C dating
of macrofossil samples or palacomagnetic dating of
the sediments.

6.1.2 Known versus unknown relative ages

The number of years between each sample selected
for "C analysis can be included in the age modelling
in cases of varved lake sediments. This provides an
advantage when performing the age modelling
since the relative age between each sample is
constrained and unexpected accumulation rate
changes do not need to be accounted for. The age
modelling instead relies on accurate varve counting
and estimation of the error and this information
can be included in the V_Sequence deposition
model (Bronk Ramsey, 2008) in the calibration
software OxCal (Bronk Ramsey, 2009) which was
used to construct the lake sediment chronologies
(Papers I and III). The final age models for the
Gyltigesjion and Kilksjon sediment sequences
(around 3000-2000 cal BP, Paper I and III) are
based on "C wiggle-match dating of bulk sediment
and macrofossil samples with mean uncertainties of
ca. 25 and +15 years (95.4% probability range),
respectively.

The Undarsmosse age model was built based on
"C dating of carefully selected macrofossils and
some previously available bulk sample "C dates (de
Jong et al., 2006) using a P_Sequence deposition
model (Bronk Ramsey, 2008) allowing for variable
accumulation rates (Paper IV). The age model has a
mean uncertainty of +90 years (95.4% probability
range) and the larger errors, compared to the lake
chronologies, are to a large extent associated with
potentially large changes in the peat accumulation
rate.

Figure 4 and Table 2 show a comparison
between the final age-depth models for all three
sites together with the corresponding age-depth
relationships using different deposition models and
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individual calibration of "C samples. These
comparisons illustrate the uncertainties associated
with age models based on known, respectively
unknown relative ages between the “C samples.
The results show that age model uncertainties for
Gyltigesjon and Kilksjon are reduced by a factor of
about 1.5 and 4, respectively, when applying the
V_Sequence (know relative age) compared to the
P_Sequence deposition model. However, the P_
Sequence deposition model still reduces age model
uncertainties by a factor of about 4 and 2,
respectively, when comparing the result to an age
model based on individual calibration of the "C
results (Figure 4 and Table 2).

The final age model for the Undarsmosse peat
sequence was compared to a corresponding P_
Sequence deposition model with a fixed rigidity
(k-value 1.4 cm™). This was the value for the most
rigid age-model yielding still an acceptable
agreement index (above 60%; Bronk Ramsey,
2009). The mean age uncertainty is slightly smaller
for the age model using a fixed k-value. However,
due to apparent prominent changes in peat
accumulation rates in the sequence (Paper IV), it is
reasonable to assume that more realistic age
uncertainties are obtained by allowing for a wider
range of variations (variable k-value function;
Bronk Ramsey and Lee, 2013). Finally, the
Undarsmosse age models were compared to
individual calibration of C samples and the final
age model uncertainties were narrowed about 1.5
times with the "“C wiggle-match dating technique
compared to individual calibration of the '“C
samples (Figure 4 and Table 2).

In conclusion, as expected the age models
increase in accuracy by including more independent
information, such as relative ages between the
samples. Individual '“C age calibration can lead to
large age uncertainties, especially in cases when the
measured C age fall onto age plateaus in the '“C
calibration  curve.  Including  stratigraphic
information and some constraints on the possible
sedimentation rates (P_Sequence deposition model)
already reduces the age model uncertainty
considerably. Reliable constraints on the relative
calendar age between the “C samples (V_Sequence
deposition model) can lead to very well-constrained

time-scales even in the presence of a reservoir effect
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Table 2. Average age uncertainties associated with different deposition models (Bronk Ramsey, 2008; Bronk Ramsey and Lee,
2013) and calibration of individual " C samples. All ranges are given by the 95.4% probability range. "Final age model used

Jfor the respective record.

Record V_Sequence P_Sequence P_Sequence Individual sample
variable k determined k calibration

Gyltigesjon +27* +44 - +180

Kilksjon +16 +067 - +154

Undarsmosse - +89* +76 +154

under the precondition that the variations are fairly
small and constant. However, in such cases it is
possible to construct accurate and precise age
models that can be used to study the relative timing
of regional climate change (Snowball et al., 2010)
or to study the timing between solar and climatic
changes (Martin-Puertas et al., 2012).

6.1.3 Validation of a varve chronology

In the preceding sections the robustness of
chronologies constructed using the "C wiggle-
match dating technique has been discussed. Since
chronologies with small age uncertainties can be
established using this technique it can additionally
be applied to validate varve chronologies (see Paper
II). The ages obtained with the “C wiggle-match
approach were compared with the corresponding
ages from the corrected varve chronology of
Kilksjon (Stanton et al., 2010). Figure 5 shows the
age discrepancies between the two chronologies.
The wiggle-match dated chronology yields about
215 years older ages than the corrected varve
chronology. In Paper III we concluded that the age
offset, based on the “C wiggle-match dating results,
most likely is a result of missing varves in the varve
chronology. This interpretation is based on several
lines of arguments: (i) the “C wiggle-match age
model has small age uncertainties, (ii) the age
model was determined based on both '“C dating of
"“C dating of

macrofossils, and (iii) it was confirmed with paired

bulk sediment samples and
bulk sediment-macrofossils “C samples.

The final “C wiggle-matched age model for
Kilksjon (see Figure 4) was constructed based on
information about the relative varve age estimates

between '“C dates; it is therefore relevant to
investigate to what extent uncertainties in the varve
chronology might affect the 'C wiggle-matched
age model. The strategy for this was outlined in
Paper II1. A large number of missing years between
3000-2000 cal BP can be excluded since it would
have resulted in a misfit between the “C dates and
the "*C calibration curve. We tested the sensitivity
of the age model results to uncertainties in the
relative age estimates between C dates by
increasing the error estimates by a factor of two and
five, respectively. With these tests, the age model
uncertainty increases with additionally +6.5 and
+12.5 years, respectively. We can conclude that the
"C wiggle-match dating results for the period
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Figure 5. Comparison between the '*C wiggle-matched ages
(Paper II1) and the ages obtained from the corrected varve
chronology of Kilksjon (Stanton et al., 2010). The mean
ages are indicated by filled circles. The *C wiggle-match
results suggest an offset to the previous age model by abour
215 years.
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around 3000-2000 cal BP are robust even in cases
of potential uncertainties between the relative age
estimates. Snowball et al. (2010) applied the "C
wiggle-matching technique to constrain the timing
of a cold episode recorded in the lake sediments
around 8200 cal BP and their results were in
accordance with the ages obtained from the
corrected varve chronology. The missing years are
therefore likely to be found in the parts of the
sediment sequence younger than 3000-2000 cal BP.
One potential source of uncertainty for the
varve chronology of Kilksjon relates to the method
of correcting the chronology via comparisons of
different palacomagnetic data sets. Ages of
palacomagnetic directional features might not be
the same for different sites due to uncertainties
regarding, e.g., a PDRM lock-in delay, which will
be discussed in the following section.
6.2 Geomagnetic field reconstructions
around 3000-2000 cal BP

In Papers II and III the uncertainties associated
with the occurrence of a PDRM lock-in process in
lake sediments were illustrated. Even with well-
constrained chronologies, as in the case for both
Gyltigesjon and Kilksjon (see section 6.1.2), the
ages obtained for the palacomagnetic changes

ARCH3k.1
ARCH3k_cst.1
A_FM-M

Declination (°)
o

-20 — e
-40 TT T T[T T T T[T T T T[T TT1
~ 40 n
< | .. f Gyltigesjon
_5 4 < & Kilksjon
®
£
)
[7]
T
(]
2
®
E = .
-40 L I B O L L L B
3500 3000 2500 2000 1500

Calibrated age (BP)

might not represent the real timing of the
geomagnetic field signal due to the lock-in delay.

6.2.1 Timing of geomagnetic field changes

Well-dated and reliable PSV features have the
potential to be used as independent dating tools for
different records. One of the features suitable for
this propose is the distinct declination swing from
feature “f” to feature “¢” recorded in Europe around
3000-2200 cal BP (Turner and Thompson, 1981;
Saarinen, 1998; Snowball et al., 2007; Haltia-Hovi
et al., 2010; Stanton et al., 2010; Hervé et al.,
2013). The timing of this swing is, however, not
records. As an

consistent between different

illustration, the start of the swing has been dated to
2670 cal BP in the FENNOSTACK PSV curve for
Fennoscandia based on lake sediments (Snowball et
al., 2007). A PSV curve of two of the included lakes
(Métterudstjirnet and Furskogstjirnet) in central
Sweden shows a corresponding swing dated to 3000
cal BP (Zillén, 2003) and a PSV curve of two other
included lakes in northern Sweden (Sarsjon and
Fringsjon) shows an age of 2595 cal BP (Snowball
and Sandgren, 2002). Such age differences may be
associated with e.g. chronological problems,
stacking of the data, ambiguities to pinpoint the

timing of changes and a lock-in delay which may be
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Figure 6. Declination and inclination data for Gyltigesion and Kilksjon and the archaeomagnetic model predictions for
Kiilksjon: ARCH3k.1 and ARCH3k_cst.1 (Korte et al. 2009) and A_FM-M (Licht et al., 2013) (Paper II1). Gyltigesjon
and Kiilksjon data are shown by stacked core data and the lines represent data smoothed with a 150-year running window at
50-year time steps.
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different at various sites depending on the sediment
properties.

The declination and inclination data from
and Kilksjon,
respective '“C wiggle-match time-scale, show a

Gyltigesjon plotted on their

fairly similar timing of the features around 3000-
2000 cal BP (Figure 6) (Paper III); here the
declination feature “f” is recorded at around 2800
cal BP.  However, archacomagnetic ~model
predictions (Korte et al., 2009; Licht et al., 2013)
indicate a younger age for this feature (ca. 2650 cal
BP) but also for other features, such as the
accompanied inclination peak (¢') dated to ca. 2700
cal BP in the lake sediment records. As shown by
the PDRM lock-in modelling presented in Paper
111, the age discrepancies and diminished amplitude
of the palacomagnetic changes inferred from
Gyltigesjon and Kilksjon can be explained by the
occurrence of deep lock-in depths in both lakes.
The main arguments previously presented against
the occurrence of significant lock-in depths have
centered on  time-scale uncertainties and
flocculation of particles preventing re-alignment to
the geomagnetic field after deposition (Tauxe et al.,
2006). Since the time-scales are well-constrained
for both lakes age uncertainties can be disregarded
as an influencing factor for the apparent age offset.
The effects of particle flocculation are considered to
be of minor importance in freshwater lakes (see

Papers II and III).

6.2.2 Geomagnetic field intensity and implications
for the "C production rate

The geomagnetic field intensity was in general high
around 3000-2000 cal BP as shown by different
records (e.g. Snowball et al., 2007; Knudsen et al.,
2008). Increased geomagnetic field intensity is also
shown by the palacomagnetic records from
Gyltigesjon (Paper II) and Kilksjon (Stanton et al.,
2010; Stanton et al., 2011) (Figure 7). The
Gyltigesjon RPI data (Paper I) are only based on
one core (GP1) which limits the possibilities of
interpreting this record. The Kilksjon record
(Stanton et al., 2010; Stanton et al., 2011) is based
on four different cores (KP1, 3, 5 and 6) and can be
considered to be more reliable.

Variations in the geomagnetic field strength

influence the radionuclide production rates,
possibly on centennial and millennial time-scales
(e.g. Snowball and Sandgren, 2002; St-Onge et al.,
2003). The palacointensity records from both lakes
(Figure 7) can, after normalisation, be used to
calculate the geomagnetic field influence on the *C
production rate. The palacomagnetic data from the
lake sediments were transferred to a '“C production
rate using the results of Masarik and Beer (1999)
and Wagner et al. (2000). Figure 8 shows the "C

production rate based on the relative palacointensity
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Figure 7. Standardised relative palaeointensity estimates
[from Gyltigesjon (core GP1) and Kilksjon (cores KP1, 3, 5
and 6), smoothed with a 150-year running window at 50-
year time steps, and the prediction of the archacomagnetic
model ARCH3k_cst. 1 (Korte et al., 2009).
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Figure 8. ""C production rate calculated based on RPI
estimates from the Gyltigesjon and Kilksjon palaeomagnetic
records, and based on the dipole moment from the
archacomagnetic model ARCH3k_cst.1 (Korte et al.,
2009) in comparison with the normalised *C production
rate (Muscheler et al., 2005) inferred from the IntCall3
calibration curve (Reimer et al., 2013). The lake records are
normalised so that the intensity and relative variations fit
the archaeomagnetic field model over this period.
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(RPI) estimates from Gyltigesjon and Kilksjén in
comparison with the normalised *C production
rate (Muscheler et al., 2005) for the period around
3500-1500 cal BP. The geomagnetic field signal is
here assumed to be locked-in immediately at the
time of sediment deposition, which as previously
shown is not the case (Paper II and III). The “C
production rate is therefore also calculated based on
the dipole moment
archacomagnetic model ARCH3k_cst.1 (Korte et

al. 2009), which was used as an input signal for the

according to  the

lock-in modelling in Paper III. A similar trend of
C production rate is indicated based on all three
data sets, i.e. the geomagnetic field modulates the
"“C production rate. The longer trend of '"C
production rate can be explained by a geomagnetic
field modulation. However, the high “C production
rate peaks at around 2700 and 2300 cal B
respectively, cannot be explained by a lower
geomagnetic field intensity but can instead be
attributed to a decrease in solar activity.

6.3 Global synchronous climate change
around 2800 cal BP?

6.3.1 Overview

A compilation of evidence for a global climate
change around 2800 cal BP was presented by van
Geel et al. (1996). They showed data from Europe,
America, Japan and New Zealand that indicate a
change to colder and wetter climate with glacier
expansions and higher ground-water levels. Drier
conditions were for the same period indicated for
tropical Africa and Caribbean (van Geel et al.,
1996). Since then numerous studies from the
northern hemisphere, and especially peat archives
from Europe, have demonstrated a shift towards
wetter, colder and windier climate around 2800 cal
BP (e.g. Speranza et al., 2002; Swindles et al., 2007;
Plunkett and Swindles, 2008; Martin-Puertas et al.,
2012). Furthermore, records from the southern
hemisphere have shown a climate change around
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Figure 9. Overview map of the climate changes reported from different parts of the world around 2800 cal BP (see Table 3 for
details and references). *Marks a record where the interpretation presented in the paper was indicated to be less certain.
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the same period indicating a globally synchronous
climatic event (e.g. van Geel et al., 2000; Chambers
et al., 2007; Van der Putten et al., 2008). An
overview of selected records showing a climate
change around 2800 cal BP is summarised in Figure

9 and compiled in Table 3.
6.3.2 Spatial and temporal distribution

One key site where a climate change around 2800
cal BP has been reported is the raised peat bog of
Engbertsdijksveen in eastern Netherlands (e.g. van
Geel, 1978; Kilian et al., 1995; van Geel et al.,
1996; Blaauw et al., 2004). Van Geel (1978)
presented a palacoecological study from this site
and noted a shift to oceanic and possibly colder
conditions at the Sub-boreal to Sub-atlantic
transition. This peat sequence was further MC
wiggle-match dated to constrain the timing of
macro- and microfossil changes (Kilian et al.,
1995). Subsequently, the “C wiggle-matched time-
scale was used to refine the assessment of the timing
of the vegetation change to the wetter demanding
Sphagnum  cuspidatum and Sphagnum papillosum,
and then to Sphagnum imbricatum (van Geel et al.,
1996). This vegetation change was placed at 2750
cal BP and the authors highlighted that it occurred
contemporaneously with the steep increase in
atmospheric *C content (van Geel et al., 1996).
Numerous studies of peat records in Europe have
further indicated a wet-shift around 2800 cal BP
(Table 3). The accuracy of the chronologies varies
and the applied climate proxies differ in the various
studies. Analyses of macro- and microfossils, along
with peat humification (decomposition) and testate
amoebae, have commonly been applied to
reconstruct the climate in different peat records
(Table 3). "“C wiggle-match dating has been applied
in some cases to improve the time-scale around
2800 cal BP (Table 3). By using this technique, a
shift to increased abundance of the moss Sphagnum
section Cuspidata was dated to ca. 2810 cal BD
followed by decreased arboreal pollen percentages
in the peat bog of Pancavskd Louka in Czech
Republic (Speranza et al., 2000; Speranza et al.,
2002). This change was interpreted to reflect a shift
to wetter and cooler conditions (Speranza et al.,
2002). A delayed climatic response of about 100

years in comparison to other European peat
sequences has been reported from Irish peat records
raising questions about oceanic versus continental
climate variability (Plunkett, 2006; Swindles et al.,
2007; Plunkett and Swindles, 2008). The “C
wiggle-match technique was applied to date the
peat sequence of Glen West in Ireland (Plunkett et
al., 2004). This record and the peat bogs of Dead
Island and Slieveanorra showed increased water
tables (reconstructed by testate amoebae analysis),
less humified peat and an increase of Sphagnum
section Cuspidata, at around 2700 cal BP (Swindles
et al., 2007). Further analyses of macrofossils and
testate amoebae of the Glen West record reinforced
the hypothesis of a delayed climatic reaction in
oceanic settings (Plunkett and Swindles, 2008).
Similarly, a delayed wet-shift (at 2690 cal BP) has
also been reported from the bog of Butterburn Flow
in northern England (Mauquoy et al., 2008). As
discussed in Paper IV, there are also indications for
a shift to wetter climate in southern Sweden around
2700 cal BP recorded in the peat sequence of
Undarsmosse (represented by a fen to bog
transition), possibly related to the climate changes
recorded in the above-mentioned peat bogs. The
lake level reconstruction of Lake Bysjon in
southernmost Sweden (Digerfeldt, 1988) shows a
distinct lake level maximum at 2500 '“C BP,
corresponding to a mean calibrated age of about
2600 cal BP.

There are several records in Europe indicating a
shift in the atmospheric circulation and more
storminess events around 2800 cal BP (Table 3).
For example, increased varve thickness (intensified
diatom blooms) of the lake sediments of Meerfelder
Maar in Germany was constrained to 2759+39 cal
BP and interpreted to be caused by wind-induced
upwelling in early spring season (Martin-Puertas et
al., 2012). The peat record of Undarsmosse (de
Jong et al., 2006; Paper IV), Store Mosse (de Jong,
2007) and Hyltemossen (Bjorck and Clemmensen,
2004) in southern Sweden show increased aeolian
sand influx — indicating increased storminess — with
a start at around 2700-2600 cal BP Similarly,
coastal dune fields on the west-coast of Denmark
show increased aeolian activity at 2750-2650 cal BP
(Clemmensen et al.,, 2001; Clemmensen et al.,
2009).
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Other climate records have also pointed to
changed climatic conditions in Europe, such as a
peak in ice-rafted debris in the North Atlantic at
2800 cal BP (Bond et al., 1997), increased flood
intensity in Germany at 2800 cal BP (Czymzik et
al., 2013), higher lake levels in France and
Switzerland at 2750-2350 cal BP (Magny, 2004)
and high-stands of the Caspian Sea at 2600 cal BP
(Kroonenberg et al., 2007). Moreover, glacier
advances in Switzerland have been dated to about
2765-2550 (Holzhauser et al., 2005) and in
Norway to 2800 cal BP (Nesje et al., 2001) and
2750 cal BP (Matthews et al., 2005).

Palacoclimatic proxy records from different
parts of the world provide evidence for a world-
wide extent of this climate event. For example, a
compilation of evidences from Chile demonstrate
glacier advances and vegetation changes around
2800 cal BP, thus suggesting a global climatic event
(van Geel et al., 2000). Analyses of macrofossils and
peat humification in a mire in the Valle de Andorra,
Tierra del Fuego, indicated a shift to wetter mire
conditions around 2706 cal BP and the chronology
was well-constrained using the "“C wiggle-matching
technique (Chambers et al., 2007). The authors of
this study highlighted the identical timing for the
climate change as recorded in peat records in north-
west Europe. Another southern hemispheric peat
record from Ille de la Possession (Iles Crozet) in the
southern Indian Ocean showed a shift to wetter
and windier climatic conditions around 2800 cal
BP (Van der Putten et al., 2008) strengthening the
hypothesis of a globally synchronous climate event.

Conversely, some records e.g. in Cameroon and
other parts of central Africa, indicate a shift to drier
conditions around 2700 cal B, possibly related to a
weakened monsoon activity (Van Geel et al. 1996).
A weakening of the Asian monsoon circulation has
been shown around 2700 cal BP by an oxygen
isotope study of a stalagmite from the Dongge Cave
in China (Wang et al., 2005). The reasoning for
monsoon circulation to be responsible for drier
conditions in Africa was also inferred in a climate
modelling study and attributed to differences in
cooling between continental areas and the oceans
(Renssen et al., 20006).
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6.3.3 Potential uncertainties with chronologies,
climate proxy data and the spatial distribution

In order to evaluate the possibility of a global
synchronous climate change around 2800 cal BP a
variety of uncertainties need to be considered.
These include: (i) dating accuracy and precision, (ii)
variability and reliability of the data, (iii) definition
of the change and (iv) spatial differences. These
issues will briefly be addressed here.

Good chronological control is fundamental for
determining the timing between climatic events in
different proxy records. Several of the records that
show a climate change around 2800 cal BP have
been dated with the "“C wiggle-matching technique
(see Table 3). With this method, the age of different
climate changes can be constrained with small
uncertainties. However, even with a high dating
quality the age uncertainties can still be relatively
large depending on e.g. the structure of the “C
calibration curve and the sediment properties. For
example, the “C wiggle-match dating technique
was applied to the Undarsmosse peat record as
described in Paper IV. Yet the average age
uncertainty for the sequence around 3600-1600 cal
95.4%
probability range) and the possibility to investigate

BP remains fairly large (90 vyears,

leads and lags in the climate system becomes
restricted. For this particular study, a distinct
change in peat accumulation was detected using
this dating technique. If such accumulation rate
changes cannot be excluded they will contribute to
increased age model uncertainties. Furthermore,
the possibility to accurately determine the timing of
shifts substantially if the
chronology is constructed based only on a few “C

climate decreases
dated samples. As an example, a “C sample dated
to fall onto the "“C age plateau around 2500 cal BP
will result in a calibrated age with a range of more
than 300 years (see Figure 1). The difficulties
concerning  chronological issues and  their
implications for comparison and alignment of
different proxy data have previously been outlined
(e.g. Blaauw et al., 2007). Potential limitations of
comparing  the timing  between  climate
reconstructions due to chronological uncertainties
have been pointed out for some records around

2800 cal BP (e.g. Vorren et al., 2012).
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Another uncertainty involves the variability
between climate proxy data from different cores. In
a study by Blaauw and Mauquoy (2012), attention
was given to the proxy variability on a core-to-core
basis within the peat bog of Engbertsdijksveen in
the Netherlands, for which a climate change around
2800 cal BP has been reported. Based on their
analyses of different proxies and cores, the
uncertainties of reconstructing the climate based on
single core data were illustrated and the need of
using multiple cores and climate proxies for a solid
interpretation were highlighted. The ambiguous
recording and timing of a climate change in
different cores from this peat bog for the period
around 2800 cal BP was further discussed (Blaauw
and Mauquoy, 2012).

Different climate proxies do not necessarily
show a similar timing of the changes. This was
illustrated by e.g. Langdon et al. (2003) when
investigating the peat bog of Temple Hill Moss in
south-eastern Scotland. They used analyses of peat
humification,  testate amoebae and  plant
macrofossils to reconstruct the climate. The first
two of these proxies indicated a wet-shift around
2800 cal BP while the latter indicated a shift to a
wetter bog already around 3150 cal BP. Moreover,
it is not always straightforward to determine when
a change in climate proxy data actually occurred.
Gradual changes and fluctuations in the data could
complicate the interpretation. Reconstructions of
the glacier extent in e.g. Norway, as previously
mentioned (section 6.3.2), show a peak at 2750 cal
BP. However, the glacier extent gradually increased
from a minimum at ca. 3950 cal BP (Matthews et
al., 2005) and might therefore be unrelated to the
suggested shift towards wetter/cooler conditions
around 2800 cal BP. The aeolian sand influx (proxy
for storminess variation) record of Undarsmosse (de
Jong et al., 2006; Paper IV) can be highlighted as
an example for which the determination of the
timing of the events could be elusive. The first sand
influx peak after 2800 cal BP is dated to a mean age
of ca. 2660 cal BP (Paper IV). Nevertheless, it does
not necessarily mark the start of a period with
increased storminess. Sand influx increases of
smaller magnitudes were dated to ca. 3000 cal BD,
and interestingly, the period with largest sand influx
did not occur until approximately 2400 cal BP.

An additional factor to consider is the spatial
distribution of the recorded changes and differences
between sites and archives. For example, the mire in
the Valle de Andorra, Tierra del Fuego, indicate a
shift to wetter conditions around 2710 cal BP
(Chambers et al., 2007), while the peat bog on Isla
de los Estados, east of mainland Tierra del Fuego,
shows a minimum in wetness and wind activity
between 3000 and 2500 cal BP (Bjorck et al.,
2012). The effects of climate changes in peat bogs
could vary between sites depending on the
sensitivity to changes in precipitation and
temperature (e.g. Charman et al, 2009) and
possibly on different accumulation rates and the
mire size (e.g. Plunkett, 2006). Also the location for
the study sites, such as in oceanic and continental
areas, could be important (e.g. Plunkett and
Swindles, 2008). In southern Sweden the peat
record of Undarsmosse indicates wetter climate
around 2700 cal BP (Paper IV). However, the lake
record of Gyltigesjon located within the same
province (Figure 2) does not show any distinct
changes in e.g. varve thickness, carbon content or
magnetic susceptibility around this period (Ning,
2011; Paper II). The varve characteristics were
studied using thin-sections of the sediments (Paper
IT). However, due to the method of freeze-drying of
the sediments severe cracks were created (Figure 10)
which inhibited detailed studies of the varve
thickness and measurements of micro-XRF to
determine  potential  elemental  variations.
Nevertheless, due to differences between the
archives a climate change recorded in the peat
sequence may not be visible in the lake sediment

record.

Crack

Figure 10. Photograph of a thin-section showing the varved
structure of the Gyltigesjon sediments. The problems with
both vertical and horizontal cracks are illustrated.
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6.3.4 Forcing factors

The climate changes recorded in different parts of
the world around 2800 cal BP have primarily been
linked to reduced solar activity since the change
occurred simultaneously with the increasing
atmospheric '*C concentrations (e.g. van Geel et
al., 1998; Speranza et al., 2002; Martin-Puertas et
al., 2012). Most of the existing hypotheses to
explain a  Sun-climate connection remain
controversial and they involve different feedback
mechanisms (see e.g. Rind, 2002). Satellite-based
measurements of the total solar irradiance have
been conducted since 1978 and show a change of
about 0.1% between the maximum and minimum
irradiance during the 11-year solar cycle (Fréhlich
and Lean, 2004). Therefore, different mechanisms
have been proposed to explain a solar-induced
climate change in spite of the supposedly small
variations in total solar irradiance (see e.g. Gray et
al., 2010). Two hypotheses have been presented to
explain the Sun-climate connection around 2800
cal BP (van Geel et al., 1998; van Geel and Renssen,
1998; van Geel et al., 2000). The first involves a
change in the solar UV radiation influencing the
stratospheric ozone production (Haigh, 1994;
Haigh, 1996; Shindell et al., 1999). This hypothesis
suggests that decreased solar UV radiation lead to
decreased production of stratospheric ozone and
thus lower stratospheric temperatures which in turn
influence the atmospheric circulation patterns (e.g.
van Geel et al, 1998). The second hypothesis
considers the influence of galactic cosmic rays on
cloud formation (Friis-Christensen and Lassen,
1991; Svensmark and Friis-Christensen, 1997),
with increased galactic cosmic rays leading to
increased cloud cover resulting in cooling and
increased precipitation (e.g. van Geel et al., 1998).
In addition to solar forcing, changes in ocean
circulation have been suggested to contribute to the
climate change around 2800 cal BP (e.g. van Geel
et al., 1998; Renssen et al., 2006; Plunkett and
Swindles, 2008). The thermohaline circulation in
the North Atlantic leads to a northward heat
transport (e.g. Stuiver and Braziunas, 1993), and a
disruption of the deep water formation responsible
for this circulation (by e.g. increased fresh-water

influx) can lead to colder climate in the northern
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hemisphere, which has been suggested to explain
cooling episodes during the last deglaciation and
also the wide-spread cooling event recorded around
8200 cal BP (reviewed by e.g. Rohling and Pilike,
2005). There are also indications for reduced
oceanic circulation in the North Atlantic around
2800 cal BP (Oppo et al., 2003; Hall et al., 2004),
which could have reinforced the cooling (van Geel
and Renssen, 1998). Climate variability around
2800 cal BP has been attributed to oceanic
influences (Plunkett, 2006; Swindles et al., 2007;
Plunkett and Swindles, 2008) and its effect could
possibly be amplified by decreased solar activity
(Renssen et al., 2006). Complex couplings between
the atmospheric-oceanic-terrestrial systems could
therefore play an important role for the climatic
2000).
Furthermore, another possible contributor for

development (e.g. Renssen et al,
locally-regionally variable climate is the North
Atlantic Oscillation, which is the effect of air
pressure differences between the Azores high and
Icelandic low, which influences winter climate and
weather variability in Europe (e.g. Wanner et al,,
2001).

A geomagnetic field-climate connection has, in
addition to solar forcing, been hypothesised, also
with some focus on the period around 2700 cal BP
(e.g. Dergachev et al., 2004; Gallet et al., 2005;
Courtillot et al., 2007). For example, a geomagnetic
field excursion “Sterno-Etrussia” has been suggested
to occur simultaneously with the declination feature
“f” associated with a reduction of the geomagnetic
field intensity, which in turn could influence the
increased "“C production and thereby the climate
(Dergachev et al., 2004). However, the reduction in
geomagnetic field intensity around this period has
been questioned since absolute palacointensity data
indicate that the strongest geomagnetic dipole
moment of the last 50 000 years occurred around
this period (Knudsen et al., 2008). If the changes in
the geomagnetic field would have been the main
cause for the high "C production rate at 2700 cal
BP (see Figure 8) a major decline of the geomagnetic
dipole field must have occurred, but this is not
supported by available palacomagnetic data
(Snowball and Muscheler 2007). Moreover, the
results of this study (Figure 8) does not support a
significant geomagnetic field contribution for the
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“C production rate peak at 2700 cal BP and the
increased "C production rate is instead attributed
to decreased solar activity.

7. Conclusions

The following main conclusions have been reached
based on the discussion and the results in the papers
appended to the thesis:

e The "C wiggle-match dating technique can be
applied to accurately date annually laminated
(varved) lake sediments and peat deposits. This
dating technique can be used to achieve robust
chronologies using bulk sediments and possibly
also to construct accurate chronologies for
sediments that are not varved.

* The "“C wiggle-match dating technique can be
used to identify and evaluate the presence and
effect of old reworked carbon in lake sediments
in cases when this effect is relatively small and
constant. This dating technique can further be
applied to validate varve chronologies.

* Accurate and precise chronologies have been
constructed for the lake sediment sequences of
Gyltigesjon in south-west Sweden and Kilksjon
in west-central Sweden around ca. 3000-2000
cal BP and the age models have uncertainties of
only +30 and 20 years (95.4% probability
range), respectively.

e 'The lake sediments of Gyltigesjon are varved
for the last ca. 8000 years and a high-quality
palacomagnetic record has been obtained from
the sediments covering the last ca. 6400 years

e The Gyltigesjon and Kilksjon palacomagnetic
records both show evidence of alignment of
magnetic particles to the geomagnetic field
after deposition and the geomagnetic signal is
locked-in  (PDRM lock-in depth/delay) at
relatively large depths. This has implications for
the interpretations of palacomagnetic records
since the sediment age will then not represent
the true age of the geomagnetic signal.

e The distinct increase of atmospheric '“C
concentration at 2800 cal BP reflects a
minimum in solar activity. However, Changes
in geomagnetic field intensity can explain the

radionuclide

longer-term  structure  of

production rates around this period.

e The distinct change to wetter, cooler and
windier climate as reconstructed in different
parts of the world around 2800 cal BP could
have occurred as a result of decreased solar
activity. Spatial and temporal differences of
climate changes around that time could
potentially be attributed to e.g. oceanic
influences. However, in many cases the dating
accuracy and uncertainties in the interpretation
of climate proxy records restrict robust
conclusions of the temporal and spatial
distributions of climate changes and its forcing
factors.

* A change towards wetter and windier climate
in southern Sweden recorded in the peat
sequence of Undarsmosse around 2700 cal BP
is most likely related to a shift in the larger-
scale atmospheric circulation, which potentially
can be explained by the decreased solar activity
during this period.

8. Future prospects

The chronological control of the change to the
wetter conditions and increased storminess recorded
in the Undarsmosse peat sequence in southern
Sweden around 2700 cal BP is restricted (see Paper
IV) due to a drastic change in peat accumulation
(possible hiatus) around the same period. In order
improve age constraints for the observed changes in
southern Sweden other records showing potential
climatic changes around this period can be dated
with the "C wiggle-match method. For example,
the Store Mosse record located in the same province
as Undarsmosse and Gyltigesjon, shows increased
aeolian sand influx at around 2600 cal BP (de Jong
and Lageris, 2011). The difference in timing might
be a result of chronological uncertainties. By
applying the '“C wiggle-match dating technique on
the Store Mosse peat sequence the timing of
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storminess events could be further constrained.
Moreover, assessment of changes in local bog
surface wetness using plant macrofossil analysis and
testate amoebae analysis in the same peat sequence
could improve our understanding of atmospheric
changes in a more regional context.

As previously discussed (see section 6.3.3), the
proxy methods applied to the Gyltigesjén sediment
sequence do not indicate a clear climatic change
around 2800 cal BP. However, investigations of
additional environmental proxies could provide
further insights into possible climatic changes
during this period. For example, geochemical
methods such as XRF core scanning (elemental
composition)  in  combination  with  the
characterisation of different components in the lake
sediments (e.g. biogenic silica content) could be
performed to obtain information on changes in the
productivity within the lake system versus input
from the catchment area.

Furthermore, the "C wiggle-match dating
technique can be applied to constrain the timing of
other periods showing rapid climate changes. This
technique is in particular useful for periods with
pronounced variations in the atmospheric "C
concentration as seen in the “C calibration curve.
The dating technique is therefore especially helpful
in studies of the potential connection between
changes in climate and solar forcing, since such
solar-induced changes in the cosmic ray flux and
possible climate changes are recorded in the same
core, ie. leaving little uncertainty in the relative
timing of solar and climate changes. The '“C wiggle-
match dating technique can also be applied to other
lake sediment sequences in order to improve the
chronology of geomagnetic field variations, and to
validate varve chronologies. Detailed studies of the
post-depositional remanent magnetisation lock-in
depth are desirable for improving our understanding
of past geomagnetic field variations. Robust
reconstructions of geomagnetic field variations
allow for further investigations of its influence on
cosmogenic radionuclide production rates. In
addition, this could help to improve solar activity
reconstructions based on cosmogenic radionuclides.
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Svensk sammanfattning

Klimatet har varit relative stabilt under den
nuvarande interglaciala epoken (Holocen) som
inleddes for ungefir 11 700 ir sedan. Genom
klimatrekonstruktioner fran olika geologiska arkiv
sasom iskirnor, sjosediment och torvmossar har det
dnda pavisats att snabba forindringar i klimatet har
intriffat under denna epok. En sidan tidsperiod
intriffade f6r omkring 2800 ar sedan och den ir
intressant ur flera olika perspektiv. Allt fler studier
har rapporterat om en forindring till kallare, blotare
och blasigare klimat omkring denna period. Detta
har frimst rapporterats frin omriden i Europa men
studier frin andra delar av virlden indikerar pi
liknande forhillanden. Omkring samma period

okade iven den atmosfiriska koncentrationen av
kol-14, vilket har kopplats ihop med en minskning
av  solaktiviteten. Eftersom klimatférindringen
intriffade nir solaktiviten minskade har hypoteser
lagts fram om att klimatet dndrades till f6ljd av lag
solaktivitet. Samtidigt har studier dven visat pa
markanta variationer i jordens magnetfilt omkring
3000-2000 ir sedan.

Kosmogena radionuklider (som t ex kol-14)
bildas genom reaktioner mellan galaktisk kosmisk
atmosfiren. Den

strilning  och atomer i

inkommande galaktiska kosmiska strdlningen
regleras i sin tur av solaktiviteten och variationer i
jordens magnetfilt. En lag solaktivitet och/eller en
lag styrka hos det jordmagnetiska filtet mojliggor
en okad produktion av kosmogena radionuklider
och vice versa. Variationer i kol-14 kan dirfor
anvindas for att rekonstruera variationer i

solaktivitet ~och  jordens magnetfilt. Den
atmosfiriska variationen av kol-14 ir kind genom
en kalibreringskurva som ir baserad pd kol-14-
mitningar av tridringar med en bestimd alder. Den
nuvarande absoluta daterade tridringsbaserade
kalibreringskurva stricker sig tillbaka till omkring
12 550 ér sedan.

For att kunna undersdka utbredningen av
klimatfériandringar och vilka faktorer som styr dessa
forindringar, till exempel en mojlig paverkan av
datera

solaktiviter, —dr  det  viktigt  att

klimatférindringar med hég  tidsuppldsning.
Vildaterade forindringar av jordens magnetfilt kan
hjilpa oss att forstd dessa variationer och dess
inverkan pa till exempel produktionen av kol-14 pi
olika tidsskalor, och saledes kan paverkan fran
jordens magnetfilt och solaktiviten urskiljas.
Kronologier med hog tidsupplosning kan uppnas
genom dateringar med kol-14-metoden. Dateringar
av endast ett fatal prover kan medféra stora
dldersosikerheter beroende pi strukturen pa
kalibreringskurvan for kol-14. Osikerheter pa
omkring 350 ér kan till exempel fis vid kalibrering
av ett prov daterat till 2500+50 kol-14-ar. For att
minska aldersosikerheten kan flertalet prover
dateras  for att  matcha  strukturen  pa
kalibreringskurvan, en sa kallad "wiggle-match”.
Syftet med denna avhandling var att forbittra
tidsupplosningen  for  rekonstruktioner  av

forandringar i klimatet och jordens magnetfilt med
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fokus pa perioden omkring 3000-2000 ar sedan
genom att datera flertalet prover med en kol-14
wiggle-match-metod. De geologiska arkiv som har
anvints dr sjosediment fran Gyltigesjon i Halland
och fran Kilksjon i Virmland. Bida dessa sjoar
utmirker sig genom att de har arslaminerade
(varviga) sediment vilket mojliggér hogupplosta

Halland,

Undarsmosse, har studerats dé en tidigare studie av

kronologier. Aven en torvmosse i
denna har indikerat pa en 6kad stormfrekvens och
blotare klimat med start omkring 2800 ar fore
nutid (nutid refererar till ar 1950 i kol-14-
sammanhang).

Syftet med den forsta artikeln var att undersoka
noggrannheten pé en aldersmodell som konstrueras
med  kol-14
anvindandet av bulksediment f6r perioden omkring
3000-2000  ar
foretridelsevis prover av terrestra makrofossiler

wiggle-match-metoden  vid

sedan.  Vanligtvis  dateras
eftersom de antas reflektera den atmosfiriska halten
av kol-14 vid depositionen. Forekomsten av
makrofossiler kan dock vara begrinsad, alternativt
att de forekommer i for sma mingder for att kunna
dateras. Att datera bulksediment kan vara
problematiskt di provet bestar av en blandning av
olika  organiska  komponenter som inte
noédvindigevis reflekterar den atmosfiriska kol-14-
halten. Detta innebdr att provet kan vara
“kontaminerat” av gammalt kol, en si kallad kol-14
reservoareffekt, vilket ger upphov till en felaktig
dlder vid datering. Med detta i atanke tillimpades
wiggle-match-metoden  pa  bulksediment  fran
Gyltigesjon. En  relativ tidsskala mellan varje
sedimentprov kunde konstrueras genom att rikna
drslamineringarna mellan proven som kol-14-
daterades. Genom att anvinda kalibreringsprogram
for kol-14-dateringar och systematiskt subtrahera
potentiella reservoaraldrar frin kol-14-aldern kunde
denna effekt bestimmas. Genom att datera terrestra

kunde den

reservoaraldern 4ven verifieras, och en aldersmodell

makrofossiler uppskattade
producerades med en osikerhet pd endast +30 ar.
Resultaten i artikeln visar att kol-14 wiggle-match-
metoden kan tillimpas for att konstruera
kronologier med hog tidsupplosning, dven vid
datering av endast bulksediment.

I den

palacomagnetiska arkivet bevarat i Gyltigesjon,

andra artikeln undersoktes det
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vilket stricker sig tillbaka till ungefir 6400 ar fore
nutid. Med hjilp av den hégupplosta kronologin
for perioden omkring 3000-2000 &r sedan
tillsammans med ytterligare kol-14-dateringar
konstruerades en kronologi for denna period. P4
vig mot sjobotten riktar de magnetiska mineralerna
in sig mot jordens magnetfilt och denna signal kan
bevaras i sedimenten. De magnetiska mineralerna
kan hirstamma fran berggrund i avrinningsomridet
men iven bildas av magnetotaktiska bakterier som
anvinder dessa for orientering. I denna artikel
visades det att den magnetiska signalen troligtvis
utgors av magnetit som kan vara producerat av
magnetotaktiska bakterier. Tidigare studier har visat
att de magnetiska partiklarna kan rikta in sig mot
jordens magnetfilt dven efter depositionen, och att
detta kan fortskrida inda dll de magnetiska
partiklarna blir fastlista genom kompaktion. Detta
innebir att aldern pa sedimenten och den riktiga
dldern f6r den magnetiska signalen inte
overensstimmer. Existensen och utbredningen av
denna effeke har varit omdiskuterad i flera drtionden
med tvetydiga resultat. Syftet med artikeln var att

effekt

Gyltigesjon. Genom att jimfora palacomagnetisk

underséka om denna forekommer i

data frin  Gyltigesjon med  referenskurvor

sammansatta frin andra sjoar i Sverige och Finland

kunde effekt

Forekomsten av en sidan effekt maste tas i

existensen av denna pavisas.
beaktande vid analys av palacomagnetisk data frin
sedimentarkiv.

I den tredje artikeln tillimpades kol-14 wiggle-
match-metoden pa  sjosediment fran Kilksjon
omkring 3000-2000 ar fore nutid for att testa och
forbittra en  varvkronologi  som  tidigare
konstruerats. Ett liknande rtillvigagingssitt som
anvindes i den forsta artikeln upprepades for att
konstruera en motsvarande kronologi. Den
producerade édldersmodellen har en osikerhet pd
endast +20 ir. Palacomagnetisk data fran Kilksjon
jamférdes med motsvarande data frin Gyltigesjon
och resultatet visade pd jimforbara aldrar for de
jordmagnetiska  variationerna. Dessa  resultat
jimfordes sedan med arkeomagnetisk data som
diremot indikerar yngre éldrar foér motsvarande
variationer i magnetfiltet, vilket antyder att signalen
i sjosedimenten lases in efter depositionen. Genom

modellering av olika funktioner for denna effeke
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visades det att magnetiska signalen lases in relativt
djupt ned i sedimentsekvensen.

Den fjirde artikeln fokuserade pa den abrupta
klimatforindringen omkring 2800 éar fore nutid
och dess potentiella koppling till solaktivitet. En ny
dldersmodell konstruerades for Undarsmosse med
hjalp av flertalet kol-14-dateringar av noggrant
utvalda  makrofossiler. En  makrofossilanalys
utfordes dven for att undersoka forindringar i den
lokala vegetationen. Resultatet visade pid en
vegetationsforindring daterat till omkring 2700 ar
fore nutid. Denna forindring atf6ljdes av ett okat
sandinflode som tyder pa okad stormaktivitet. Pa
grund av en lag ackumulation av torv, alternativt
ingen alls, omkring denna  period ir
aldersosikerheten relativt stor (medel pd ca. +90
ar). En minskad eller avsaknad ackumulation av
torv kan ha ett samband med brinder i omradet di
ett dominerande lager av trikol dterfanns i ett prov
daterat till denna period. Inom felmarginalen for
dldersmodellen kan forindringen till ett bldtare
klimat och 6kad stormaktivitet kopplas ihop med
klimatforindringarna som har rapporterats fran
ménga omraden i Europa. Resultaten i artikel visar
pa att en forindring intriffade i den atmosfiriska
cirkulationen omkring 2700 ar fore nutid, vilket

kan bero pd minskad solaktivitet.

References

Adolphi, E, Giittler, D., Wacker, L., Skog, G., Muscheler,
R., 2013. Intercomparison of "C dating of wood
samples at Lund University and ETH-Zurich AMS
facilities: Extraction, graphitization, and
measurement. Radiocarbon 55, 391-400.

Andersson, S., Schoning, K., 2010. Surface wetness and
mire development during the late Holocene in
central Sweden. Boreas 39, 749-760.

Asmerom, Y., Polyak, V., Burns, S., Rassmussen, J.,
2007. Solar focring of Holocene climate: New
insights from a speleothem record, southwestern
United States. Geology 35, 1-4.

Barber, K.E., Chambers, EM., Maddy, D., 2003.
Holocene palacoclimates from peat stratigraphy:
macrofossil proxy climate records from three oceanic
raised bogs in England and Ireland. Quaternary
Science Reviews 22, 521-539.

Barber, K.E., Chambers, EM., Maddy, D., 2004. Late
Holocene climatic history of northern Germany and

macrofossil

Denmark: peat investigations  at

Dosenmoor, Schleswig-Holstein, and Svanemose,

Jutland. Boreas 33, 132-144.

Beer, J., 2000. Long-term indirect indices of solar
variability. Space Science Reviews 94, 53-66.

Beer, J., van Geel, B., 2008. Holocene Climate Change
and the Evidence for Solar and other Forcings, in:
Battarbee, R.W., Binney, H.A. (Eds.), Natural
Climate Variability and Global Warming. Wiley
Blackwell, pp. 138-162.

Berglund, B.E., Ralska-Jasiewiczowa, M., 1986. Pollen
analysis and pollen diagrams, in: Berglund, B.E.
(Ed.), Handbook of Holocene Palacoecology and
Palacohydrology. Wiley, Chichester, pp. 455-484.

Berglund, M., 1995. Late
displacement in Halland, southwestern Sweden:

Weichselian  shore

Relative sea-level changes and their glacio-isostatic
implications. Boreas 24, 324-344.

Bjorck, S., 1995. A review of the history of the Baltic
Sea, 13.0-8.0 ka BP. Quaternary International 27,
19-40.

Bjorck, S., Bennike, O., Possnert, G., Wohlfarth, B.,
Digerfeldt, G., 1998. A high-resolution “C dated
sediment sequence from southwest Sweden: age
comparisons between different components of the
sediment. Journal of Quaternary Science 13, 85-89.

Bjorck, S., Clemmensen, L.B., 2004. Aeolian sediment
in raised bog deposits, Halland, SW Sweden: a new
proxy record of Holocene winter storminess variation
in southern Scandinavia? Holocene 14, 677-688.

Bjorck, S., Rundgren, M., Ljung, K., Unkel, I., Wallin,
A, 2012. Multi-proxy analyses of a peat bog on Isla
de los Estados, easternmost Tierra del Fuego: a
unique record of the variable Southern Hemisphere
Westerlies since the last deglaciation. Quaternary
Science Reviews 42, 1-14.

Bjérck, S., Wohlfarth, B., 2001. C chronostratigraphic
techniques in paleolimnology, in: Last, W.M., Smol,
J.2. (Eds.), Tracking Environmental Change Using
Lake Sediments., pp. 204-244.

Blaauw, M., Christen, J.A., 2005. Radiocarbon peat
chronologies and environmental change. Journal of
the Royal Statistical Society: Series C (Applied
Statistics) 54, 805-816.

Blaauw, M., Christen, J.A., 2011. Flexible Paleoclimate
Age-Depth Models Using an Autoregressive Gamma
Process. Bayesian Analysis 6, 457-474.

Blaauw, M., Christen, J.A., Mauquoy, D., van der Plicht,
J., Bennett, K.D., 2007. Testing the timing of
radiocarbon-dated events between proxy archives.
The Holocene 17, 283-288.

Blaauw, M., Heuvelink, G.B.M., Mauquoy, D., van der
Plicht, J., van Geel, B., 2003. A numerical approach
to "C wiggle-match dating of organic deposits: best
fits and confidence intervals. Quaternary Science
Reviews 22, 1485-1500.

Blaauw, M., Mauquoy, D., 2012. Signal and variability
within a holocene peat bog - chronological
uncertainties of pollen, macrofossil and fungal

31



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

proxies. Review of Palacobotany and Palynology 186,
5-15.

Blaauw, M., van Geel, B., Kristen, L., Plessen, B., Lyaruu,
A., Engstrom, D.R,, van der Plicht, J., Verschuren,
D., 2011. High-resolution "“C dating of a 25,000-
year lake-sediment record from equatorial East
Africa. Quaternary Science Reviews 30, 3043-3059.

Blaauw, M., van Geel, B., van der Plicht, J., 2004. Solar
forcing of climatic change during the mid-Holocene:
indications from raised bogs in The Netherlands. The
Holocene 14, 35-44.

Bond, G., Showers, W., Cheseby, M., Lotti, R., Almasi,
P, deMenocal, P, Priore, P, Cullen, H., Hajdas, I.,
Bonani, G., 1997. A pervasive millennial-scale cycle
in North Atlantic Holocene and glacial climates.
Science 278, 1257-1266.

Brauer, A., Endres, C., Negendank, J.EW., 1999.
Lateglacial calendar year chronology based on
annually laminated sediments from Lake Meerfelder
Maar, Germany. Quaternary International 61, 17-
25.

Brauer, A, Haug, G.H., Dulski, P, Sigman, D.M.,
Negendank, J.EW., 2008. An abrupt wind shift in
western Europe at the onset of the Younger Dryas
cold period. Nature geoscience 1, 520-523.

Bronk Ramsey, C., 2008. Deposition models for
chronological records. Quaternary Science Reviews
27, 42-60.

Bronk Ramsey, C., 2009. Bayesian analysis of
radiocarbon dates. Radiocarbon 51, 337-360.

Bronk Ramsey, C., Lee, S., 2013. Recent and planned
developments of the program OxCal. Radiocarbon
55, 720-730.

Butler, R.E, 1992. Paleomagnetism: magnetic domains
to geologic terranes. Boston Blackwell Scientific
Publications. , USA.

Chambers, EM., Barber, K.E., Maddy, D., Brew, ].,
1997. A 5500-year proxy-climate and vegetation
record from blanket mire at Talla Moss, Borders,
Scotland. Holocene 7, 391-399.

Chambers, EM., Mauquoy, D., Brain, S.A., Blaauw, M.,
Daniell, ].R.G., 2007. Globally synchronous climate
change 2800 years ago: Proxy data from peat in
South America. Earth and Planetary Science Letters
253, 439-444.

Charman, D.J., Barber, K.E., Blaauw, M., Langdon,
PG., Mauquoy, D., Daley, T.J., Hughes, PD.M.,
Karofeld, E., 2009. Climate drivers for peatland
palacoclimate records. Quaternary Science Reviews
28, 1811-1819.

Clemmensen, L.B., Murray, A., Heinemeier, J., de Jong,
R., 2009. The evolution of Holocene coastal
dunefields, Jutland, Denmark: A record of climate
change over the past 5000 years. Geomorphology
105, 303-313.

Clemmensen, L.B., Murray, A.S., Bech, J.H., Clausen,
A., 2001. Large-scale aeolian sand movement on the

32

west coast of jutland, denmark in late subboreal to
early subatlantic time - A record of climate change or
cultural impact? GFF 123, 193-203.

Courtillot, V., Gallet, Y., Le Mouel, J.L., Fluteau, E,
Genevey, A., 2007. Are there connections between
the Earth’s magnetic field and climate? Earth and
Planetary Science Letters 253, 328-339.

Czymzik, M., Brauer, A., Dulski, P, Plessen, B.,
Naumann, R., von Grafenstein, U., Scheffler, R.,
2013. Orbital and solar forcing of shifts in Mid- to
Late Holocene flood intensity from varved sediments
of pre-alpine Lake Ammersee (southern Germany).
Quaternary Science Reviews 61, 96-110.

Daniel, E., 2006. Jordartskartan 4C Halmstad NO.

de Jong, R., 2007. Stormy records from peat bogs in
south-west Sweden - implications for regional
climatic variability and vegetation changes during
the past 6500 years. LUNDQUA Thesis 58.
Department of Geology, Quaternary Sciences, Lund
University, p. 37 + 3 app.

de Jong, R., Bjorck, S., Bjorkman, L., Clemmensen,
L.B., 2006. Storminess variation during the last 6500
years as reconstructed from an ombrotrophic peat
bog in Halland, southwest Sweden. Journal of
Quaternary Science 21, 905-919.

de Jong, R., Lageras, P, 2011. Exploring the patterns
and causes of land use changes in south-west Sweden.
Vegetation History and Archaeobotany 20, 15-27.

deMenocal, PB., Ruddiman, W.E, Kent, D.V., 1990.
Depth of post-depositional remanence acquisition in
deep-sea sediments: a case study of the Brunhes-
Matuyama reversal and oxygen isotopic Stage 19.1.
Earth and Planetary Science Letters 99, 1-13.

Dergachev, V.A., Raspopov, O.M., van Geel, B,
Zaitseva, G.I., 2004. ‘The
geomagnetic excursion around 2700 BP and changes

‘Sterno-Etrussia’

of solar activity, cosmic ray intensity, and climate.
Radiocarbon 46, 661-681.

Digerfeldt, G., 1988. Reconstruction and regional
correlation of Holocene lake-level fluctuations in
Lake Bysjon, South Sweden. Boreas 17, 165-182.

Friis-Christensen, E., Lassen, K., 1991. Length of the
solar cycle: An indicator of solar activity closely
associated with climate. Science 254, 698-700.

Frohlich, C., Lean, J., 2004. Solar radiative output and
its variability: evidence and mechanisms. The
Astronomy and Astrophysics Review 12, 273-320.

Gallet, Y., Genevey, A., Fluteau, E, 2005. Does Earth’s
magnetic field secular variation control centennial
climate change? Earth and Planetary Science Letters
236, 339-347.

Godwin, H., 1962. Half-live of radiocarbon. Nature
195, 984-&.

Gray, L.J., Beer, J., Geller, M., Haigh, J.D., Lockwood,
M., Matthes, K., Cubasch, U., Fleitmann, D.,
Harrison, G., Hood, L., Luterbacher, J., Meehl,
G.A., Shindell, D., van Geel, B., White, W., 2010.



LUNDQUA Thesis 73

Anette Mellstrém

Solar influences on climate. Rev. Geophys. 48,
RG4001.

Grimm, E., 2007. Tilia Version 1.0.1. Illinois State
Museum, Research and Collection Center,
Springfield.

Grimm, E.C., 1992. Tilia and Tilia graph: pollen
spreadsheets and  graphics

International Palynological Congress. Association

programs,  8th

des DPalynologues de langue Francais, Aix-en-
Provence, p. 56.

Grosjean, M., Geyh, M.A., Messerli, B., Schreier, H.,
Veit, H., 1998. A late-Holocene (<2600 BP) glacial
advance in the south-central Andes (29°S), northern
Chile. The Holocene 8, 473-479.

Guhrén, M., Bindler, R., Korsman, T., Rosén, P, Wallin,
J.-E.,  Renberg, 1., 2003.
undersokningar av kalkade referenssjoar. Del. 4.

Paleolimnologiska

Bésjon (Dalarnas lin), Gyltigesjon (Hallands lin)
och Lingsjon (Orebro lin). Institutionen for ekologi
och geovetenskap, Umed universitet, Umes, p. 37.

Haigh, J.D., 1994. The role of stratospheric ozone in
modulating the solar radiative forcing of climate.
Nature 370, 544-446.

Haigh, J.D., 1996. The impact of solar variability on
climate. Science 272, 981-984.

Hall, I.R., Bianchi, G.G., Evans, J.R., 2004. Centennial
to millennial scale Holocene climate-deep water
linkage in the North Adantic. Quaternary Science
Reviews 23, 1529-1536.

Haltia-Hovi, E., Nowaczyk, N., Saarinen, T., 2010.
Holocene palacomagnetic secular variation recorded
in multiple lake sediment cores from eastern Finland.
Geophys. J. Int. 180, 609-622.

Hamano, Y., 1980. An experiment on the post-
depositional remanent magnetization in artificial and
natural sediments. Earth and Planetary Science
Letters 51, 221-232.

Harrison, R.]., Feinberg, J.M., 2008. FORCinel: An
improved algorithm for calculating firsc-order
reversal curve distributions using locally weighted
regression smoothing. Geochemistry, Geophysics,
Geosystems 9, Q05016.

Heiri, O., Lotter, A., Lemcke, G., 2001. Loss on ignition
as a method for estimating organic and carbonate

reproducibility  and
comparability of results. Journal of Paleolimnology
25, 101-110.

Hellborg, R., Skog, G., 2008. Accelerator mass
spectrometry. Mass Spectrom. Rev. 27, 398-427.
Hervé, G., Chauvin, A., Lanos, P, 2013. Geomagnetic
field variations in Western Europe from 1500BC to
200AD. Part I: Directional secular variation curve.

Phys. Earth Planet. Inter. 218, 1-13.

Heyng, A., Mayr, C., Liicke, A., Wissel, H., Striewski,

B., 2014. Late Holocene hydrologic changes in

content in  sediments:

northern New Zealand inferred from stable isotope
values of aquatic cellulose in sediments from Lake

Pupuke. Journal of Paleolimnology 51, 485-497.

Holzhauser, H., Magny, M., Zumbuhl, H.J., 2005.
Glacier and lake-level variations in west-central
Europe over the last 3500 years. Holocene 15, 789-
801.

Hormes, A., Blaauw, M., Dahl, S.0., Nesje, A., Possnert,
G., 2009. Radiocarbon wiggle-match dating of
proglacial lake sediments - Implications for the 8.2
ka event. Quaternary Geochronology 4, 267-277.

Irving, E., Major, A., 1964. Post-depositional detrital
remanent magnetization in a synthetic sediment.
Sedimentology 3, 135-143.

Janssens, J.A., 1983. A Quantitative Method for
Stratigraphic Analysis of Bryophytes in Holocene
Peat. Journal of Ecology 71, 189-196.

Jowsey, PC., 1966. An improved peat sampler. New
Phytologist 65, 245-248.

Karlgvist, L., de Geer, ]., Fogdestam, B., Engqvist, P,
1985. Beskrivning och bilagor till hydrogeologiska
kartan 6ver Hallands lin.

Kent, D.V,, 1973.
Magnetisation in Deep-sea Sediment. Nature 246,
32-34.

Kilian, M.R., van der Plicht, J., van Geel, B., 1995.
Dating raised bogs: New aspects of AMS C-14 wiggle

Post-depositional ~ Remanent

matching, a reservoir effect and climatic change.
Quaternary Science Reviews 14, 959-966.

Kilian, M.R., van Geel, B., van der Plicht, J., 2000. "C
AMS wiggle matching of raised bog deposits and
models of peat accumulation. Quaternary Science
Reviews 19, 1011-1033.

Kirschvink, J.L., 1980. The least-squares line and plane
and the analysis of palacomagnetic data. Geophys. J.
Int. 62, 699-718.

Knudsen, M.E, Riisager, P, Donadini, F., Snowball, L.,
Muscheler, R., Korhonen, K., Pesonen, L.]J., 2008.
Variations in the geomagnetic dipole moment during
the Holocene and the past 50 kyr. Earth and
Planetary Science Letters 272, 319-329.

Korte, M., Donadini, E, Constable, C.G., 2009.
Geomagnetic field for 0-3 ka: 2. A new series of

global
Geophysics, Geosystems 10.

Kroonenberg, S.B., Abdurakhmanov, G.M., Badyukova,
E.N., van der Borg, K., Kalashnikov, A., Kasimov,
N.S., Rychagov, G.I., Svitoch, A.A., Vonhof, H.B.,
Wesselingh, EP, 2007. Solar-forced 2600 BP and
Little Ice Age highstands of the Caspian Sea.
Quaternary International 173-174, 137-143.

Langdon, PG., Barber, K.E., 2005. The climate of
Scotland over the last 5000 years inferred from

time-varying models.  Geochemistry,

multiproxy peatland records: Inter-site correlations
and regional variability. Journal of Quaternary
Science 20, 549-566.

Langdon, PG., Barber, K.E., Hughes, PD.M., 2003. A
7500-year peat-based palacoclimatic reconstruction
and evidence for an 1100-year cyclicity in bog surface

33



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

wetness from Temple Hill Moss, Pentland Hills,
southeast Scotland. Quaternary Science Reviews 22,
259-274.

Libby, W.E, Anderson, E.C., Arnold, J.R., 1949. Age
determination by radiocarbon content: World-wide
assay of natural radiocarbon. Science 109, 227-228.

Licht, A., Hulot, G., Gallet, Y., Thébault, E., 2013.
Ensembles of low degree archeomagnetic field
models for the past three millennia. Phys. Earth
Planet. Inter. 224, 38-67.

Liu, Q., Roberts, A.P, Rohling, E.J., Zhu, R., Sun, Y.,
2008. Post-depositional remanent magnetization
lock-in and the location of the Matuyama-Brunhes
geomagnetic reversal boundary in marine and
Chinese loess sequences. Earth and Planetary Science
Letters 275, 102-110.

Lund, S.P, Keigwin, L., 1994. Measurement of the
degree of smoothing in sediment paleomagnetic
secular variation records: an example from late
Quaternary deep-sea sediments of the Bermuda Rise,
western North Atlantic Ocean. Earth and Planetary
Science Letters 122, 317-330.

Lovlie, R., 1976. The intensity pattern of post-
depositional remanence acquired in some marine
sediments deposited during a reversal of the external
magnetic field. Earth and Planetary Science Letters
30, 209-214.

MacDonald, G.M., Beukens, R.P, Kieser, W.E., 1991.
Radiocarbon dating of limnic sediments: a
comparative analysis and discussion. Ecology 72,
1150-1155.

Magny, M., 2004. Holocene climate variability as
reflectedby mid-European lake-level fluctuations
andits probable impact on prehistoric human
settlements. Quaternary International 113, 65-79.

Martin-Puertas, C., Matthes, K., Brauer, A., Muscheler,
R., Hansen, E, Petrick, C., Aldahan, A., Possnert,
G., van Geel, B., 2012. Regional atmospheric
circulation shifts induced by a grand solar minimum.
Nature Geoscience 5, 397-401.

Martin-Puertas, C., Valero-Garcés, B.L., Brauer, A.,
Mata, M.P, Delgado-Huertas, A., Dulski, P, 2009.
The Iberian-Roman Humid Period (2600-1600 cal
yr BP) in the Zofar Lake varve record (Andalucia,
southern Spain). Quat. Res. 71, 108-120.

Masarik, J., Beer, J., 1999. Simulation of particle fluxes
and cosmogenic nuclide production in the Earth’s
atmosphere. Journal of Geophysical Research D104,
12,099-013,012.

Matthews, J.A., Berrisford, M.S., Quentin Dresser, P,
Nesje, A., Olaf Dahl, S., Elisabeth Bjune, A., Bakke,
J., John, H., Birks, B., Lie, @., Dumayne-Peaty, L.,
Barnett, C., 2005. Holocene glacier history of
Bjornbreen and climatic reconstruction in central
Jotunheimen, Norway, based on
glaciofluvial stream-bank mires. Quaternary Science
Reviews 24, 67-90.

proximal

34

Mauquoy, D., Barber, K., 1999. A replicated 3000 yr
proxy-climate record from Coom Rigg Moss and
Felecia Moss, the Border Mires, northern England.
Journal of Quaternary Science 14, 263-275.

Mauquoy, D., Engelkes, T., Groot, M.H.M.,
Markesteijn, E, Oudejans, M.G., van der Plich, J.,
van Geel, B., 2002. High-resolution records of late-
Holocene climate change and carbon accumulation
in two north-west European ombrotrophic peat
bogs. Paleogeogr. Paleoclimatol. Paleoecol. 186, 275-
310.

Mauquoy, D., Yeloff, D., Van Geel, B., Charman, D.].,
Blundell, A., 2008. Two decadally resolved records
from north-west European peat bogs show rapid
climate changes associated with solar variability
during the mid-late Holocene. Journal of Quaternary
Science 23, 745-763.

Mayewski, PA., Rohling, E.E., Stager, J.C., Karlén, W.,
Maasch, K.A., Meeker, L.D., Meyerson, E.A., Gasse,
E, van Kreveld, S., Holmgren, K., Lee-Thorp, J.,
Rosqvist, G., Rack, E, Staubwasser, M., Schneider,
R.R., Steig, E.J., 2004. Holocene climate variability.
Quat. Res. 62, 243-255.

Mook, W.G., van der Plichg, J., 1999. Reporting 14C
activities and concentrations. Radiocarbon 41, 227-
239.

Moore, PD., Webb, J.A., Collinson, M.E., 1991. Pollen
Analysis. Blackwell Scientific, Oxford.

Muscheler, R., Beer, J., Kubik, P°W., Synal, H.-A., 2005.
Geomagnetic field intensity during the last 60,000
years based on “Be and *Cl from the Summit ice
cores and '“C. Quaternary Science Reviews 24,
1849-1860.

Muscheler, R., Beer, J., Wagner, G., Finkel, R.C., 2000.
Changes in deep-water formation during the Younger
Dryas event inferred from '"Be and 'C records.
Nature 408, 567-570.

Muscheler, R., Beer, J., Wagner, G., Laj, C., Kissel, C.,
Raisbeck, G.M., Yiou, E, Kubik, PW. 2004.
Changes in the carbon cycle during the last
deglaciation as indicated by the comparison of '"Be
and "C records. Earth and Planetary Science Letters
219, 325-340.

Nesje, A., Matthews, J.A., Dahl, S.O., Berrisford, M.S.,
Andersson, C., 2001. Holocene glacier fluctuations
of Flatebreen and winter-precipitation changes in the
Jostedalsbreen region, western Norway, based on
glaciolacustrine sediment records. The Holocene 11,
267-280.

Ning, W., 2011. Testing the hypothesis of a link between
the Earth’s magnetic field and climate change: a case
study from southern Sweden focusing on the Ist
millennium BC. Lund University, Lund.

Ojala, A.EK.,, Alenius, T., 2005. 10000 years of
interannual sedimentation recorded in the Lake
Nautajiarvi  (Finland)
Palacogeography, Palacoclimatology, Palacoecology

clastic—organic varves.



LUNDQUA Thesis 73

Anette Mellstrém

219, 285-302.
Ojala, A.E.K., Francus, P, Zolitschka, B., Besonen, M.,
Lamoureux, S.E, 2012. Characteristics of

sedimentary varve chronologies - A review.
Quaternary Science Reviews 43, 45-60.

Ojala, A.E.K., Saarinen, T., 2002. Palacosecular variation
of the Earth’s magnetic field during the last 10000
years based on the annually laminated sediment of
Lake Nautajirvi, central Finland. The Holocene 12,
391-400.

Ojala, A.EK., Saarinen, T., Salonen, V.-P, 2000.
Preconditions for the formation of annually
laminated lake sediments in southern and central
Finland. Boreal Environment Research 5, 243-255.

Oldfield, E, 2007. Sources of fine-grained magnetic
minerals in sediments: a problem revisited. The
Holocene 17, 1265-1271.

Oldfield, E, Crooks, PR.]., Harkness, D.D., Petterson,
G., 1997. AMS radiocarbon dating of organic
fractions from varved lake sediments: an empirical
test of reliability. Journal of Paleolimnology 18, 87-
91.

Olsson, I.U., 1968. Modern aspects of radiocarbon
datings. Earth-Science Reviews 4, 203-218.

Olsson, 1.U., 1986. Radiometric dating, in: Berglund,
B.E. (Ed.), Handbook of Holocene Palacoecology
and Palacohydrology. John Wiley & Sons Ltd,
Chichester, pp. 273-312.

Oppo, D.W., McManus, J.E, Cullen, ]J.L., 2003. Palaco-
oceanography: Deepwater variability in the Holocene
epoch. Nature 422, 277-277.

Pearson, G.W., 1986. Precise calendrical dating of
known growth-period samples using a ‘curve fitting’
technique. Radiocarbon 28, 292-299.

Petterson, G., 1996. Varved sediments in Sweden: a brief
review, in: Kemp, A.E.S. (Ed.), Palacoclimatology
and Palacoceanography from Laminated Sediments.
Geological Society Special Publication, pp. 73-77.

Plunkett, G., 2006. Tephra-linked peat humification
records from Irish ombrotrophic bogs question
nature of solar forcing at 850 cal. yr BC. Journal of
Quaternary Science 21, 9-16.

Plunkett, G., Swindles, G.T., 2008. Determining the
Sun’s influence on Lateglacial and Holocene climates:
a focus on climate response to centennial-scale solar
forcing at 2800 cal. BP. Quaternary Science Reviews
27, 175-184.

Plunkett, G.M., Pilcher, J.R., McCormac, EG., Hall,
V.A., 2004. New dates for first millennium BC
tephra isochrones in Ireland. The Holocene 14, 780-
786.

Passe, T., 1988. Beskrivning till jordartskartan Varberg
SO/Ullared SV. Sveriges Geologiska Undersokning.

Rasmussen, S.O., Andersen, K.K., Svensson, A.M.,
Steffensen, J.P, Vinther, B.M., Clausen, H.B.,
Siggaard-Andersen, M.L., Johnsen, S.]., Larsen, L.B.,
Dahl-Jensen, D., Bigler, M., Rothlisberger, R.,

Fischer, H., Goto-Azuma, K., Hansson, M.E., Ruth,
U., 2006. A new Greenland ice core chronology for
the last glacial termination. Journal of Geophysical
Research: Atmospheres 111, n/a-n/a.

Reimer, PJ., Baillie, M.G.L., Bard, E., Bayliss, A., Beck,
J.W., Blackwell, PG., Bronk Ramsey, C., Buck, C.E.,
Burr, G.S., Edwards, R.L., Friedrich, M., Grootes,
PM., Guilderson, T.P, Hajdas, 1., Heaton, TJ.,
Hogg, A.G., Hughen, K.A., Kaiser, K.E, Kromer, B.,
McCormac, EG., Manning, S.W., Reimer, R.W,,
Richards, D.A., Southon, J.R., Talamo, S., Turney,
C.S.M., van der Plicht, J., Weyhenmeyer, C.E.,
2009. Intcal09 and Marine09 radiocarbon age
calibration  curves, 0-50,000 years cal BP
Radiocarbon 51, 1111-1150.

Reimer, PJ., Bard, E., Bayliss, A., Beck, J.W., Blackwell,
PG., Bronk Ramsey, C., Buck, C.E., Cheng, H.,
Edwards, R.L., Friedrich, M., Grootes, PM,,
Guilderson, T.P, Haflidason, H., Hajdas, I., Hatté,
C., Heaton, TJ., Hoffmann, D.L., Hogg, A.G.,
Hughen, KA., Kaiser, K., Kromer, B., Manning,
S.W., Niu, M., Reimer, R.W., Richards, D.A., Scott,
E.M., Southon, J.R., Staff, R.A., Turney, C.S.M.,
van der Plicht, J., 2013. IntCall3 and Marinel3
radiocarbon age calibration curves 0-50,000 years cal
BP. Radiocarbon 55, 1869-1887.

Renberg, I, 1982. Varved lake
geochronological record of the Holocene. Geologiska
Foreningens i Stockholm Férhandlingar 104, 275-
279.

Renberg, 1., Bindler, R., Briannvall, M.-L., 2001. Using
the historical atmospheric lead-deposition record as a

sediments:

chronological marker in sediment deposits in Europe.
The Holocene 11, 511-516.

Renberg, I., Hansson, H., 1993. A pump freeze corer for
recent sediments. Limnology & Oceanography 38,
1317-1321.

Renssen, H., Goosse, H., Muscheler, R., 2006. Coupled
climate model simulation of Holocene cooling
events: oceanic feedback amplifies solar forcing.
Climate of the Past 2, 79-90.

Rind, D., 2002. The Sun’s Role in Climate Variations.
Science 296, 673-677.

Roberts, A.P, Tauxe, L., Heslop, D., 2013. Magnetic
paleointensity ~ stratigraphy and  high-resolution
Quaternary geochronology: successes and future
challenges. Quaternary Science Reviews 61, 1-16.

Roberts, A.P, Winklhofer, M., 2004. Why are
geomagnetic excursions not always recorded in
sediments? Constraints from  post-depositional
remanent magnetization lock-in modelling. Earth
and Planetary Science Letters 227, 345-359.

Rohling, E.J., Pilike, H., 2005. Centennial-scale climate
cooling with a sudden cold event around 8,200 years
ago. Nature 434, 975-979.

Saarinen, T., 1998. High-resolution palacosecular
variation in northern Europe during the last 3200

35



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

years. Phys. Earth Planet. Inter. 106, 299-309.

Saarnisto, M., 1986. Annually laminated lake sediments,
in: Berglund, B.E. (Ed.), Handbook of Holocene
palacoecology and palacohydrology. John Wiley,
Chichester, pp. 343-370.

Sagnotti, L., Budillon, F, Dinarés-Turell, J., lorio, M.,
MacRi, P, 2005.
paleomagnetic lock-in depth in the Holocene

Evidence for a wvariable

sequence from the Salerno Gulf (Italy): Implications
for “high-
Geochemistry, Geophysics, Geosystems 6.

SGU, 2014. http://maps2.sgu.se/kartgenerator/
maporder_sv.heml. Accessed 2014-04-12.

Shindell, D., Rind, D., Balachandran, N., Lean, ].,
Lonergan, P, 1999. Solar Cycle Variability, Ozone,
and Climate. Science 284, 305-308.

Siegenthaler, U., Heimann, M., Oeschger, H., 1980. '“C
variations caused by changes in the global carbon
cycle. Radiocarbon 22, 177-191.

Skog, G., Rundgren, M., Skéld, P, 2010. Status of the
Single Stage AMS machine at Lund University after
4 years of operation. Nuclear Instruments and
Methods in Physics Research B 268.

SMHI, 2014. http://vattenweb.smbhi.se/station/.
Accessed 2014-03-28.

Snowball, 1., Mellstrom, A., Ahlstrand, E., Haltia, E.,
Nilsson, A., Ning, W., Muscheler, R., Brauer, A.,
2013. An estimate of post-depositional remanent

resolution”  paleomagnetic

dating.

magnetization lock-in depth in organic rich varved
lake sediments. Global and Planetary Change 110,
264-277.

Snowball, I, Muscheler, R., 2007. Palacomagnetic
intensity data: an Achilles heel of solar activity
reconstructions. The Holocene 17, 851-859.

Snowball, I., Muscheler, R., Zillén, L., Sandgren, P,
Stanton, T., Ljung, K., 2010. Radiocarbon wiggle
matching of Swedish lake varves reveals asynchronous
climate changes around the 8.2 kyr cold event.
Boreas 39, 720-733.

Snowball, I., Sandgren, P, 2002. Geomagnetic field
variations in northern Sweden during the Holocene
quantified from varved lake sediments and their
implications for cosmogenic nuclide production
rates. The Holocene 12, 517-530.

Snowball, 1., Sandgren, P, 2004. Geomagnetic field
intensity changes in Sweden between 9000 and 450
cal BP: extending the record of “archacomagnetic
jerks” by means of lake sediments and the pseudo-
Thellier technique. Earth and Planetary Science
Letters 227, 361-376.

Snowball, I., Sandgren, P, Petterson, G., 1999. The
mineral magnetic properties of an annually laminated
Holocene lakesediment sequence in northern
Sweden. The Holocene 9, 353-362.

Snowball, I, Zillén, L., Ojala, A., Saarinen, T., Sandgren,
P, 2007. FENNOSTACK and FENNORPIS: Varve
dated Holocene palacomagnetic secular variation and

36

relative palaeointensity stacks for Fennoscandia.
Earth and Planetary Science Letters 255, 106-116.

Speranza, A., van der Plicht, J., van Geel, B., 2000.
Improving the time control of the Subboreal/
Subatlantic transition in a Czech peat sequence by
"C wiggle-matching. Quaternary Science Reviews
19, 1589-1604.

Speranza, A., van Geel, B., van der Plicht, ., 2002.
Evidence for solar forcing of climate change at ca.
850 cal BC from a Czech peat sequence. Global and
Planetary Change 35, 51-65.

St-Onge, G., Stoner, ].S., Hillaire-Marcel, C., 2003.
Holocene paleomagnetic records from the St.
Lawrence Estuary, eastern Canada: centennial- to
millennial-scale  geomagnetic
cosmogenic isotopes. Earth and Planetary Science
Letters 209, 113-130.

Stanton, T., 2011. High
reconstructions  of

modulation  of

temporal  resolution

Holocene  palacomagnetic

directions and intensity: an assessment of
geochronology, feature reliability and environmental
bias, Department of Earth and Ecosystem Sciences.
Lund University, Lund.

Stanton, T., Nilsson, A., Snowball, I., Muscheler, R.,
2011. Assessing the reliability of Holocene relative
palaeointensity estimates: a case study from Swedish
varved lake sediments. Geophys. J. Int. 187, 1195-
1214.

Stanton, T., Snowball, 1., Zillén, L., Wastegird, S., 2010.
Validating a Swedish varve chronology using
radiocarbon, palacomagnetic secular variation, lead
pollution  history and statistical
Quaternary Geochronology 5, 611-624.

Stockhausen, H., 1998. Geomagnetic palacosecular
variation (0213 000 yr BP) as recorded in sediments
from three maar lakes from theWest Eifel (Germany).
Geophys. J. Int. 135, 898-910.

Stockmarr, J., 1971. Tablets with spores used in absolute
pollen analysis. Pollen et Spores 13, 615-621.

Stuiver, M., Braziunas, T.E, 1993. Sun, ocean, climate
and a 12Ctmosp4:Oheric an evaluation of causal and
spectral relationships. The Holocene 3, 289-305.

Stuiver, M., Polach, H.A., 1977. Discussion reporting of
14C data. Radiocarbon 19, 355-363.

Suganuma, Y., Okuno, J., Heslop, D., Roberts, A.P,
Yamazaki, T., Yokoyama, Y., 2011. Post-depositional
remanent

correlation.

magnetization lock-in  for marine
sediments deduced from 10Be and paleomagnetic
records through the Matuyama-Brunhes boundary.
Earth and Planetary Science Letters.

Suganuma, Y., Yokoyama, Y., Yamazaki, T., Kawamura,
K., Horng, C.-S., Matsuzaki, H., 2010. °Be evidence
for delayed acquisition of remanent magnetization in
marine sediments: Implication for a new age for the
Matuyama-Brunhes boundary. Earth and Planetary
Science Letters 296, 443-450.

Svensmark, H., Friis-Christensen, E., 1997. Variation of



LUNDQUA Thesis 73

Anette Mellstrém

cosmic ray flux and global cloud coverage-a missing
link in solar-climate relationships. J. Atmos. Sol.-
Terr. Phys. 59, 1225-1232.

Swindles, G.T., Plunkett, G., Roe, H.M., 2007. A
delayed climatic response to solar forcing at 2800 cal.
BP: multiproxy evidence from three Irish peatlands.
The Holocene 17, 177-182.

Tauxe, L., Pick, T, Kok, Y.S., 1995. Relative
paleointensity in sediments: a pseudo-Thellier
approach. Geophys. Res. Lett. 22, 2885-2888.

Tauxe, L., Steindorf, J.L., Harris, A., 2006. Depositional
remanent magnetization: Toward an improved
theoretical and experimental foundation. Earth and
Planetary Science Letters 244, 515-529.

Turner, G.M., Thompson, R., 1981. Lake sediment
record of the geomagnetic secular variation in Britain
during Holocene times. Geophysical Journal. Royal
Astronomical Society 65, 703-725.

Térngvist, T.E., 1992. Accurate dating of organic
deposits by AMS “C measurement of macrofossils.
Radiocarbon 34, 566-577.

Unkel, 1., 2006. AMS-"“C-Analysen zur Rekonstruktion
der Landschafts- und Kulturgeschichte in der Region
Palpa (S-Peru). Ruprecht - Karls - Universitit,
Heidelberg.

Wacker, L., Némec, M., Bourquin, J., 2010. A
revolutionary graphitisation system: Fully automated,
compact and simple. Nuclear Instruments and
Methods in Physics Research B 268, 931-934.

Wagner, G., Masarik, J., Beer, J., Baumgartner, S.,
Imboden, D., Kubik, PW., Synal, H.-A., Suter, M.,
2000. Reconstruction of the geomagnetic field
between 20 and 60 kyr BP from cosmogenic
radionuclides in the GRIP ice core. Nuclear
Instruments and Methods in Physics Research B
172, 597-604.

van der Plicht, ]., Hogg, A., 2006. A note on reporting
radiocarbon. Quaternary Geochronology 1, 237-
240.

Van der Putten, N., Hebrard, J.P, Verbruggen, C., de
Vijver, B.V,, Disnar, J.R., Spassov, S., de Beaulieu,
J.L., De Dapper, M., Keravis, D., Hus, J., Thouveny,
N, Frenot, Y., 2008. An
palacoenvironmental investigation of a 6200 year old

integrated

peat sequence from lle de la Possession, Iles Crozet,
sub-Antarctica. Paleogeogr. Paleoclimatol. Paleoecol.
270, 179-195.

Van der Putten, N., Verbruggen, C., Ochyra, R., Spassov,
S., de Beaulieu, ]J.L., De Dapper, M., Hus, ].,
Thouveny, N., 2009. Peat bank growth, Holocene
palacoecology and climate history of South Georgia
(sub-Antarctica), based on a botanical macrofossil
record. Quaternary Science Reviews 28, 65-79.

van Geel, B., 1978. A palacoecological study of Holocene
peat bog sections in Germany and the Netherlands.
Review of Palacobotany and Palynology 25, 1-120.

van Geel, B., Buurman, J., Waterbolk, H.T., 1996.

Archaeological and palacoecological indications of an
abrupt climate change in the Netherlands, and
evidence for climatological teleconnections around
2650 BP. Journal of Quaternary Science 11, 451-
460.

van Geel, B., Heusser, C.J., Renssen, H., Schuurmans,
C.J.E., 2000. Climatic change in Chile at around
2700 BP and global evidence for solar forcing: a
hypothesis. The Holocene 10, 659-664.

van Geel, B., Mook, W.G., 1989. High-resolution “C
dating of organic deposits using natural atmospheric
14C variations. Radiocarbon 31, 151-155.

van Geel, B., Renssen, H., 1998. Abrupt climate change
around 2,650 BP in North-West Europe: Evidence
for climatic teleconnections and a tentative
explanation, in: Issar, A.S., Brown, N. (Eds.), Water,
Environment and Society in Times of Climatic
Change, pp. 21-41.

van Geel, B., van der Plicht, J., Kilian, M.R., Klaver,
E.R., Kouwenberg, ].H.M., Renssen, H., Reynaud-
Farrera, 1., Waterbolk, H.T., 1998. The sharp rise of
AMC ca. 800 cal BC: possible causes, related climatic
teleconnections and the impact on human
environments, 16th International “C Conference,
pp- 535-550.

Wang, Y., Cheng, H., Edwards, R.L., He, Y., Kong, X.,
An, Z., W, J., Kelly, M.J., Dykoski, C.A., Li, X.,
2005. The Holocene Asian Monsoon: Links to Solar
Changes and North Atlantic Climate. Science 308,
854-857.

Wanner, H., Beer, J., Biitikofer, J., Crowley, TJ.,
Cubasch, U., Fliickiger, J., Goosse, H., Grosjean,
M., Joos, E, Kaplan, J.O., Kiittel, M., Miiller, S.A.,
Prentice, 1.C., Solomina, O., Stocker, T.E, Tarasov,
P, Wagner, M., Widmann, M., 2008. Mid- to Late
Holocene climate change: an overview. Quaternary
Science Reviews 27, 1791-1828.

Wanner, H., Bronnimann, S., Casty, C., Gyalistras, D.,
Luterbacher, J., Schmutz, C., Stephenson, D.,
Xoplaki, E., 2001. North Atlantic Oscillation —
Concepts And Studies. Surv. Geophys. 22, 321-381.

Wanner, H., Solomina, O., Grosjean, M., Ritz, S.P,
Jetel, M., 2011. Structure and origin of Holocene
cold events. Quaternary Science Reviews 30, 3109-
3123.

Verosub, K.L., 1977. Depositional and postdepositional
processes in the magnetization of sediments. Reviews
of Geophysics 15, 129-143.

Wilson, P, McGourty, J., Bateman, M.D., 2004. Mid-
to late-Holocene coastal dune event stratigraphy for
the north coast of Northern Ireland. Holocene 14,
406-416.

Wirth, S.B., Glur, L., Gilli, A., Anselmetti, ES., 2013.
Holocene flood frequency across the Central Alps —
solar forcing and evidence for variations in North
Atlantic atmospheric circulation. Quaternary Science
Reviews 80, 112-128.

37



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

Vorren, K.D., Jensen, C.E., Nilssen, E., 2012. Climate
changes during the last c. 7500 years as recorded by
the degree of peat humification in the Lofoten
region, Norway. Boreas 41, 13-30.

Zillén, L., 2003. Setting the Holocene clock using varved
lake sediments in Sweden, Lund University,
Department of Geology, Quaternary Science. Lund
University, Lund.

Zillén, L., Snowball, 1., Sandgren, P, Stanton, T., 2003.
Occurrence of varved lake sediment sequences in
Virmland, west central Sweden: lake characteristics,
varve chronology and AMS radiocarbon dating.
Boreas 32, 612-626.

38



