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Abstract: The exact spatial and temporal behaviour of rapid climate shifts during the Last Glacial–
Interglacial Transition are still not entirely understood. In order to investigate these events, it is
necessary to have detailed palaeoenvironmental reconstructions at geographically spread study
sites combined with reliable correlations between them. Tephrochronology, i.e., using volcanic ash
deposits in geological archives as a dating and correlation tool, offers opportunities to examine the
timing of events across wider regional scales. This study aims to review the posited asynchrony of the
Younger Dryas stadial in comparison with Greenland Stadial-1 by correlating new proxy data from
southernmost Sweden to previous palaeoclimate reconstructions in Europe based on the presence of
the Hässeldalen Tephra, the Vedde Ash, and the Laacher See Tephra. µ-XRF core-scanning data were
projected using a recently published age–depth model based on these tephras and several radiocarbon
dates, and compared to previous findings, including by adapting previous chronologies to the recently
proposed earlier date of the Laacher See Tephra (13,006 ± 9 cal. a BP). Although the results to some
extent support the idea of a more synchronous Younger Dryas event than previously assumed, this
issue requires further high-resolution proxy studies to overcome limitations of temporal precision.

Keywords: palaeoclimate; tephrostratigraphy; LGIT; Scandinavia; XRF; Hässeldalen Tephra; Vedde
Ash; Laacher See Tephra

1. Introduction

For a period of time after the Last Glacial Maximum (LGM, c. 22 ka [1]), when the
last of the Eurasian and Laurentide ice sheets retreated, Earth experienced an unstable
and disruptive climatic amelioration. Several rapid climate shifts occurred during what
is often referred to as the Last Glacial–Interglacial Transition (LGIT, c. 16–8 ka [2]). A
better understanding of these changes is important in Quaternary research, as these events,
as recorded in geological archives, are still not entirely understood in terms of causes or
timing [3–7]. Reconstructing the development of these changes in detail, across temporal
and spatial scales, is crucial for improving our knowledge of the climate system of the past,
which in turn is necessary for comprehending the behaviour of the climate in the present
and the future [8].

A well-studied example of the uncertainties surrounding the timing of LGIT climate
shifts is the onset of the Younger Dryas stadial (YD, climatostratigraphically defined at c.
12.8–11.6 ka [9]). This cold event has been attributed to major reconfigurations of the oceanic
and atmospheric circulation in the North Atlantic beginning soon after 13 ka [10–16] and
several hypotheses regarding its trigger have been put forward, including a large release
of meltwater from the Laurentide Ice Sheet [17,18], a cosmic impact event [19,20], and
volcanism [21–23]—though all of these have been contested [16,24,25].
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When the YD has been used to define stratigraphic units in palaeoclimate reconstruc-
tions, an apparent asynchrony between locations and different climate proxies has been
described; studies seem to demonstrate that both the timing and the duration of the YD var-
ied in a geographically time-transgressive fashion in the North Atlantic region [26–32]. This
also suggests that the YD was not synchronous with Greenland Stadial-1 (GS-1, the most
recent stadial event recorded in the Greenland ice-core record and dated to 12,896–11,703
b2k [2]) and it has been recommended to not use the YD and GS-1 interchangeably [2,3].

The potential of tephrochronology as a correlation tool to test the synchroneity of past
climate changes—with advantages in terms of temporal precision and spatial coverage—
has already been extensively reviewed and demonstrated [33–47]. A number of tephras
produced by eruptions during the LGIT are commonly found preserved in geological
archives in Europe, such as the widespread Icelandic Vedde Ash [48] and the German
Laacher See Tephra [49]; two key tephras in examining the timing of the YD. A recent study
provided a refined, more precise date for the Laacher See Tephra based on a combination
of dendrochronology and radiocarbon dating, which predates the previously accepted age
estimate by more than 100 years [16]. This has implications for the posited asynchrony of
the onset of the YD as interpreted in connection to occurrences of this tephra. Considering
also the recent expansions of the geographical area where this tephra is discovered [50–53],
it is now particularly important for the palaeoclimatic application of tephrochronology, and
the new date calls for review of a number of previous studies.

With this in mind, we aim to examine the timing of LGIT climate shifts as interpreted
based on terrestrial and lacustrine tephra deposits in Europe. We build upon a previous
palaeoclimate reconstruction by Hammarlund & Lemdahl (1994) [54] and a new tephros-
tratigraphy and age model by Larsson & Wastegård (2022) [55] from Körslättamossen in
southernmost Sweden with new high-resolution XRF core-scanning results to correlate
our findings to other studies using the tephra deposits as isochrons. We find that there is
evidence to support recent suggestions of a synchronous YD onset, but the question still
requires further study as there are issues of comparability between sites and proxies as
well as a need for more high-resolution palaeoclimate reconstructions with high-precision
chronologies. The Körslättamossen sequence provides excellent opportunities for further
research on this topic.

2. Materials and Methods
2.1. Fieldwork

The study site Körslättamossen is a small fen located in northwest Scania in south-
ernmost Sweden (Figure 1). It is located at c. 118 m a.s.l. (which is c. 70 m above the
highest coastline in the area [56]) and has a catchment of c. 750 ha underlain mainly by
metamorphic bedrock (gneiss [57]). The fen was formed by terrestrialisation in a bedrock
depression that held a small lake after deglaciation [54]. The area was deglaciated shortly
after 17 ka [1], which means the site hosts one of the earliest post-LGM climate archives
investigated in Scandinavia.

Parallel boreholes were cored at a location selected in an attempt to be as close as
possible to the sampling location of the first study of the site [54]. Field notes from that
study were used for in-field validation of the retrieved sediments. Russian corers [58] were
used to collect a continuous stratigraphy by sampling cores with overlaps of 20–50 cm
from the parallel boreholes. In total, nine sample cores were retrieved, covering depths
114–605 cm below the ground surface. The cores were wrapped in sheets of plastic and,
upon return from the fieldwork, put into cold storage pending laboratory analyses.
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Figure 1. Locations of the study site Körslättamossen in southernmost Sweden (red square)
and correlation sites (grey triangles): Abernethy Forest (AF) [59]; Atteköpsmosse (AM) [5,60];
Czechowskie/Trzechowskie (C/T) [31,61,62]; Crudale Meadow (CM) [63–65]; Endinger Bruch
(EB) [66]; Hässeldala port (HP) [5,67–69]; Kråkenes (K) [70,71]; Lago Piccolo di Avigliana (LPA) [40,72];
Loch Ashik (LA) [59,73]; Meerfelder Maar (MM) [32,74,75]; Nahe (N) [53,76]; Quoyloo Meadow
(QM) [77–79]; Rehwiese (R) [4]; Soppensee (S) [36,40,80–82]; Stará Jímka (SJ) [52,83]; Store Slotseng
(SS) [84,85]; Tirinie (T) [6,86]; and Wegliny (W) [87]. Top-left inserted local map shows a simplified
topography around the study site: coring location at 56◦05′32.8” N 13◦03′50.0” E (red circle); fen area
(grey field); catchment area (striped field); streams (blue lines); and elevation as metres above sea
level (solid lines). European map used for the main image from d-maps.com. Inserted map adapted
from the first study of the site [54] based on a terrain map from Geological Survey of Sweden [88].

2.2. Labwork
2.2.1. µ-XRF Core Scanning

Prior to any subsampling, all sample cores were scanned in order to produce micro
X-ray fluorescence (µ-XRF) elemental profiles using an ITRAX XRF Core Scanner [89] from
Cox Analytical Systems (Gothenburg, Sweden) at the SLAM Laboratory, Department of
Geological Sciences, Stockholm University, Sweden. Scanning was done on the flat sides
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of the half-cylinder-shaped sample cores, which were scraped to even out the surfaces.
Surfaces were covered with a thin Mylar plastic film to avoid drying of the cores during
analysis. Scanning used a Mo tube set to 30 kV and 50 mA with a 1000 µm step size and 10 s
exposure time. A composite core was created by selecting from the resulting raw counts,
with cut-off points motivated by comparison to the stratigraphy and organic matter and
carbon contents of the sediments, prioritising sequences with fewer invalid measurements
and lower mean standard errors when possible. The data were investigated after smoothing
by a 10-point running mean and log-ratio transformations (to overcome the issue of the
constant-sum constraint [90–92]).

2.2.2. Carbon Content, Organic Matter, and Tephra Analysis

Further analyses employed are described in the recently published Körslättamossen
study [55] and include: organic and carbonate carbon content analysis by an Eltra CS 500
Carbon Sulfur Determinator below 200 cm depth (the carbon content above this depth
exceeded the instrument’s detection levels); organic matter content measurement by loss-
on-ignition (LOI [93]) above 200 cm depth; tephra extraction for microscopic examination
following a procedure for extraction of rhyolitic glass from minerogenic sediments [94]; and
re-extraction of tephra for geochemical analysis [95] at selected levels of peak concentrations.
Extracted tephra shards were analysed using a Cameca SX-100 electron probe microanalyser
(EPMA [96]) at the School of GeoSciences, University of Edinburgh, Scotland, UK.

2.2.3. Chronology

After the above, the remaining sample material was searched for terrestrial macrofos-
sils suitable for radiocarbon dating. Selected samples were sent to the Tandem Laboratory,
Uppsala University, Sweden, for accelerator mass-spectrometer analysis. The combined
results of the tephra analysis and the radiocarbon age estimates gained were used to con-
struct an age–depth model of the sampled sediments by Bayesian methods [97], and the
results were used for projecting the proxy data against an age-scale. Dates are presented as
calibrated years before present (i.e., before 1950 CE) unless otherwise noted.

3. Results and Discussion
3.1. Proxy Results and Age–Depth Modelling

The stratigraphy of the composite sediment sequence is divided into eleven units as
described previously [55], building upon the first study of the site [54], and was defined
mainly by the physical appearance of the sediments (Figure 2a). The age–depth model
(Figure 2b) was based on a number of radiocarbon dates as well as the identifications of
three tephras: the c. 11.3 ka Hässeldalen Tephra (HDT) [67]; the c. 12.0 ka Vedde Ash
(VA) [48]; and the c. 13.0 ka Laacher See Tephra (LST) [49]. The organic matter and carbon
content records (Figure 2c) agree well with the stratigraphic description, for example by
the highest organic matter content being found in the topmost organic sediments and
the lowest carbon content in the bottommost, purely minerogenic clays, and variations
in-between being matched by sediment type and macrofossil contents.

The age–depth model used here is the presently best-available data for Körslätta-
mossen, but it could be improved in terms of coverage as the topmost units 8–11 and
bottommost unit 1 of the sediment sequence are only modelled by extrapolation of inferred
accumulation rates. However, the age control in the interval between the bottommost
radiocarbon dates and the HDT, i.e., units 2–7, are however considered precise enough for
discussion of the timing of certain events (with the caveat of a wider error margin in units
2–6a—particularly in units 4–5, which correspond to a radiocarbon plateau). The available
radiocarbon dates validate the identifications of the three tephras, which provide precise
anchor points for detailed comparisons to other studies.
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Figure 2. (a) Stratigraphy (unit numbers and simplified visualisation with colours resembling those
of the sediments), (b) age–depth model (with radiocarbon dates indicated by blue error bars), and
(c) organic matter and carbon contents (NB: broken axis) of the sampled sediment sequence, adapted
from the recently published study of the site by Larsson & Wastegård (2022) [55]. (d) µ-XRF core-
scanning results as selected log-ratio transformed elemental ratios (based on 10-point running means,
dotted line shows 0 for reference). The positions of the Hässeldalen Tephra (HDT), the Vedde Ash
(VA), and the Laacher See Tephra (LST) are indicated across the graph by dashed grey lines.
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Based on analytical performance (counting statistics), reliable µ-XRF data was acquired
for nearly the entire sediment sequence, interrupted only intermittently by single or a few
contiguous analysis points annotated as invalid by the core scanner (see Supplementary
Materials). The results were explored using log-ratio transformations of various elemental
ratios. The overall variations of the Br/Ti and Ca/Ti ratios (Figure 2d) correspond well to
the observed sediment type changes and the carbon record. As the Br/Ti ratio matches
organic carbon, and bromine has previously been demonstrated to be closely connected to
organic content [98,99], it is used here as an overall productivity proxy. Similarly, the Ca/Ti
ratio matches carbonate carbon and high values coincide with units of calcareous gyttja
and abundant shell macrofossils. Calcium is therefore interpreted to originate from the
autochthonous, biogenic production of carbonates in the lake [27,100,101], as has also been
demonstrated at the comparable site of Hässeldala port [102]. Titanium is considered a
suitable normaliser for the log-ratio transformations of elements assumed to be connected
to productivity as it is conservative and not involved in the biological processes.

From the XRF, organic matter, and carbon records, it can be interpreted that variations
in climate affected the overall productivity in the postglacial palaeolake, and several rapid
climate shifts can be recognised. For example, carbon contents and Br/Ti and Ca/Ti ratios
sharply drop around the unit 6/7 boundary, where the sediments also shift from being rich
in shells to being devoid of them, all indicating a significant change towards conditions
which were less favourable for aquatic productivity. This likely reflects a shift to colder,
stadial-like conditions similar to those immediately following deglaciation [54,55] and
agrees with the previous suggestion that this unit boundary represents the onset of the
YD [54]. Similarly, the transition from mainly minerogenic sediments to organic gyttja
around the unit 7/8 boundary is reflected in the carbon contents and the Br/Ti and Ca/Ti
ratios, as well. This transition has been attributed to the start of the Holocene [54].

Several more shifts are apparent from the proxy data. From unit 3 and through unit
6 there is a trend of slowly increasing organic and carbonate carbon contents matched by
increasing values of the Br/Ti and Ca/Ti ratios, but there are several breaks in this trend that
are also apparent as sediment-type changes. The most pronounced of these events, which
are interpreted as representing shorter-term shifts to colder climatic conditions, correspond
to units 5, 6c, and 6e, with unit 5 appearing the most significant. Here carbon contents are
more or less depleted and the Br/Ti and Ca/Ti ratios revert to values matching those of the
purely minerogenic clays of unit 1. Unit 5 was previously suggested to represent the Older
Dryas stadial [54].

As we have performed µ-XRF core scanning on the same cores that have been exam-
ined for cryptotephra occurrences, we also have an opportunity to compare the results
in order to briefly comment on the potential for XRF as a scanning tool for cryptotephra
occurrences. Although the use of XRF has previously been successful in detecting visible
tephra deposits [61,103–105] and in several cases cryptotephras [106–110]—and even to
geochemically differentiate visible rhyolitic deposits [111]—low concentrations of rhyolitic
cryptotephras often seem to evade detection [108,112]. At Körslättamossen, neither the
rhyolitic HDT or VA nor the phonolitic LST correspond to any significant peak values in
elements that have been used for cryptotephra detection. Despite the undeniable potential
for tephra detection by XRF scanning in certain cases, we believe that our findings as well
as previous evidence point to it not being completely reliable at distal locations.

Projecting the proxy data via the age–depth model (Figure 3) reveals a notable shift
in resolution in different parts of the stratigraphy due to the varying accumulation rates
of the sediments. For example, the results corresponding to the topmost 25 cm (unit 11)
are stretched over what comprises almost a third of the sampled sequence in terms of age,
while unit 1, the bottommost 135 cm, is compressed to just an eighth of the sequence. It
should also be noted that while the original XRF data are of a millimetre-resolution, the
projection is limited to the 1-cm resolution of the age–depth model. As the XRF data are
handled as 10-point running means, this means that the data displayed in Figure 3d are in
practice centimetre-averages. The parts of the Körslättamossen sequence which suffer from
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less reliable age estimates are annotated by the red shading in Figure 3 and interpretations
of the data in these parts are considered speculative.

Figure 3. (a) Stratigraphic units, (b) Greenland ice-core record event stratigraphy [2], (c) organic
matter and carbon contents (NB: broken axis), and (d) µ-XRF core-scanning results projected to
modelled median ages from the age–depth model of the recently published study by Larsson &
Wastegård (2022) [55] (as log-ratios of 10-point running means at a 1-cm resolution, dotted line shows
0 for reference). Red shading indicates where the age–depth model is less reliable. The positions of
the Hässeldalen Tephra (HDT), the Vedde Ash (VA), and the Laacher See Tephra (LST) relative to the
proxy results are indicated across the graph by dashed grey lines.
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By comparison of the XRF data to the age–depth model, the unit 2/3 boundary at
431 cm, where productivity proxies start to display increasing trends, is assigned a median
age of 14,525 cal. a BP (2σ-probability range 14,760–14,096 cal. a BP). The first reversal of
this increase, that of unit 5 at 402–389 cm (the previously assumed Older Dryas unit) is
dated to 14,193–14,040 cal. a BP, but this part of the age–model suffers from wide error
margins (onset probability range 14,461–13,875, end 14,318–13,766). The following, less
drastic reversals of units 6c and 6e, which by the XRF data can be defined at 353–346 and
304–295 cm, respectively, are dated to 13,637–13,571 cal. a BP (onset 13,855–13,498, end
13,789–13,428) and 13,192–13,108 cal. a BP (onset 13,391–13,075, end 13,295–13,029). These
reversals appear to align somewhat well with the GI-1c2 and GI-1b events, as defined by
Rasmussen et al. (2014) [2] (cf. Figure 3b).

The previously assumed onset of the YD near the unit 6/7 boundary can be defined
by the XRF data at 275 cm; this is the point from which the Br/Ti and Ca/Ti ratios rapidly
decrease to the stabilised, lower values found from c. 273 cm and upwards. The unit
6/7 boundary was defined at 273 cm by the sediment appearance in comparison to the
carbon contents, the data of which is at a considerably lower resolution. The date for the
onset of the YD is therefore defined here at 275 cm and is estimated to 12,853 cal. a BP
(13,022–12,745). Likewise, the end of the YD can be defined at 212 cm, from where the Br/Ti
and Ca/Ti ratios rise throughout unit 7c—similarly to the unit 6/7 boundary, the 7b/7c
boundary was defined at 209 cm by comparison to the lower-resolution carbon content data.
The end of the YD is therefore pinpointed here to 212 cm and is estimated to 11,623 cal. a
BP (11,832–11,436).

A slight reversal in the rapidly increasing productivity connected to the start of the
Holocene, at 198–194 cm (apparent from the organic matter contents as well as the Br/Ti
and Ca/Ti ratios) is dated to 11,380–11,292 cal. a BP (onset 11,590–11,231, end 11,522–11,015)
and is possibly comparable to the Preboreal Oscillation [113]. Another interesting reversal
in the XRF data is found at 153–142 cm, in the top part of the gyttja of unit 10, before
the transition to the fen peat of unit 11; here elemental ratios display a significant shift,
which is only vaguely matched by the organic matter contents. This can only be dated
by considerable extrapolation to 10,356–10,117 cal. a BP, and while the error margins are
extensive (onset 10,816–9635, end 10,628–9338 cal. a BP), it is intriguing that extrapolation
places this reversal as coincident with the “10.3 ka event” [114].

3.2. Timing of the Younger Dryas and Greenland Stadial-1

The timing of the YD at Körslättamossen as defined above implies a near-synchronous
onset between southern Scandinavia and Greenland, where the start of the corresponding
stadial GS-1 is defined in the ice-core record at 12,846 a BP (12,896 ± 4 b2k [2]). This is in
contrast to previous suggestions of a time-transgressive YD onset in the North Atlantic
region [5,29,30,34,45,69]. The end of the YD and transition into the Holocene is also
estimated very close to the 11,653 cal. a BP (11,703 ± 4 b2k [2]) date of the end of the
GS-1/start of the Holocene in the Greenland ice-core record. The Körslättamossen sequence
therefore supports the idea of a synchronous YD onset as inferred from the new LST
date [16].

To review the question of YD synchroneity further, a comparison was made with
palaeoclimatic reconstructions over a wider region. As revealed by the high-resolution
sampling approach, the tephras at Körslättamossen are found at clearly separated levels
in the sediments with little-to-no background noise or intervening redeposited tephra
shards [55]. Together with clearly pronounced maximum levels of shard concentrations,
which allows confident identification of primary ashfall deposits, the HDT, VA, and LST
therefore function as reliable isochrons for correlation. Their positions provide anchor
points enveloping the YD, enabling comparisons to a selection of sites in Europe where
these tephras have also been reported (see Figure 1).

A synthesis of the best available age estimates of the YD onset and end at comparison
sites is provided in Table 1 and visualised in relation to the modelled ages from Körslätta-
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mossen as well as the dates of Greenland Stadial-1 in Figure 4. For sites where the LST was
identified before the new date of 13,006 ± 9 cal. a BP was reported [16] (and for which age
models have used a previously accepted, younger date for this tephra—most commonly
12,880 varve years BP [74]), alternative YD onset ages are provided in Figure 4 by linear
corrections of the time difference between the old and new LST dates. Admittedly, a reliably
adjusted age estimate should be produced by performing new age models in full for each
affected site, but such an undertaking is beyond the scope of this paper and is impossible
for some sites where necessary raw data for reproducing the modelling approaches are
not available.

Table 1. Best available age estimates of the Younger Dryas (YD) onset and end at the comparison
sites, presented as expressed in the source and as cal. a BP unless otherwise noted. Tephras identified
at each site are indicated by their abbreviations: the Hässeldalen Tephra (HDT); the Vedde Ash (VA);
and the Laacher See Tephra (LST).

Country Site YD Onset YD End Tephras References

Scotland Loch Ashik 13,600 a 11,400 ± 773 VA [59,73]

Scotland Abernethy Forest 13,000 ± 610 11,550 ± 200 VA [59]

Scotland Tirinie 12,820 ± 290 11,710 ± 260 VA [6,86]

Scotland Crudale Meadow 12,990 ± 500 12,100–11,500 a HDT, VA [63–65]

Scotland Quoyloo Meadow 13,120 ± 570 11,460 ± 220 HDT, VA [77–79]

Norway Kråkenes 12,737 ± 31 11,535 ± 58 VA [70,71]

Sweden Atteköpsmosse 12,900 a 11,500 a HDT, VA [5,60]

Sweden Hässeldala port 12,931 ± 90 11,564 ± 158 HDT, VA [5,67–69]

Denmark Store Slotseng 12,405 ± 233 11,500 b HDT, VA [84,85]

Germany Nahe 12,540 b 11,560 b VA, LST [53,76]

Germany Endinger Bruch 12,679–12,212 12,138–11,631 HDT, VA, LST [66]

Germany Meerfelder Maar 12,679 v 11,590 v VA, LST [32,74,75]

Germany Rehwiese 12,675 v 11,690 v LST [4]

Poland Wegliny 12,626 ± 101 11,471 ± 85 HDT, LST [87]

Poland Czechowskie/Trzechowskie12,678 v 11,540 b LST [31,61,62]

Czech Republic Stará Jímka 12,727 ± 92 * 11,435 ± 221 LST [52,83]

Switzerland Soppensee 12,750–12,450 11,600–11,220 VA, LST [36,40,80–82]

Italy Lago Piccolo di
Avigliana 12,900–12,500 n/a VA, LST [40,72]

a Age estimate not explicitly reported (interpreted here from available data in the source). b Age estimate
reported without probability range specified. v Varve years BP. * Age estimate adjusted in an incompletely
described fashion.

In this simple comparison, it becomes apparent that at the sites where the LST was
detected, the shift in the age estimates of the YD onset when adjusting for the new date
does push the ages into a near-synchronous timing compared to the Körslättamossen and
Greenland ice-core records. Even though only a crude, linear adjustment is made here to test
the idea, this is viable for the sites in Germany and Poland where varve ages are assigned
to the YD onset by the counting of c. 200 varves between it and the LST [4,61,74,80]. It is
also noted that in one study from the Trzechowskie site, radiocarbon ages of 12,726 ± 47
and 12,831 ± 120 cal. a BP at the YD onset were omitted from the age model [31] when in
fact they align quite well with the LST-corrected age estimate.
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Figure 4. Visualisation of the best available age estimates of the onset and end of the Younger Dryas
at the comparison sites (grey bars) and Körslättamossen (red bars) as well as of Greenland Stadial-1
(blue bars with dashed interval and vertical lines across the graph for onset and end). Bar widths
represent probability ranges. Varve ages are shown as triangles. Note that age estimates shown as
rounded bars are not explicitly reported in the source (instead interpreted from the available data)
and that circles represent approximate ages without probability ranges. Alternative YD onset ages,
linearly corrected by the new Laacher See Tephra date, are shown in light grey where applicable. For
data used, see Table 1 and the text. Age estimates of the Hässeldalen Tephra (HDT), the Vedde Ash,
and the Laacher See Tephra (LST) are indicated across the graph by dashed grey lines.

However, the corrected age estimates at the varve sites do not exactly match the GS-1
start date—a difference of c. 40 years remains. If this difference in time is considered
of significant magnitude and taken as evidence of an asynchronous YD onset between
Greenland and central Europe, it becomes obvious that the limited precision of radiocarbon
ages and related modelling efforts are insufficient to precisely test the issue of synchroneity.
If so, annually resolved records seem to be required for this purpose.

As for the possibility of a synchronised onset of the YD across Europe, only three
sites—Loch Ashik, Store Slotseng, and Nahe—do not overlap with the modelled age range
from Körslättamossen (after LST correction at Nahe). However, the date from Loch Ashik
(c. 13,600 cal. a BP) is only an approximate age interpreted here from the results in the
source [59] and the (uncorrected) date from Nahe (12,540 cal. a BP) is only reported as an
approximate age without specified probability ranges. The late date for the onset of the YD
at Store Slotseng (12,405 ± 233 cal. a BP) is based on only a single radiocarbon date at the
YD onset sediment transition [85], which assigns a younger date than what was reported
in a previous study of the site, where an older date (12,520 ± 102 cal. a BP) was obtained
above the YD onset sediment transition [84].

The quite precise date from Kråkenes (12,737 ± 31 cal. a BP) overlaps only marginally
with the probability range of the YD onset at Körslättamossen and is more difficult to
dispute as it stems from a particularly robust age model [70]. With no trace of the LST
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so far north as Norway, it appears still to indicate a difference in timing of the YD onset
between western and southern Scandinavia (even when compared to recently recalibrated
results [16]). If this is the case, it may yet support previous suggestions of atmospheric and
oceanic shifts in the North Atlantic region being the causes for an asynchronous YD onset
as reflected in palaeoclimate records [10,11,28,30,32].

As for the YD end, we note that all sites but one (Rehwiese) have age estimate proba-
bility ranges or approximates that overlap with the period 11,600–11,500 cal. a BP. There is
considerable variation in the exact probabilities at each site (and several are not reported),
but if it is any indication, it would suggest a slightly later YD end as reconstructed at
European sites compared to the GS-1 end date (11,653 cal. a BP). However, this is highly
speculative and requires proper re-modelling of age estimates to be examined any further.

Apart from contributing to age models with previously reported age estimates, the
tephras provide isochrons for further examination of the timing of events across the sites.
As the LST is consistently found below the YD sediments at all sites, it sets a limit for how
early the YD onset can be. Therefore, some of the age estimates presented in Table 1 and
Figure 4 can be additionally constrained. At Lago Piccolo di Avigliana and Körslättamossen,
this can be assumed to push the earliest possible YD onset age estimate yet closer to the start
of the GS-1. A suspected but unconfirmed LST presence at Hässeldala port [67] implies the
same for this site. Similarly, the presence of the VA at Loch Ashik, Crudale Meadow, and
Endinger Bruch limits the earliest possible YD end (as the VA appears within YD sediments
and therefore well before any YD end estimate) and the presence of the HDT at Quoyloo
Meadow limits the latest possible YD end compared to the available age estimates (as the
HDT appears above YD sediments).

The results of this simple comparison and any possible conclusions drawn from
them are complicated by a number of limitations of the source data. There is no properly
standardised way of presenting age estimates or how they were calculated (for exam-
ple, reporting mean or median ages, 1σ- or 2σ-probability ranges, presenting probability
distributions clearly, describing modelling approaches sufficiently for reproduction, etc.),
meaning that the types of ages used here are of varying character and quality. Further-
more, some radiocarbon ages were calibrated using what are by now outdated calibration
curves, and the time period of interest here does have some significant differences even
between the two most recent calibration curves [115]. Some palaeoclimate reconstructions
did not, as mentioned, specify modelled or even approximate ages for the YD onset and/or
end [59,60,63,76], and while other studies did, they may not have specified how such an
age estimate was calculated [83], or motivated why one of several alternative age models
was selected [68], or presented full dating data despite claiming to provide improved
chronologies compared to previous studies of the same site [69]. Another issue is the com-
plex relationship between different proxies and their possible lags in response to climatic
changes [6], which has implications for the definition of a climatic event at a site before
even attempting to assign age estimates for it. With all this taken into consideration, it
becomes obvious that in addition to the need for more clearly presented, high-resolution
proxy studies with high-precision chronologies, there is also a need for more sophisticated
comparisons to approach a definitive solution to the issue of synchroneity of rapid climate
changes during the LGIT.

3.3. Future Research Directions

To summarise, the question of whether the YD was synchronous or not in the North
Atlantic region and with the GS-1 is not fully answered here. While there are clear indica-
tions that the posited asynchrony is not as obvious as previous interpretations of European
proxy records have suggested, there are still issues to overcome to fully understand the
timing of such climatic events in terms of temporal resolution and precision as well as
their spatial correlation. Even though it was recently suggested that the YD and GS-1 were
synchronised on a hemispheric scale [7], it remains difficult to prove such synchroneity
even within Europe.
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The natural archive of LGIT climate change available at Körslättamossen offers excel-
lent possibilities for further investigation. The comparatively high-resolution and seem-
ingly continuous sequence from the deglaciation into the Holocene, together with the
cryptotephras identified (and additional ones yet to be determined [55]), as well as the
fact that it can be successfully resampled and correlated to previous studies makes it an
excellent study site. By applying additional proxy methods and improving the chronology
further, Körslättamossen can be a key site in European palaeoclimate research.

The relationships between different proxies’ responses to environmental changes must
be properly considered for a complete understanding of the information provided in natu-
ral archives, and it is evident from the inter-site comparison attempted in this study that
this is crucial for proper reviews of event chronologies across wider regions. Furthermore,
validation of XRF results by multi-proxy approaches is particularly important as palaeo-
reconstructions based on XRF records may have no current analogue and can be biased
by site-specific conditions [27,116]. With additional proxy analyses, the Körslättamossen
sequence offers suitable study material for these issues.

The proxy results presented in this study also indicate environmental shifts in parts
of the sequence that have yet to be properly examined, pending improved chronological
control. At a first glance they appear to have a structure comparable to events in the
Greenland ice-core record and other, regionally representative events. The Körslättamossen
sequence could therefore be of importance for future investigation of these events, as well.

4. Conclusions

Tephrochronology offers a number of advantages in the investigation of the timing of
past climate changes over wider regions. However, by our comparison based on European
study sites where the Hässeldalen Tephra, the Vedde Ash, and/or the Laacher See Tephra
have been identified, we find that further investigation is required to answer the question of
whether the Younger Dryas was a synchronous event or not. The answer is yet obscured by
dating uncertainties and complexities regarding the interpretation of palaeoclimate proxy
data, and such matters must therefore be taken into strict consideration in future studies.

The Körslättamossen sequence in southernmost Sweden, with a growing proxy dataset
and several occurrences of cryptotephra, offers excellent opportunities for such efforts, but
annually laminated records may be required to achieve the temporal resolution necessary
for accurate palaeoclimate reconstructions of rapid climate shifts.

Finally, we stress that clarity and transparency is vital when reporting age estimates
and describing age–depth modelling approaches undertaken in palaeoclimate studies, as
the risk of misinterpretation of such information can be detrimental for reviews of the
timing of past climatic events.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/quat5020019/s1, Table S1: µ-XRF core-scanning results of the
sampled sediments, presented as raw counts for each included element. Individual sample cores
are separated by three empty rows. Edges at tops and bottoms of some sample cores, resulting in
high MSE and/or low validity and interpreted as scanner beam hits on container materials, have
been removed from the dataset. The total number of invalid measurements in the dataset is 103,
representing c. 1.5% of the total number of analysis points. Table S2: Composite-core selection of
µ-XRF results of the sampled sediments, presented as raw counts for each element. Zero-counts
have been replaced by minimum values (1E−19) in order to allow for log-ratio transformations. The
number of invalid measurements included is 44, representing 0.4% of the total number of analysis
points in the composite dataset. Table S3: Selected log-ratios of the composite core µ-XRF results,
visualised in Figures 2 and 3 in the paper. Log-ratio transformations performed on 10-point running
means of raw counts.

https://www.mdpi.com/article/10.3390/quat5020019/s1
https://www.mdpi.com/article/10.3390/quat5020019/s1
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