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Abstract

Evidence for the abrupt Lateglacial climatic changes is observed in many
palaeorecords, however the mechanisms and triggers behind these changes
are still unknown. The preferred hypothesis is thought to be linked with the
disruption in the North Atlantic Ocean circulation, therefore palaeoclimatic
records from maritime regions are needed to investigate the impact of these
abrupt changes. The Greenland ice-core records provide high-resolution
evidence of these changes, in addition to many marine and terrestrial records
throughout the North Atlantic. However, there is a lack of studies on sites in
the south western coastal regions of the British Isles that are well-constrained
by robust chronologies. The latter, in particular, hampers our understanding
of the mechanisms driving the rapid climate changes of the Lateglacial due to
the difficulties of integrating and comparing the climatic response in diverse
proxy records. In an attempt to resolve these challenges tephrochronology
was employed as a precise correlation technique to investigate three
Lateglacial sequences from Wales (LIyn Llech Owain, Cors Carmel and Pant-
y-Llyn). An additional site from north Germany (Lake Hamelsee) was also
included in this study and chosen due to its potential to preserve tephra from
more than one volcanic region and develop a European tephra framework or
stratotype for the Lateglacial.

Twenty-one tephra deposits were identified across the network of sites.
Twelve deposits have been correlated to known eruptions and in most cases
have extended the geographical distribution of their respective ash dispersal.
Icelandic tephra deposits of Lateglacial age such as the Askja-S Tephra have
been discovered in Welsh sites for the first time highlighting the potential of
employing tephrochronology more widely in areas such as Wales, south
England and perhaps France. Furthermore, three non-Icelandic deposits, that
originate from the Cascade region, Alaska and Italy, have been discovered in
the Llyn Llech Owain record, allowing the synchronisation of records across a
trans-continental scale. The Askja-S Tephra, Ulmener Maar Tephra and
Vedde Ash are added to the tephrostartigraphy of the Hamelsee record
highlighting its importance as a key site within the European tephra lattice.
Nine of the discovered tephra deposits in Llyn Llech Owain and Lake
Hamelsee have not been correlated and may represent new eruptions and
potentially new tephra isochrons for future studies. Tephra results are
supplemented by multi-proxy palaeoenvironmental reconstructions including
lithostratigraphic data, sediment geochemistry, palaeoecology and
radiocarbon dating where possible.

In addition to providing fix-points for potential age-models, the discovered
tephra deposits allow the study sites to be independently synchronised with
other tephra bearing sites. This allows investigations to be made between
sites to constrain any leads or lags in the environmental response to climate
change and in turn help determine the mechanisms that cause these abrupt
climate changes.
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Llyn Llech Owain diatom assemblage of species with
an abundance greater than 2%.

Llyn Llech Owain diatom assemblages. Some species
have been grouped for a simplified representation
(Fragilaria types, Navicula types and Eunotia types).

Llyn Llech Owain diatom assemblages. Only the high
resolution (2-cm) samples spanning the major
tranistions (Glacial-Interstadial- Stadial- Holocene) are
shown.

Total shard concentrations for Llyn Llech Owain core
2009 (A) and core 2013 (B). Tephra deposits that have
been geochemically analysed are labelled with a
symbol, which relates to figures 5.14-5.24. Tephra
deposits that have not been geochemically analysed
are labelled ‘?’. %C profile is also plotted for reference.

The full data set from the analysed tephra layers in
Llyn Llech Owain plotted using the Total Alkali Silica
classification of LeBas et al., (1986). Geochemical data
are normalized.

Selected bivariate plots showing tephra glass shard
major element compositions for LLO_804, LLO_782
and LLO_778. (Reference envelopes are based on
data from Lind et al., 2016, Cook, 2015 and Koren et
al., 2008).

Selected bivariate plots showing tephra glass shard
major element compositions for LLO_778, LLO_767
and LLO_766. (Reference envelopes are based on
data from Pyne O’Donnell et al., 2016; Lind et al.,
2016).

Selected bivariate plots showing tephra glass shard

major element compositions for LLO_767. (Reference
envelopes are based on data from Turney et al., 2006;
Koren et al., 2008; Lane et al., 2015; Lind et al., 2016).

Selected bivariate plots showing tephra glass shard
major element compositions for LLO_580 (population
1) and envelopes for similarly aged Italian Tephras.
(Reference envelopes are based on data from Smith et
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Figure 5.19

Figure 5.20

Figure 5.21

Figure 5.22

Figure 5.23

Figure 5.24

Figure 5.25

Figure 5.26

al., 2011).

Selected bivariate plots showing tephra glass shard
major element compositions for LLO_580 (population
2,3 and outlier) and envelopes for similarly aged
Icelandic Tephras. (Reference envelopes are based on
data from Wastegard, 2002; Ranner et al., 2005; Pyne-
O’Donnell, 2007; Lind and Wastegard, 2011; Matthews
et al., 2011; Lane et al., 2011, 2012a; Lind et al., 2013;
Lilja et al., 2013; Wulf et al., 2016; Timms et al., 2016;
Jones et al., 2017).

Selected bivariate plots showing tephra glass shard
major element compositions for LLO 483, LLO_468
and LLOQ09 505. (Reference envelopes are based on
data from Coulter et al., 2012).

Selected bivariate plots showing tephra glass shard
major element compositions for LLO09 516.
(Reference envelopes are based on data from Watson
et al., 2016).

Selected bivariate plots showing tephra glass shard
major element compositions for LLO09 345.
(Reference envelopes are based on data from Watson
et al., 2016; Dugmore, 1995; Plunkett et al., 2004;
Lawson et al., 2007; Roland et al., 2014; Bergman et
al., 2004; Jones et al., 2017).

Selected bivariate plots showing tephra glass shard
major element compositions for LLO09 297.
(Reference envelopes are based on data from
Kauffman et al., 2012 and Pyne O’Donnell et al.,
2012).

FeO vs CaO bivariate plot showing the compositions of
glass shard analyses from all tephra deposits from Llyn
Llech Owain in relation to the Icelandic volcanic field
(comprised of glass analyses of dacitic and rhyolitic
tephra deposits from Iceland stored in the RESET
database - Bronk Ramsey et al., 2015) (modified from
Bourne et al., 2016).

Stratigraphy and XRF profile (Si, K, Fe, Ti, Ca).
Elemental data are normalized against the incoherent
and coherent values and smoothed (10 point moving
average). Red line denotes the position of tephra layer
LLO_804 and LLO_782.

Age vs depth plot including all radiocarbon samples
(cal BP and un-modelled). Lithostratigraphy, %C,
approximate depths for chronostratigraphical units from
Llyn Llech Owain and approximate ages for the
Lateglacial plotted on the ‘X’ axis. Tephra layers found
in the Llyn Llech Owain record are also plotted:
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Figure 5.27

Figure 5.28

Figure 5.29

Figure 6.1

Figure 6.2

Figure 6.3

LLO_782 Borrobol Tephra (14,004-14,192 cal BP -
Bronk Ramsey et al., 2015), LLO_778 Penifiler Tephra
(13,807-14,071 cal BP - Bronk Ramsey et al., 2015),
LLO_ 766 Glacier Peak Tephra (13,450-13,740 cal BP -
Pyne O’Donnell et al., 2016), LLO_580 Fondi di Baia
(9,525-9,695 - Smith et al., 2011).

Age model B. P_Sequence deposition model
constructed using OxCal v.4.3 (Bronk Ramsey, 2009,
2017). Model includes all radiocarbon dates analysed
and the Holocene and GS-1 (Loch Lomond equivalent)
onsets from the NGRIP record (Rasmussen et al.,
2014) as added constraints.

Age model C. P_Sequence deposition model
constructed using OxCal v.4.3 (Bronk Ramsey, 2009,
2017). Model includes all radiocarbon dates analysed
and tephra layers: LLO_782 Borrobol Tephra (14,004-
14,192 cal BP - Bronk Ramsey et al., 2015), LLO_778
Penifiler Tephra (13,807-14,071 cal BP - Bronk
Ramsey et al., 2015), LLO_766 Glacier Peak Tephra
(13,450-13,740 cal BP - Pyne O’Donnell et al., 2016),
LLO_580 Fondi di Baia (9,525-9,695 - Smith et al.,
2011).

Age model D. P_Sequence deposition model
constructed using OxCal v.4.3 (Bronk Ramsey, 2009,
2017). Model includes all radiocarbon dates analysed,
tephra layers LLO_782 Borrobol Tephra (14,004-
14,192 cal BP - Bronk Ramsey et al., 2015), LLO_778
Penifiler Tephra (13,807-14,071 cal BP - Bronk
Ramsey et al., 2015), LLO_766 Glacier Peak Tephra
(13,450-13,740 cal BP - Pyne O’Donnell et al., 2016),
LLO_580 Fondi di Baia (9,525-9,695 - Smith et al.,
2011) and the Holocene and GS-1 onset climatic
constraints from the NGRIP record (Rasmussen et al.,
2014).

Location map of Pant-y-Llyn turlough (Lat: 51° 49’ 517,
Long: -4° 1’ 26”), coring location and local bedrock
geology. Contains British Geological Survey Bedrock
Geological Map and Ordnance Survey data © Crown
Copyright and database rights 2017.

Photographs of Pant-y-Llyn turlough illustrating the
ephemeral nature of the turlough. Photographs taken
by Gareth Farr (British Geological Survey) from the
same location relative to the turlough looking down
from the northern side.

Lithostratigraphy, radiocarbon dates, loss on ignition,
CaCO3 content and total shard concentrations for the
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Figure 6.4

Figure 7.1

Figure 7.2

Figure 7.3

Figure 7.4

Figure 7.5

Figure 8.1

Pant-y-Llyn core (BGS Borehole reference
SN61NW12). Radiocarbon dates are derived from bulk
sediment samples. Calibrated age ranges are shown
here and outlined in Table 1. Askja-S Tephra age
estimates are from Bronk Ramsey et al., 2015 (a) and
Ott et al., 2016 (b).

Selected bivariate plots showing tephra PLL_500 glass
shard major element composition correlating to the
Askja-S Tephra. Hasseldalen, L-274 , Hgvdarhagi,
Skopun, Fosen, Suduroy, An Druim, Breakish,
Hovsdalur, Ashik and Abernethy Tephra data also
shown for discrimination. Data have been normalised.
Data from: (Wastegard, 2002; Ranner et al., 2005;
Pyne O’Donnell, 2007; Lind & Wastegard, 2011;
Matthews et al., 2011; Lane et al., 2011, 2012a; Lind et
al., 2013; Lilja et al., 2013; Wulf et al., 2016; Timms et
al., 2016 and Jones et al., 2017).

A) Location of Cors Carmel, bedrock geology and
coring location. B) Arial photograph of Cors Carmel.
Contains British Geological Survey Bedrock Geological
Map and Ordnance Survey data © Crown Copyright
and database rights 2017.

Percentage pollen diagram from Cors Carmel,
spanning 480-0 cm which is thought to represent the
Holocene. Radiocarbon dates and lithostratigraphy is
also plotted against depth (from Walker and James,
1992).

Bulk chemistry records (%C, %N, C:N and 3*3C)
plotted against depth. Carbon and Nitrogen content
and 5'3C values were measured online using a PDZ-
Europa ANCA GSL Elemental Analyser interfaced to a
20/20 isotope ratio mass spectrometer (see section
3.3.2). Four zones have been assigned (ChZ1-4)
based on visual changes in the data profiles.

Selected XRF profiles, analysed by an ITRAX core
scanner (see section 3.3.1). K and Ti data is shown as
a 10 point moving average. Four zones have been
assigned (XZ 1-4) based on visual changes in the data
profiles.

Total shard concentrations for Cors Carmel core 2014.

A synthesis of tephra identified in this thesis shown
alongside the key tephras from Iceland, the
Mediterranean and Pacific Arc. The stratigraphic
positions of each tephra are shown as approximations
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Figure 8.2

Figure 8.3

against the Lateglacial chronozones. For the European
tephras listed a, b and c relate to the Massif Central,
Eifel, and Italy. For the far travelled tephras d, e and f
relate to Kamchatka, North America and Japan. Note
that the ‘y’ axis is not to scale and not a true
representative of stratigraphy. Stratigraphic positions of
the key tephras are approximate based on best age
estimates published in the literature (Blockley et al.,
2014 and references within; Lane et al., 2017and
references within; Lawson et al., 2012 and references
within). The core stratigraphy represented for the Llyn
Llech Owain record is a combination of core 2013 and
2009 even though a sound core correlation was not
possible.

Schematic tephrostratigraphy diagram for the Borrobol-
type tephra deposits noted in the text. Depths and
chronostratigraphic units are approximate given the
information in their respective publications (Timms et
al., 2016; Cook, 2015; Eiriksson et al., 2000; Pyne
O’Donnell, 2007; Matthews et al., 2011; Albert, 2007).
NGRIP Borobol type and KOL GS-2 are
chronologically positioned based on ages published
within their applicable studies (Cook, 2015; Eiriksson
et al., 2000). BT at Loch an t'Suidhe is positioned in
the glacial unit based on LOI values in Pyne O’Donnell,
(2007). LET-1a is positioned on the transition bewteen
the glacial unit and Lateglacial Inetrstadial based on
LOI values in Albert, (2007) and MacLeod et al.,
(2015). The Borrobol Tephra is positioned in the early
Interstadial based on findings from Borrobol and
Whitrig Bog (Turney et al., 1997). The Penifiler Tephra
is positioned in the mid Interstadial based on findings
from Tynaspirit West and Borrobol (Pyne O’Donnell,
2007) and Abernethy Forrest (Matthews et al., 2011).
QM1 213 and 218 are tephra deposits found from
Quoyloo Meadow (Timms et al., 2016), positioned
during the late Interstadial. Some of the deposits listed
may represent the same eruption.

SiO;, v Na,O+K;0 and CaO v TiO; bivariate plots
showing tephra glass shard major element
compositions for LLO_804, LLO_782, LLO_778,
HAM_T1616 and envelopes for other Borrobol-type
tephras noted in the text. (Reference data and
envelopes are based on data from Albert, 2007 (LET-
la and LET-1b); Matthews et al., 2011 (AF638 adn
AF672); Cook, 2015 (NGRIP GS-2); Lind et al., 2016
(BO 521, BO486 and HP 303); Timms et al., 2016
(QM1 213 and QM1 218)).
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Figure 8.4

Figure 8.5

Figure 8.6

Figure 8.7

Figure 8.8

Figure 8.9

Compilation of sites that contain tephra deposits with a
Borrobol-type signature (modified form Lind et al.,
2016). 1 - NGRIP (Cook, 2015), 2 - North Icelandic
Shelf (Eiriksson et al., 2000), 3 - Dimna Bog (Koren et
al., 2008), 4 - Hasseldala port (Davies et al., 2003), 5 -
Skallahult (Davies et al., 2003), 6 -Quoyloo Meadow
(Timms et al., 2016) note that the tephras identified
here are positioned in the late Interstadial, 7 - Loch An
Druim (Ranner et al., 2005), 8 - Tanera Mor (Roberts
et al., 1998), 9 - Borrobol (Turney et al., 1997), 10 -
Druim Loch (Pyne O’Donnell, 2007), 11 - Loch Ashik
(Pyne O’Donnell, 2007), 12 - Loch an t'Suidhe (Pyne
O’Donnell, 2007), 13 - Abernethy Forest (Matthews et
al., 2011), 14 - Loch Etteridge (Albert, 2007), 15 -
Tynaspirit West (Turney et al., 1997), 16 - Whitirg Bog
(Turney et al., 1997), 17 - Llyn Llech Owain (this
study), 18 - Lake Hamelsee (this study).

Proposed spatial distribution map for the Aniakchak
Tephra and Glacier Peak G Tephra. 1 - Zagoskin Lake
(Kauffman et al., 2012), 2- Chukchi Sea (Pearce et al.,
2017), 3 - GRIP (Pearce et al., 2004), 4 - SE
Greenland shelf (Jennings et al., 2014), 5 -
Newfoundland (Pyne O’Donnell et al., 2012), 6 - Veinot
Lake, 7 - Thin-lce Pond, 8 - Crocker Pond (Pyne
O’Donnell et al., 2016).

SiO, v Na,O+K;0 bivariate plot showing tephra glass
shard major element compositions for HAM_T1445-
1444 and PLL_500 and envelopes for similarly aged
Icelandic Tephras. (Reference envelopes are based on
data from Wastegard, 2002; Ranner et al., 2005; Pyne-
O’Donnell, 2007; Lind and Wastegard, 2011; Matthews
et al., 2011; Lane et al., 2011, 2012; Lind et al., 2013;
Lilja et al., 2013; Wulf et al., 2016; Timms et al., 2016;
Jones et al., 2017).

Location map showing some of the key European sites
to which Lake Hamelsee and Pant-y-Llyn can be
correlated through the Askja-S Tephra.

Spatial distribution maps for the Askja-S Tephra. a)
Sites where the Askja-S Tephra is present. b) Current
spatial distribution envelope for the Askja-S Tephra
(modified from Wulf et al., 2016). c) Suggested plume
trajectory, given the location of sites where the Askja-S
is present and absent. Site numbers and details are
provided in full in Table 8.1.

Location map showing some of the key European sites
to which Lake Hamelsee can be correlated through
one or more tephra deposits.
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Figure 8.10

Figure 8.11

Figure 8.12

Figure 8.13

Figure 8.14

Figure 8.15

Figure 8.16

Figure 8.17

Figure 8.18

Location maps showing some of the key sites to which
Llyn Llech Owain can be correlated. Map A - through
the Fondi di Baia, Glacier Peak G and Aniakchak
Tephras. Map B - through the Lairg A, Penifiler and
Borrobol Tephras.

Spatial distribution map of sites including the Lairg A
tephra. (Modified from Lawson et al., 2012 and Watson
et al., 2016). 1 - Sellevoll (Vorren et al., 2007), 2 -
Borge (Pilcher et al., 2005), 3 - Klocka Bog (Bergman
et al., 2004), 4 - Deger6 Stormyr (Watson et al., 2016),
5 - Jardelunde (van den Bogaard and Schminckle,
2002), 6 - Grambow (van den Bogaard and
Schminckle, 2002), 7 - Lairg (Dugmore et al., 1995), 8 -
Temple Hill Moss (Langdon et al., 2003), 9 - Malham
Moss (Watson et al., 2016), 10 - Garry Bog (Hall et al.,
1994), 11 - Fallahogy (Barber et al., 2000), 12 -
Ballynahone (Pilcher et al., 1996), 13 - Sluggan (Hall et
al., 1994), 14 - Claraghmore (Watson et al., 2016), 15 -
An Loch Mér (Chambers et al., 2004),16 - Moyreen
(Plunkett, 1999, 2006). Red dot represents the Llyn
Llech Owain location.

Bivariate plot of SiO, v K,O concentrations in tephras
derived from the main European ash provinces.
Adapted from Davies et al., (2002) and Mortensen et
al., (2005).

Map showing the spatial extent of the tephra deposits
found at Llyn Llech Owain.

Compilation of selected Borrobol (and) Penifiler Tephra
bearing sites illustrating the potential for investigating
differences in environmental response during the
Lateglacial Interstadial onset.

Compilation of selected Glacier Peak G Tephra
bearing sites illustrating the potential for investigating
differences in environmental response during the
Lateglacial Interstadial.

Compilation of selected Laacher See Tephra (LST)
bearing sites illustrating the potential for investigating
differences in environmental response during the
Lateglacial Interstadial.

Compilation of selected Vedde Ash bearing sites
illustrating the potential for investigating differences in
environmental response during the Younger Dryas.

Compilation of selected Ulmener Maar Tephra (UMT)
bearing sites illustrating the potential for investigating
differences in environmental response during the early
Holocene.
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Figure 8.19

Figure 8.20

Figure 8.21

Figure 8.22

Compilation of selected Askja-S Tephra bearing sites
illustrating the potential for investigating differences in
environmental response during early Holocene.

Compilation of selected Saksunarvatn Ash bearing
sites illustrating the potential for investigating
differences in environmental response during the early
Holocene.

Compilation of selected Lairg A Tephra bearing sites
illustrating the potential for investigating differences in
environmental response during the Holocene.

Compilation of selected Aniakchak Tephra bearing
sites illustrating the potential for investigating
differences in environmental response during the
Holocene.
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1. Introduction

The period marking the termination of the last glaciation was characterised
by abrupt and rapid climatic changes (e.g. Walker, 1995; Bjorck et al., 1998).
The observed climatic changes are referred to as the Lateglacial period and
approximately dates from 14.7 to 11.7 ka cal BP (Hoek, 2008). Evidence of
these changes is well preserved in the Greenland ice-core records where
variations in the 320 values reflect changes in palaeo-temperature (Johnsen
et al., 1997). Terrestrial records also preserve evidence of Lateglacial climate
changes such as the chironomid-based temperature record from Whitrig Bog,
Scotland (Brooks et al., 2000). The abrupt changes associated with the
Lateglacial include a warmer interstadial phase following the termination of
the last glacial period, followed by a return to cold stadial conditions and in
turn back to the warmer present interglacial period known as the Holocene.
Evidence from the ice-core records indicate the changes occurred on
decadal timescales (Steffensen et al., 2008) with temperature changes in the
range of ~12 °C (Kindler et al., 2014).

The causes or triggers for these abrupt changes are thought to reside from
changes in the ocean circulation and/or changes in atmospheric dynamics
(Broecker, 2003; Barker et al., 2015). Palaeo-climatic records from maritime
regions are fundamental to investigate the impact of these changes. The lack
of records from south west Britain highlights the importance of investigating
sites from south Wales. Lake Hamelsee is also investigated to bridge the
east-west transect of palaeo-climatic records between Central Europe, the
North Atlantic and Greenland. A key challenge for climate scientists is to
pinpoint the mechanisms of these rapid climatic changes. However, to fully
understand the triggers and mechanisms, regional proxy records need to be
precisely dated and synchronized in order to investigate the relative
responses to the climatic changes. Many terrestrial proxy records, however,
are plagued with chronological limitations, largely based on radiocarbon
dating issues (Muscheler et al., 2008). One of the very few Lateglacial

studies in Wales (Walker et al., 2003) is based on radiocarbon dating which
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may inhibit reliable synchronisation with other records in order to investigate
possible leads or lags in environmental responses to the Lateglacial climate
changes. One approach to overcome these issues is to employ tephra
horizons that are instantaneously deposited as precise and independent

time-markers for synchronising records (Lowe, 2011; Davies, 2015).

Tephrochronology is a correlation technigue that employs instantaneously
deposited and geochemically unique volcanic ash (tephra) deposits as
precise age-markers, or isochrons, when preserved in sedimentary archives
(Thérarinsson, 1944; Lowe, 2011). In the last few decades, cryptotephra
discoveries (tephra deposits invisible to the naked eye) have revolutionised
the technique and has led to its application in new geographical areas that
were not traditionally associated with tephra work (e.g. Dugmore, 1989;
Davies et al., 2003; Davies, 2015). Traces of cryptotephra deposits have
been discovered in Wales before, however they have not been characterised
by their geochemical composition, with the exception of Watson et al.,
(2017). Identification of tephra deposits correlated to known eruptions will
allow the sites to be independently synchronised with other tephra-bearing
sites to investigate the environmental response to the Lateglacial climatic
changes. In addition, the tephra deposits could be utilised as precise age

constraints and implemented into future age-models.

Lake Hamelsee, north Germany, is also included in this study as an
additional site. It was chosen due to its locality and potential to preserve
tephra deposits from more than one volcanic region which in turn could
improve the European tephra framework or stratotype for the Lateglacial.
Lake Hamelsee is also in a key geographical position to link varved records

from northern central Poland and Western Germany.

The project aims are as follows:

1) To assess the tephra content within Llyn Llech Owain, Cors Carmel

and Pant-y-Llyn in Wales and Lake Hamelsee in north Germany.
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2)

3)

4)

To geochemically fingerprint each tephra deposit and correlate them
to known eruptions to provide tephrostratigraphic and
tephrochronological constraints for the records.

To develop proxy reconstructions, where possible, including
lithostratigraphic constraints, sediment geochemistry and diatom
analysis.

To utilise the tephra deposits as tie-points between the study sites and
those published elsewhere in order to assess any differences in

environmental response to the Lateglacial climate changes.
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2. Literature Review

2.1 The Lateglacial period (~14.7 -11.7 ka cal BP):

definition and terminology

The Lateglacial period (also referred to as the Late Glacial, Late glacial, Late-
glacial or last glacial-interglacial transition (LGIT)) is known as the transitional
period between the last cold stage (Pleistocene epoch) and the present
interglacial (Holocene). In the North Atlantic area the Lateglacial period
spans approximately between 14.7-11.7 cal years BP, and was marked by
rapid climatic events. This period is probably the most intensively studied
time interval of the Quaternary period and has been referred to as a ‘virtual
laboratory’ in which complex forcing mechanisms that drive climatic changes
can be investigated (Hoek, 2008). High resolution investigations of the
Lateglacial period are also possible due to the accessibility and preservation
of sequences. A wealth of palaeoarchives such as ice cores, marine
sediment and terrestrial deposits preserve a detailed record of climatic
changes during this relatively recent period of the Quaternary. Insights into
the abrupt climatic changes during the Lateglacial are used to validate
climate models, which in turn lead to better predictions of future climate
change (e.g. Renssen et al., 2007; Roche et al., 2014).

Lateglacial climate changes have long been recognised in Europe (Jessen,
1935; Iversen, 1942). Jessen, (1935) initially defined the Lateglacial
seguence based on palynology by recognising three successive pollen
zones. ‘Pollen zone I’ was referred as the Early Dryas, ‘pollen zone II' was
referred as the warmer Allergd stage, and ‘pollen zone III' was referred as
the Late Dryas. Iversen, (1942) added a further subdivision to the interstadial
phase prior to the Allergd which was based on evidence from the site Bglling

in Denmark. In turn, biostratigraphy became less important and
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chronostratigraphy was used more frequently with the development of
radiocarbon dating. Mangerud et al., (1974) was the first to establish the
chronological subdivision for the Lateglacial based on radiocarbon dated
biostratigraphic zones from Scandinavian sites. They define the Bglling and
Allerad as the period between 13,000 and 11,000 **C years BP and the
period between 11,000 and 10,000 **C years BP defining the Younger Dryas
chronozone. A growing body of evidence, however, illustrates that Lateglacial
climate changes are indeed time-transgressive (e.g. Lane et al., 2013) and
highlights the need for a strict protocol for the use of chronostratigraphic
terms in different regions as recommended by the INTIMATE community
(Bjorck et al., 1998; Lowe et al., 2001; Lowe et al., 2008). INTIMATE
recommends that local terminology should initially be used to discuss
local/regional climatic or environmental events, independently of the ice-core
record. Subsequent synchronisation to the ice-core stratotype should then be
made with secure age models in addition to independent age constraints
such as tephra deposits (Lowe et al., 2008). The events during the

Lateglacial period for different localities are summarised in Table 2.1.

In Britain, the lacustrine Lateglacial sedimentary succession is characterised
by a tripartite sequence with the basal clay unit representing glacial
conditions of the Last Cold Stage (Dimlington Stadial), overlain by organic
lake muds deposited during the warmer conditions of the Lateglacial
Interstadial (Windermere), and then succeeded by a clay unit representing a
return to colder conditions during the Loch Lomond Stadial. The climatic
warming at the start of the Holocene is typically preserved as organic lake
muds. Evidence for Lateglacial changes is also preserved in the Greenland
ice-core record which is clearly shown by electrical conductivity
measurements (ECM) (Taylor et al., 1993). Measurements for 50 values
also illustrates the Lateglacial climate changes in the Greenland ice-cores
where lower 320 values observed during Greenland Stadial 2 (GS-2) and
Greenland Stadial 1 (GS-1) indicate colder temperatures compared with the

higher 520 values during Greenland Interstadial 1 (GI-1) and Holocene
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Table 2.1 — Summary of the chronostratigraphic names for the events during
the Lateglacial period and their approximate age estimates (Mangerud et al.,
1974; Lowe and Gray, 1980; Litt et al., 2001; Lowe et al., 2001; Rasmussen
et al., 2014).

Approximately equivalent chronozones

NW Europe Britain Greenland onset
Holocene Holocene Holocene | ~11.7 ka BP
Younger Dryas | Loch Lomond Stadial GS-1 ~12.9 ka BP
Gl-1a
Allerad Gl-1b
Windermere Interstadial Gl-1c
Older Dryas Gl-1d
Bgalling Gl-1e ~14.7 ka BP
Pleniglacial Dimlington Stadial GS-2
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which indicate warmer temperatures (Figure 2.1). The Greenland ice-core
records provide a considerable amount of detail, compared to terrestrial and
marine sedimentary records, where the Lateglacial Interstadial is sub-divided
into 5 parts (locally named Gl-1e — Gl-1a) with GI-1b and d representing cold
oscillations (Rasmussen et al., 2014). The Greenland ice-core records also
provide a precise chronology which is constructed using a multi-parameter
approach based on annually resolved ice-core layers (Rasmussen et al.,
2006). The precise chronological constraints in the ice-core records has
allowed investigations to the abruptness of the climatic changes observed
and show that the transition from the Stadial to Interstadial took place within
a decade (Steffensen et al., 2008).

Abrupt changes are also captured in terrestrial records including the
chironomid-based record from Whitrig Bog, Scotland (Brooks et al., 2000)
(Figure 2.1). Low inferred temperatures are observed during the Last Cold
Stage and Loch Lomond Stadial with higher inferred temperatures during the
interstadial and Holocene. Short-lived cold fluctuations are also seen during
the interstadial at Whitrig Bog however it is unclear due to dating
uncertainties whether they represent synchronous events to GI-1d and GI-1b
in the ice-core record.

2.1.1 Climatic and Environmental changes during the Lateglacial

Several studies have focused on reconstructing climatic and environmental
changes during the Lateglacial period in Britain, especially in Scotland (e.g.
Matthews et al., 2011, Brooks and Birks, 2000: Brooks et al., 2012) and
Ireland (e.g. Van Asch et al., 2012; Walker et al., 2012), but very few studies
have been reported in Wales. Furthermore, only a handful of sites have been
investigated in high-resolution. Such studies are important due to their
geographical maritime locality and their sensitivity to changes or disruption in

the North Atlantic Ocean circulation which is thought to be the main cause of
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the abrupt Lateglacial climatic changes (Broecker, 2003). Such studies are
also important to provide a fuller framework covering Wales, as highlighted
by the INTIMATE project (INTegrating Ice core, MArine, and TErrestrial
records), to synchronise records from the ice, marine and terrestrial
environments (Lowe et al., 2008; Blockley et al., 2012). INTIMATE note that
further studies and investigations on Lateglacial sequences is necessary to
help fully understand the climatic complexities of that time period and thus
provide fuller insights and knowledge to power climate models of past and
future environments. Two of the limited numbers of Welsh sites that have
observed Lateglacial climatic changes within their sedimentary records
include Llyn Gwernan (Lowe, 1981; Lowe et al., 1988; Lowe and Lowe, 1989)
and Glanllynnau (Coope and Brophy, 1972; Simpkins, 1974). These relatively
early studies used pollen and coleopteran analysis to reconstruct the classic
tripartite Lateglacial changes. The most recent investigation of a Welsh
Lateglacial sequence was undertaken by Walker et al., (2003) and focused
on a sedimentary deposit preserved within an opencast coal mine in Llanilid,
south Wales. A comprehensive multi-proxy approach, which included pollen,
plant macrofossils, coleopteran, geochemical properties and stable-isotope
analysis, revealed the Lateglacial tripartite succession (Figure 2.2). The
coleopteran data reveal two cold fluctuations during the Lateglacial
Interstadial with mean July temperatures dropping by more than 5 °C.
Evidence of the cold fluctuations was also observed in the pollen data with
decreasing Juniperus during the first temperature drop and a decline in
Betula during the second cold phase. Pollen assemblages showed the
establishment of scrub tundra during the Loch Lomond Stadial at Llanilid and
the coleopteran-based temperature record revealed mean July temperatures
in the range of 10-11 °C during this cold period. The Holocene onset is
marked by a sudden increase in temperatures of around 9 °C, the expansion
of Betula woodland as inferred by the pollen assemblages and an abrupt
increase in bulk organic carbon values. Applying a multi-proxy approach
provides a wealth of information and a comprehensive reconstruction from a
sedimentary archive (e.g. Brooks et al., 1997; Walker et al., 2003; Walker et
al., 2012; Lotter et al., 2012), where some insights may be lost if only a single

proxy technique is used.
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Figure 2.2 - The zoned multi-proxy reconstruction from Llanilid, South
Wales (Walker et al., 2003), illustrating the Late-glacial sequence preserved

at the site.
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A range of different proxy techniques have been applied to Lateglacial
records and range from lithostratigraphic and geochemical methods to
palaeoecological methods such as pollen, diatoms and chironomid analysis.
Geochemical analysis of lake sediments provides insights in to changes
within the lake environment and also geomorphological activity around the
catchment area. A crude proxy for palaeoenvironmental changes that can be
observed in sedimentary archives is organic content which can be derived by
using the Loss on Ignition (LOI) technique (Heiri et al., 2001). The general
LOI curve that is expected in Lateglacial sequences would start with an
increase in values after deglaciation, inconsistent high values during the
interstadial, followed by a sharp decline during the stadial period and then
increased values where more organic material is produced during the
Holocene (e.g. Walker et al., 2012).

A relatively newer technique is the use of high-resolution X-ray fluorescence
core scanning techniques to obtain sediment geochemistry data (e.g. Bakke
et al., 2009; Neugebauer et al., 2012; Wulf et al., 2013). The ITRAX XRF
core scanner method provides a high-resolution, continuous, non-destructive,
multi-elemental data set for sedimentary sequences (Davies et al., 2015).
XRF core scanning data however, only provides relative changes in
elemental compositions of sediments and does not obtain absolute
geochemical compositional data. Developments in the technologies of XRF
scanning has enabled measurements of sedimentary sequences of up to
sub-millimetre scales, which has allowed even the smallest events to be
recorded (Croudace et al., 2006; Francus et al., 2009). Several studies have
utilised the XRF scanning technique in order to investigate Lateglacial
environmental changes (e.g. Balascio et al., 2011; Neugebauer et al., 2012).
Most studies use the data retrieved by ITRAX core scanners in order to
investigate changes in detrital material in-puts as inferred by elevated
minerogenic elements such as Ti and K (e.g. Bakke et al., 2009; Martin-
Puertas et al., 2012) (Figure 2.3). The Loch Lomond Stadial (~Younger
Dryas) can be effectively observed through elevated values of minerogenic
elements which can be interpreted as an increase in in-wash, thus

suggesting a colder climate. Another application for the use of XRF scanning
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is to identify events in the sedimentary sequence, such as tephra deposits
(e.g. Kylander et al., 2012; Wulf et al., 2013). One of the most commonly
applied palaeoecoogical techniques is pollen analysis. For terrestrial
sequences in Germany such as Meerfelder Maar, the Lateglacial
stratigraphic sub-division has been characterised mainly by palynology (Litt
et al., 2001) and is shown in Figure 2.1. The Last Cold Stage is referred to as
the Pleniglacial in Germany and is characterised by an open, treeless
landscape with sedges and herbs dominating the vegetation assemblage.
This period is followed by the Meiendorf biozone which is thought to
represent the onset of the Lateglacial Interstadial. This period features an
increase in tree and shrub pollen such as Betula. The Oldest Dryas biozone
follows, where pronounced and abrupt climate deterioration occurred
resulting in a decrease in shrub and tree pollen and replaced by an increase
in herb pollen. The Oldest Dryas biozone is thought to be linked with the GI-
1d event and is also thought to be present in the Whitrig Bog record. This
biozone is followed by the Bglling biozone which is characterised by a
sudden increase in Betula pollen. However, the Older Dryas biozone follows
in close succession where a slight decrease in tree pollen is observed and is
considered as a less pronounced climatic period. The Older Dryas biozone is
followed by the Allergd which is characterised by a sustained high
assemblage of tree pollen and is thought to have a duration of around 670
years (Litt and Stebich, 1999). The Younger Dryas biozone follows, which is
marked by a substantial change to an open habitat with the pollen
assemblages showing an abundance of herb pollen and a decrease in tree
pollen. The Younger Dryas biozone is thought to be associated with the Loch
Lomond Stadial where colder conditions prevailed. The Preboreal biozone
follows, where tree pollen assemblages increase considerably suggesting a

dense woodland habitat and climatic amelioration.

Several studies have also used diatom assemblages in Britain including
Wales as a proxy for reconstructing lake responses to Lateglacial climate
changes (e.g. Pennington, 1943; Round, 1957; Evans, 1970; Haworth, 1976;
Robinson, 2004, Crabtree, 1969; Evans and Walker, 1977). Diatom
assemblages are very useful tools in Quaternary studies as indicators of local
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habitat changes within the lake under investigation. They have short life-
cycles, and due to their restricted ecological tolerances within lacustrine
environments they respond rapidly and directly to environmental change
(Battarbee, 1986). Diatoms are classified as algae and are members of the
Bacillariophyta division. They are unicellular, eukaryotic organisms
distinguished by their siliceous cell walls. Every diatom is made up of two
identical thecae, where the valve face of the thecae is complexly patterned,
allowing most to be identified at species level (Birks et al., 1990). Freshwater
diatoms, are mainly controlled by the trophic status, pH, and salinity of the
lake. Changes in these parameters can affect the diatom community, thus
applying diatom analysis on lake sediment records can provide evidence of
changes in these parameters through time.

In general, Lateglacial investigations in Britain report that diatoms are absent
in the sediments representing the Dimlington Stadial, where unfavourable
diatom preservation conditions prevailed, with diatoms first appearing during
the interstadial onset. Fragilaria species tends to be the first diatom species
to appear, which are considered to be a pioneer species that has a large
ecological tolerance. Diatoms are typically absent during the Loch Lomond
Stadial in most sites but succeeded by a more diverse assemblage during
the early Holocene development.

2.1.2 Proposed causes of Lateglacial changes

The Lateglacial climatic oscillations are generally considered to have
occurred in the North Atlantic, with evidence preserved in several archives
from terrestrial studies within NW Europe, North Atlantic marine records and
the Greenland ice cores. However, the climatic oscillations of the Lateglacial
period, especially the Younger Dryas, have also been detected in areas
outside NW Europe. Pollen studies from Turkey and Greece in the eastern
Mediterranean show evidence of the Younger Dryas and also indicate that

conditions were more arid than any time during the last glacial period
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(Rossignol-Strick, 1995). Evidence found in deposits from around the globe
suggests that the Lateglacial climatic oscillations were a worldwide
phenomenon, including records from the north Pacific coast of America
(Mathewes, 1993), pollen records from the Andes of South America (Moreno
et al., 2001), the southern Alps of New Zealand (Lowell et al., 1995), and
even marine cores from as far away as the western Pacific (Kudrass et al.,
1991). However, in the Antarctica records the climatic oscillations are of
opposite signal to the Greenland records (Blunier et al., 1998). The
increasing temperature during the Lateglacial Interstadial in Greenland is
seen as a decrease in temperatures in Antarctica, and the cold phase of GS-

1 coincides with relatively warm temperatures in Antarctica.

Such complex climatic signals means that understanding the causes or
mechanisms behind these climatic changes are still unknown (Blockley et al.,
2012). The preferred hypothesis for causing abrupt climate change is the
disruption in the North Atlantic deep-water ocean circulation, which results
from a burst of freshwater input (Broecker, 2003). However, Barker et al.,
(2015) suggest that freshwater input does not trigger abrupt climatic changes
but provides a positive feedback for enhancing and/or extending stadial
conditions.

The favoured hypothesis for the cause of the Younger Dryas Stadial is the
rapid in-flux of meltwater into the North Atlantic from proglacial Lake Agassiz
which is believed to have had the capacity to interrupt the ocean circulation
(Broecker et al., 1989; Clement and Peterson, 2008). An alternative but
contentious hypothesis for the Younger Dryas cooling is suggested to be
contributed by an extra-terrestrial impact, which destabilized the Laurentide
ice sheet contributing to a sudden outburst of freshwater (Firestone et al.,
2007).

To test the dominant climate-driving mechanisms in the North Atlantic
guestions need to be answered on whether the rapid climatic events, and the
environmental reaction to them, happened at the same time over the North

Atlantic and Europe or whether there were any leads or lags between them.
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This critical requirement is hampered by limitations and uncertainties

associated with the dating techniques.

2.2 Principles of Tephrochronology and

Tephrostratigraphy

Tephrochronology is a unique method for linking, dating and synchronizing
palaeoenvironmental sequences and events (Lowe, 2011). The great
potential of tephra deposits was first recognised by Thérarinsson, (1981),
where he utilised visible tephra deposits for providing dated horizons for
pollen investigations in Iceland. Tephra is a term proposed by Thorarinsson,
(1944) in his PhD thesis which originates from the greek word Te@pa
meaning ‘ashes’. After a volcanic eruption, tephra can be transported by the
wind over thousands of kilometres from the source volcano and can be
preserved in palaeoenvironmental archives such as lake sediments, peat
bogs, marine sediments, and ice cores (e.g. Davies et al., 2007, Abbott and
Davies, 2012, Griggs et al., 2014). Tephra deposition is assumed to occur
instantaneously (within days to weeks), and their unique geochemical
signatures facilitate their employment as unique and commonly widespread

isochronous markers which can be used for correlating between sites.

For this method to be used correctly, correlation of the tephra horizons needs
to be accurate and precise. Early studies depended on physical and visual
properties of the tephra shards for correlating. For example, the Laacher See
Tephra, erupted from the Eifel region in Germany, has a very vesicular
morphology (Bogaard and Schmincke, 1985) and also the Vedde Ash, of
Icelandic origin, consists of ‘butterfly’ shaped shards (Mangerud et al., 1984).
However such features are not reliable enough to clarify the same eruption
because similar characteristics can be produced by eruptions of the same
volcanic centres (Turney et al., 2004). Geochemical properties must be
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obtained from tephra glass shards for a more reliable correlation. The
geochemical properties of glass shards depend on the bulk geochemical
properties of the magma at the time of the eruption and also the character of
the volcanic eruption itself (Barker, 1983). As a result, most eruptions
produce its own unique geochemical fingerprint, even the eruptions from the
same volcanic centres. The most widely used method to determine the
geochemical fingerprint of a tephra horizon is electron microprobe analysis,
where detailed geochemistry can be obtained from individual glass shards
(Hunt and Hill, 1993). The electron microprobe uses Wavelength Dispersive
Spectrometry to calculate the assemblage of major elements (expressed as
oxides) within the separate shards (Hayward, 2012). Although in some
instances the geochemical properties of two eruptions can be very similar. In
such circumstances, the use of laser ablation inductively-coupled mass
spectrometry (LA-ICP-MS) may be applied to provide data for minor and
trace elements (Pearce et al., 2007) and aid correlations that were not
possible when only comparing major element compositions (e.g. Davies et
al., 2012; Meara, 2013; Bramham-Law et al., 2013).

If tephra deposits are to be used to provide fix-points in age models
(tephrochronology), then each event needs to be independently dated, before
their use as age estimates within chronological models. There are numerous
methods used to do this such as radiocarbon dating, where organic material
is present (Birks et al., 1996), radiometric techniques such as argon isotope
(Van den Bogaard, 1995) and fission-track dating for older tephra deposits
(Bigazzi et al., 2005). Direct dates can also be achieved by detecting tephra
layers in ice cores where ice-layer counting is used (Gronvold et al., 1995),
and also in varved lake sediments (Zillen et al., 2002; Wulf et al., 2008; Lane
et al., 2015). If tephras are to be used solely for correlation between sites
(tephrostratigraphy) then precise age estimates are not essential.
Stratigraphic information, however is always an important consideration when

establishing tephra correlations.

Cryptotephra is the term used to describe tephra horizons invisible to the
naked eye. Until the late 1990s, the application of tephrochronology for Late-
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glacial sequences was largely based on the occurrence of visible horizons.
Discrete cryptotephra horizons were identified in distal peat bog deposits as
early as the 1960s, where stratigraphic information was employed to suggest
the preservation of the Hekla 3, Hekla 4, Askja 1875 and Oraefajokull 1362
cryptotephras in Swedish, Norwegian and Faroes peat bogs (Persson, 1966,
1971). It was the discovery of cryptotephra in Scottish peat (Dugmore, 1989),
however, that instigated the recent advances in the search for ash deposits
far removed from volcanic centres. Extensive employment of extraction
techniques such as ashing (for organic rich deposits; Dugmore, 1989) and
density separation (for minerogenic sediments; Turney, 1998) together with
robust chemical characterisation of glass shards (Hayward, 2012) have given
rise to an abundant European network of cryptotephra discoveries and led to
its application in new geographical areas that were not traditionally
associated with tephra work. There are very few reported findings, however,
of distal ash deposits south of 53° latitude and east of 6° longitude and
noticeable gaps in Wales, southern England and large parts of France are
evident on spatial distribution maps (Figure 2.4). Tephra findings in Welsh
sedimentary deposits are rare, but the dispersal of the 2010 Eyjafjallajokull
eruption shows, Icelandic ash-fall over south Wales is a distinct possibility
(Davies et al., 2010). There have been some traces of tephra in Wales, such
as a mid-Holocene horizon found in deposits from the Cambrian Mountains
(Buckley and Walker, 2002) and a Lateglacial tephra in deposits from Traeth
Mawr in the Brecon Beacons (Williams, 2001). As yet, these discoveries
have not been supported by geochemical analysis, with the exception of a
recent study by Watson et al., (2017).

2.2.1 Stratigraphy of key tephra deposits for the Lateglacial and

early Holocene in Europe

The key tephra horizons that could potentially be identified in the sites for this

study are shown in Figure 2.5. The listed tephras provide a compilation of
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Figure 2.4 - Spatial distribution map of Europe including distal sites (outside of Iceland) that
contain Icelandic tephra layers of Holocene and Lateglacial age. Circle size relates to the
number of tephra layers found in each site. Data compiled from the RESET database - Bronk
Ramsey et al., (2015); Wulf et al., (2016); Timms et al., (2016); Watson et al., (2016, 2017).
The circle on Greenland corresponds to the SUMMIT cores and NGRIP (Grénvold et al.,

1995; Mortensen et al., 2005).
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Figure 2.5 - Compilation of key tephra deposits that have the potential to be identified in the
sites for this study. The tephras listed here are approximately chronostratigraphically
positioned in relation to the Lateglacial chronozones shown. For the European tephras listed
a, b and c relate to the Massif Central, Eifel, and Italy. For the far travelled tephras d,e and f
relate to Kamchatka, North America and Japan. Note that y axis is not to scale and not a true
representative of stratigraphy. Stratigraphic positions of the key tephras are approximate
based on best age estimates published in the literature (Blockley et al., 2014 and references
within; Lane et al., 2017and references within; Lawson et al., 2012 and references within).
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deposits spanning the Lateglacial time interval that are widespread and lead
to the increased potential for inter-site correlations. The tephra layers that is
most likely to be present in the sites for this study would be from Iceland due
to the prevailing wind direction and based on previous tephra studies.
Several tephra deposits are listed in Figure 2.5, however, some are more
widespread than others. For example, the Pariou, Chopine, T4, T5, CF1 and
La Moutade tephras from the Massif Central and Eifel volcanic regions have
only been found in a few sites, in comparison with the Vedde Ash, which has
been identified in several sites across Europe (Lane et al., 2012) and is also

present in the Greenland ice-core records (Mortensen et al., 2005).

2.2.2 European tephra deposits

The most widespread tephra deposits of Lateglacial age from the Massif
Central, Eifel and Italy are thought to be the Laacher See Tephra (~12.9 ka
BP), Vasset-Killian Tephra (~9.4 ka BP) and Neapolitan Yellow Tuff (~14.1
ka BP) (Figure 2.6). As yet, none of these tephra deposits have been
discovered as far as Britain, probably due to the dispersal directions. These
tephras are unlikely to be present in Welsh sites, however a previous study
by Matthews, (2008) has reported the discovery of un-named Italian tephras
in a site in Exmoor. A recent study by Lane et al., (2015) has also
demonstrated the potential of discovering Italian tephra deposits with the
discovery of the Neopolitan Yellow Tuff (NYT) in Meerfelder Maar, Germany.
The widely dispersed Laacher See Tephra has already been identified as a
visible deposit in Lake Hamelsee (Merkt et al., 1993). Cryptotephra
investigations may reveal other tephra deposits that have originated from
continental Europe such as the Neopolitan Yellow Tuff or the Vasset-Killian

Tephra.

2.2.3 Far-travelled tephra deposits
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Figure 2.6 - Map of Europe illustrating the approximate spatial extent of the Laacher
See Tephra, Vasset-Killian Tephra and Neapolitan Yellow Tuff. (Lane et al., 2011,
2015 and references therein).
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Recent studies have also demonstrated the potential for inter-continental
tephra deposits (e.g. Jensen et al., 2014; Bourne et al., 2016; van der Bilt et
al., 2017), therefore key far-travelled tephras from large volcanic eruptions
with an ash dispersal axis towards Wales are also included in Figure 2.5.
Perhaps the most relevant far-travelled tephra, with regards to the sites
investigated in this study, is the White River Ash which was sourced from the
Bona-Churchill volcano in the Wrangell volcanic field of south eastern Alaska.
This deposit has a dispersal extent that spans across most of north America
and Canada, the Greenland ice sheet and north west Europe with the most
easterly discovery at Bagno Kusowo peatland in northern Poland (Watson et
al., 2017) (Figure 2.7). Another far-travelled tephra deposit that demonstrates
the potential of discovering far-travelled tephras in this study includes the
Aniakchak Tephra. The Aniakchak Tephra originates from the Aleutian
Range, southwest Alaska and its wide dispersal extent spans across north
America and is also present in the Greenland ice cores (Pearce et al. 2004,
Pyne-O’Donnell et al., 2012; Jennings et al., 2014; Zdanowicz et al., 2014;
Pearce et al., 2017) (Figure 2.7). These far-travelled tephra discoveries have
enabled inter-continental synchronization of palaeoclimate records which
allows potential investigations to constrain lead-lag relationships between the
tephra-bearing sites.

2.2.4 Key Icelandic Tephra deposits

The most widely dispersed Icelandic tephra deposits of Lateglacial age is the
Vedde Ash which erupted from the Katla volcano in Iceland (Lane et al.,
2012). The Vedde Ash is stratigraphically positioned during the mid Loch
Lomond Stadial (Younger Dryas or GS-1) and has been dated to 12,121 +
114 b2k in the Greenland ice-cores (Mortensen et al., 2005; Rasmussen et
al., 2006), to 12 140 £ 43 varve years BP in Meerfelder Maar (Lane et al.,
2015) and to 12 023 + 43 cal. a BP by Bronk Ramsey et al., (2015). Its wide

spatial distribution spans most of north west Europe and the north Atlantic
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Approximate Vedde Ash
spatial distribution

Study sites: LIyn Liech Owain, Cors Carmeland
Pant-y-llyn (Wales) and Lake Hamelsee (Germnay)

Figure 2.8 - Map showing the approximate spatial distribution of the Vedde Ash (modified from
Lane et al., 2012 and reference within).
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with its furthest findings in western Russia (Wastegard et al., 2000), Slovenia
(Lane et al., 2011) and northern Norway (Vorren et al., 2007) (Figure 2.8).
The discovery of the Vedde Ash in the Greenland ice-cores (Mortensen et al.,
2005) makes the deposit an important tephra marker allowing independent
correlations to be made with the widely used INTIMATE event stratigraphy

(Rasmussen et al., 2014).

Another wide spread Icelandic tephra deposit is the early Holocene Askja-S
Tephra which erupted from the Dyngjufjoll volcanic system. The Askja-S
Tephra is dated to 10 830 + 57 cal BP (Bronk Ramsey et al., 2015) and has
been discovered in sites from Arctic Norway (Pilcher et al., 2005) to
Switzerland (Lane et al., 2011) and from northern Ireland (Turney et al.,
2006) to north Poland (Wulf et al., 2016) (Figure 2.9).

The Borrobol Tephra is another tephra deposit that has the potential to be
identified in the study sites. The Borrobol Tephra (BT) was first detected at
the type-site Borrobol in north-east Scotland (Turney et al., 1997). This
tephra layer is thought to represent an important isochronous age marker for
the Lateglacial Interstadial onset as it’s positioned just after the initial rise in
the LOI curve. Its estimated age at the Borrobol site was ca 14,400 cal BP
(Lowe et al., 1999) however a refined and updated age of 14,098 + 47 cal BP
is now in place for the BT which was derived by age-modelling a range of
radiocarbon dates (Bronk Ramsey et al., 2015). Following the initial discovery
of the BT, subsequent studies found other tephra layers of similar
geochemistry but positioned later in the interstadial based on LOI curve or
younger radiocarbon ages (Davies et al., 2004). These discoveries led to the
discussion that there might have been more than one eruption during the
interstadial from the volcano that sourced the BT. A succeeding study by
Pyne O’Donnell, (2007) confirmed the speculation of another Borrobol-type
tephra during the interstadial with the discovery of a mid-Interstadial tephra
found in a number of Scottish sites, where the BT was also present, which
was named the Penifiler Tephra (PT). The PT geochemistry is

indistinguishable to the BT, however, basaltic shards with Katla geochemistry
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Approximate Askja-S Tephra
spatial distribution

Study sites: Llyn Llech Owain, Cors Carmeland
Pant-y-llyn (Wales) and Lake Hamelsee (Germnay)

Figure 2.9 - Map showing the approximate spatial distribution of the Askja-S Tephra
(modified from Wulf et al., 2016).
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are also found in some of the PT deposits within some Scottish sites (Pyne
O’Donnell et al., 2008). The PT is associated stratigraphically with the mid-
Interstadial or Gl-1c and its current best age estimate is 13,939 + 66 cal BP
(Bronk Ramsey et al., 2015). In addition to Scottish sites, the BT has also
been discovered in two Swedish sites from Hasseldala port and Skallahult
(Davies et al., 2003). In both sites only one tephra layer is present and due to
the BT and PT having indistinguishable geochemistry, correlation to either is
reliant on a secure stratigraphic correlation to the early part of the Lateglacial
Interstadial (BT) or to the mid-interstadial (PT). More recently Timms et al.,
(2016) identified two more cryptotephra deposits, of the same composition as
the BT and PT deposits, within a sediment record from Orkney (Scotland),
which lie in the latter part of the interstadial. When only one tephra deposit of
BT chemistry is identified in the Interstadial part of a record, the two deposits
identified by Timms et al., (2016) offer additional possible correlations. If a
secure stratigraphic framework is not in place then a correlation to any of the

BT-type tephras would be difficult to achieve.

A feature of the BT in some sites is the wide stratigraphical spread of shards
up and down the core profile, occupying a sizable portion of the early
interstadial, instead of a distinct peak. This makes pinpointing the first ash
deposition or isochron position misleading. Some sites also contain, more
than one peak within the BT diffuse distribution which may suggest more
than one eruption spaced closely in time. The diffuse distribution of the BT is
best shown in Loch an t'Suidhe and Borrobol with the PT also showing
similar features in Abernethy Forest (Figure 2.10). The indication of two
closely spaced peaks in shards is also exhibited in the Loch an t'Suidhe and
Loch Etteridge record (Albert, 2007). Three peaks are evident in the
Tynaspirit West record (Figure 2.10), however only the BT and PT, albeit with
their diffuse distribution, are suggested to be present by Pyne O’Donnell,
(2007). A suggested reason proposed by Pyne O’Donnell et al., (2008) for
the diffused BT shard distribution is the harsh climatic regime during the
termination of the Glacial period and the following ice retreat causing poor
vegetation cover and unstable catchment slopes with loose material available
for reworking to take place. Another alternative hypothesis is that the BT may

51



‘(ssoyine ayy Ag pa

-}2idisjul se) plooal alnjesadwa) palajul-piluoucdiy) 10 [T Jeylie uo pased }8suo [eIpe}S puowo Yoo pue }1asuo |eipejsiaju)| |eloe|baje]
8y} sjuasaldal aul| paysep ay} pue qL-|9) pue pL-|9 0} puodsallod A|qissod g, pue e, payJew Suoije||ioso ay| "pJodal alnjesadwa)
paJlajul-piluouodiy) 10 [ 8y} 0} uoie|as ul suoliisod aAlpoadsal Jisy) pue (SIXe-X a|qelieA ay} 8j0u) SUOIIBJJUSdUOD pJeys |ejo} uo paseq
‘syjead elydas} Jo suiio} Jualayip ayy moys papnjoul salS "(000Z ‘sxlig pue syoolg (/661 “[e 18 Asuin]) Bog BuYm (110Z “|e 1o smauy)
-Je|N) 1sel04 Ayleuwsaqy ‘(2002 ‘lleuuoq,O eukd) [ogosiog ‘)sep) Juidseud ] ‘eyping 3 ue yooT (GLOZ “|e }e poaToBIA ‘800Z | 18 eMoT]
12002 ‘Heq|y) ebpuan3 yooT "yjoq Jo (1d) eiyda] Jejjiusad ‘(19) eJydal |oqoiiog 8y} Ulejuod jey) seyis Ysijoos pajos|es XIS - 0} g aInbi4

(swo) spaeys onioAuy (swo) spreys onloAyy (;wo) spaeys onloAyy (;wo) spaeys onoAyy (cwo) spIeys oioAyy
0z 0L O 0oz 9L 2L 8 ¥ O 0 9 2L 8 14 0 0oL 0S 0
[008 ogg —t—— ogy —t—d—»l—1 1 o6
Jaiis i (18) 2204V 029 i 082
|eipejsiaju| [eoe|baje] 092 I|| ey
19 ——
= 059 C ——= 0LL
~02Z — 0L¥
| 0€9 — 09.
[V 09 — 0s.
j8suo |eipelg | p—
puowo Yoo = R
065
.IOV_\ I L L] L] 1 O.VN I L) T 1
gtz g v O o€ 0C 0L O o 0€ 0C Ol 0 ogE 0C 0L O
(%) 1071 (%) 101 (%) 101 (%) 107 (%) 101 5
4" 6 9 vL 0l 9
(Do) @1mesadwsa) sie Ainp (Do) @unesadwsay Jie

uealw pauajul-piwouoiy) AInp UBBW PaLIBJUI-PILIOUCIIYD

Bog Bulyp 1s2104 Ayjeulaqy |ogoliog 1S9\ JidseuA]  ayping,} ue Yoo abpuap3 Yoo

52



be a product of two eruptions, which is especially evident in the Loch

Etteridge and lake Borrobol records (Pyne O’Donnell et al., 2008).

The assigned BT at Loch an t'Suidhe is noticeably positioned stratigraphically
before the rise in LOI values (Pyne O’Donnell, 2007), with the first
occurrence of tephra shards positioned at 663 cm and the rise in LOI values
at 649 cm. Based on LOlI, this position is thought to represent the Glacial
period and not the early Lateglacial Interstadial where the BT is typically
found in other sites. However, Pyne O’'Donnell, (2007) note that the
stratigraphic position of the BT at Loch an t'Suidhe does not reflect another
or previously unrecorded tephra. They suggest that the LOI stratigraphy is
inconsistent with other sequences and that organic matter accumulation at
Loch an t'Suidhe lagged behind other sites. Additionally, Walker and Lowe,
(in press) discuss that underpinning the Lateglacial Interstadial onset or the
onset of lake sedimentation is problematic due to the sediments being mostly
devoid of climatic proxies such as pollen, diatoms or chironomids. Therefore,
establishing the stratigraphical position for the Lateglacial Interstadial
temperature rise is difficult based on LOI data alone. With the possible
reasons noted above in mind however, the discovery of a tephra layer of
similar geochemistry to the BT in the stratigraphical unit prior to the LOI rise
in Loch an t'Suidhe, does suggest the possibility of an older tephra layer that
erupted before the BT. Another tephra layer with a BT-type chemistry has
been reported in a marine core on the North Icelandic shelf stratigraphically
positioned in the Glacial period and named the KOL-GS-2 tephra (Eiriksson
et al., 2000). An age estimate of 16.49-16.65 cal ka BP is assigned to the
KOL-GS-2 tephra which could potentially be linked with the BT found in Loch
an t'Suidhe. A further BT-type deposit is also present in the Greenland ice-
cores stratigraphically positioned during GS-2 and dated to 17,326 + 319 b2k
(Cook, 2015).

Although these tephra layers of BT signature are established to have
originated from Iceland based on trace element data (Lind et al., 2016), the
volcanic provenance is still unclear, where previous studies have suggested
Sneefellsjokull (Davies et al., 2003), Oreefajokull (Lind et al., 2013),
Torfajokull (Davies et al., 2004) and also Hekla (Lind et al., 2013). Holocene
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tephras of BT signatures have also been discovered in NW European sites
(e.g. Pilcher et al., 2005; Lind & Wastegard 2011).
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3. Methodology

Four sites are investigated in this study. The field and laboratory methods

employed for each site are outlined in Figure 3.1.

3.1 Field sampling

3.1.1 Site selection

Lake Hamelsee

Lake Hamelsee in northern Germany was selected for this study due to its
potential to develop a tephra framework for the Lateglacial period (Figure
3.2). Visible tephra deposits have previously been identified in this record,
including the ~10.3 ka BP Icelandic Saksunarvatn Ash and the ~12.9 ka BP
Laacher See Tephra, from the Eifel region of Germany (Merkt et al., 1993;
Merkt & Muller, 1999). This partially-varved sequence, however, has never
been explored in terms of its cryptotephra record and its location in central
Europe is ideal as a repository for tephras originating from multiple volcanic
centres. This potential is highlighted by discoveries of tephras originating
from ltalian, Icelandic and Eifel volcanic sources in the Meerfelder Maar
sediments, ~350 km to the southwest of Hamelsee (Lane et al., 2015).
Access to samples from this site was secured via my participation at the
INTIMATE Example research training school. Cores were retrieved from
Lake Hamelsee during the training school with the aim of constructing a
detailed Lateglacial palaeoclimate record, using both traditional and state-of-
the-art dating methods and proxy techniques. My contribution to this multi-
proxy investigation was a detailed investigation of the cryptotephra deposits
preserved within this record.
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Sites in Wales

Three sites in Wales were selected as part of this investigation, Llyn Llech
Owain, Cors Carmel and Pant-y-Llyn (Figure 3.2). Very few Lateglacial
sequences are preserved and studied in Wales, and even fewer have
showed or attempted to show the presence of tephra shards within its
sediments. These three sites were selected for their partial-full record of
Lateglacial changes and their geographic proximity to the Atlantic Ocean
where climatic changes associated with changes in ocean circulation are
potentially recorded in the sedimentary records (Nesje et al., 2004). With the
exception of a recent study by Watson et al., (2017), there have been traces
of potential cryptotephra deposits identified in sites in the Brecon Beacons
and mid-Wales but these findings have not been supported by geochemical
characterisation of the shards (Williams, 2001; Williams et al., 2007; Buckley
and Walker, 2002). Exploring the potential of employing cryptotephras in
Wales during the Lateglacial is a key focus of this thesis. Preliminary
investigations by Mike Walker and colleagues (Walker and James, 1992;
Walker and Jones, 2006; Walker et al., 2009) have demonstrated that the
sequences from Llyn Llech Owain and Cors Carmel span the full Lateglacial
period. The investigations of these sites, however, largely focused on the
Holocene and included low-resolution pollen analysis and a small number of
radiocarbon dates. These discoveries highlight the potential value of the sites
as two of the few Lateglacial sequences preserved in the west of the British

Isles.

Pant-y-Llyn is a turlough, and is the only known turlough in Britain (Campbell
et al., 1992), although they are common in the Republic of Ireland (Naughton
et al., 2012). Turloughs are ephemeral water bodies associated with
topographic depressions in karst and are periodically inundated mainly by
groundwater, but also runoff, during the course of a year. Turloughs do not
have a true inflow or outflow stream, and both fill and empty either diffusely
across their base or via estavelles, a type of sink hole (Tynan et al., 2007).
Sediments from turloughs are rich in calcium carbonate (Coxon and Coxon,
1994) and an investigation of their infill can provide insight into the

development and formation of these rare features. Cores were retrieved from
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Pant-y-Llyn by Gareth Farr (BGS) and Jamie Bevan (NRW) as part of a
palaeohydrology investigation of the site. Four radiocarbon dates were
obtained from the sequence. Although a full Lateglacial sequence was not
obtained at Pant-y-Llyn, the basal clay unit is thought to represent the Loch
Lomond Stadial (Jones et al., 2017). Pant-y-Llyn is also geographically
located close to Llyn Llech Owain and Cors Carmel providing an opportunity

to investigate differences in the tephra deposition between each site.

3.1.2 Field sampling

A Russian corer (1 m long and 5 cm diameter) was used to recover the cores
from Llyn Llech Owain, Cors Carmel and Pant-y-Llyn. Two adjacent holes
were used to retrieve 10 cm overlapping sections for each sequence. Core
positions were closely spaced (within 50 cm) where the surface elevation
was constant. No overlaps were retrieved for the Pant-y-Llyn sequence
(coring undertaken by Gareth Farr and Jamie Bevan from the British
Geological Survey (BGS) and Natural Resources Wales (NRW) - borehole
reference SN61NW12). A piston corer mounted onto an Uwitec coring
platform was used to retrieve cores from Lake Hamelsee which was operated
by Wim Hoek and the coring team from Utrecht University as part of the

INTIMATE example research training school.

To avoid any contamination, the coring equipment at each site was cleaned
with water and blue roll paper after retrieving each core. The retrieved cores
were transferred into plastic drain pipes, labelled with the site identifying
code, depths and arrow for the direction to top of core. Each core was
wrapped in plastic film and sealed with duck-tape. All cores were then stored

horizontally in a cold room at <4°C.
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3.2 Laboratory analysis

Brief descriptions of the cores were undertaken in the field but cores were
examined in more detail in the laboratory. Descriptions included sediment
type, colour, humification and whether biological components were present.
The sub-sampling strategy varied by site however a schematic diagram for
the Llyn Llech Owain cores is summarized in Figure 3.3. A sampling strategy
for the Cors Carmel cores was not necessary because of less proxies being
implemented for that site. For the Pant-y-Llyn and Lake Hamelsee records,
the sediment cores were stored elsewhere (BGS and Utrecht University),
therefore sample requests were made to the sampling coordinators.
Discussions took place for each site with regards to how much sediment was
needed for the tephra work to ensure sample availability. A summary for the

techniques implemented for all sites is outlined in Figure 3.1.

3.3. Sediment geochemistry

3.3.1 XRF (X-ray Fluorescence) ITRAX Core Scanning

Cores from Llyn Llech Owain and Cors Carmel were scanned using the
ITRAX core scanning facility at Aberystwyth University in January 2014 and
November 2015 respectively. Lake Hamelsee cores were scanned using the
same ITRAX system at Potsdam GFZ by Aritina Haulic and Achim Brauer as
part of the INTIMATE example research training school project.

The ITRAX core scanner produces a fast, non-destructive, micro-XRF
analysis of elemental geo-chemistry ranging from Aluminium to Uranium. The
core scanner at Aberystwyth has a Si-drift detector, 3kW X-ray generator with
a 3kwW molybdenum target tube, where the X-rays are emitted through the

tube turret focused by a proprietary flat-beam optical device. The ITRAX
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system was operated following the standard protocol methodology outlined in
Croudace et al., (2006). Advanced technical information on the ITRAX
system can also be found in Croudace et al., (2006). Prior to analysis, the
cores were cleaned perpendicular to the core length to expose a fresh
surface, free of any contamination. The prepared cores were placed on the
core holder with the core top positioned on the right hand side of the
instrument, being measured first (Figure 3.4). The core position coordinates
were inserted into the Core Scanner Navigator program in addition to the
excitation voltage and X-ray tube current. An initial scan was undertaken of
the core surface to confirm no physical contact between the detector and the
core. Using the Q-Spec program, elements were chosen for detection and by
analysis of a representative part of the core sediment, the element peak area
fitting parameters were attuned and improved. The X-ray voltage was set to
60 kv, with a current of 50 ma and an exposure time of 100 milliseconds. The
XRF voltage was set to 30 kv, with a current of 50 ma and an exposure time
of 10 seconds. A sampling resolution of 200 um was achieved for all cores.
After scanning the cores, an assessment of the Argon and kcps (kilocounts
per second) values were made along the sequence to assess any problems
with the core surfaces. Argon (from irradiation of air) and kcps should be
relatively constant throughout the sequence if the scanning analysis was
good with no undulations in the core. Any distinct variations reflect surface
disturbances which need to be accounted for prior to interpreting the data.
The cores were retrieved using the two hole overlapping method thus
allowing XRF data from the top and bottom 5 cm of each core to be

discarded accounting for the noise at the core ends.

3.3.2 Sediment chemistry (%C, %N and 3'°C)

Sub-samples of approximately 0.3 g of bulk wet sediment were retrieved from
the cores at 1 cm resolution for the Llyn Llech Owain record and 4 cm for the
Cors Carmel record and subsequently freeze dried at -48° C for 48 hours.

Samples were lightly crushed and homogenised by shaking the sample tube
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prior to weighing. Samples were weighed within a range of 0.30-0.35 mg for
the organic peat samples and 5.00-6.00 mg for the clay-rich samples. These
weights enabled a more consistent beam area during combustion of the
samples. By maintaining the beam area for CO, between c. 2E-7mA and 4E-
7mA, equivalent to between 100 and 200 micrograms of carbon, the resulting
carbon isotope value could be determined with reduced sample-size effects.
Some samples were repeated for isotopic analysis with amended weights to
achieve the required beam area. Samples were weighed into tin (Sn)

capsules, crimped closed, prior to elemental and isotopic analysis.

Acid treatment was not necessary for LIyn Llech Owain and Cors Carmel due
to the absence of carbonates throughout the sediment sequences. The local
bedrock for Llyn Llech Owain and Cors Carmel is “Twrch Sandstone
formation’ that typically have minimal or no carbonate content. Furthermore,
no chemical reaction was ever observed after adding HCI (10%) to the
samples being investigated for tephra, indicating the absence of carbonate in
the sediment. However, test analyses were undertaken on samples
representing all sediment types along the Llyn Llech Owain core sequence
(i.e. peat, early Holocene muds, YD clay, interstadial mud and glacial clay) to

quantifiably evaluate whether carbonates were present (see section 5.3).

Carbon and Nitrogen content and 5*3C values were measured online using a
PDZ-Europa ANCA GSL Elemental Analyser interfaced to a 20/20 isotope
ratio mass spectrometer. Sample names and weights were initially entered
into the computer system and samples were then placed in order in a
carousel for measurement by the elemental analyser. Analysis was
automated with samples dropped into a furnace through a constant flow of
helium, which promotes an abrupt and full combustion. The oxygen and
water leftover, following combustion at 1000 °C, was removed through
passing a copper filter, allowing the remaining CO, and N5 to pass through
the system. The computer software captures the measurement from the
sample and assesses the information, producing the %C and %N data. The
CO, and N are then carried to the mass spectrometer for the 5**C isotope

values to be measured.
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Acetanilide standards were measured to examine the accuracy of the
instrument and precision of the analysed samples (Table 3.1). In addition,
‘blank’ samples (i.e. empty tin capsules) were analysed during each run to
assess the instrument performance. Drift correction was applied through the
computer software if standards were offset to the reference acetanilide

samples.

Table 3.1 - Summary of the acetanilide standards analysed during the
analysis of Carbon, Nitrogen and *3C using a PDZ-Europa ANCA GSL
Elemental Analyser.

%N %C | 83C %o

Recommended values 10.36 | 71.09 -30.42

average (n=98) 10.39 | 71.21 -30.43
stdev 0.27| 0.95 0.12
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3.3.3 Loss on Ignition (LOI)

Loss on Ignition was employed for the Pant-y-LIyn samples only, at a 4-cm
resolution between 550-530 cm and 490-300 cm and at a 2-cm resolution
between 530-490 cm spanning the transition from the basal unit of reddish
silty clay and organic lake mud unit. The standard protocol of Heiri et al.,
(2001) was followed with freeze dried 1 cm® samples initially weighed and
then placed in a furnace at 550°C for 2 h to determine the organic matter loss
by weight percent. This was followed by a further 2 h at 1000°C to determine
the calcium carbonate (CaCOz3) loss by weight percent. Organic matter is
oxidized to carbon dioxide and ash at temperatures between 200-550°C and
a further evolution of carbon dioxide from carbonate minerals at temperatures
between 700-1000°C allowing the estimated loss by weight percent to be

calculated.

3.4 Tephrochronology

3.4.1 Extraction of tephra shards

Tephra analysis was initially undertaken at a low-resolution. Sediment cores
were sampled contiguously in 5-cm segments (Figure 3.3). Samples were
freeze-dried and homogenised by shaking the sample bag rigorously. A
starting weight of 0.5 g dw (dry weight) was used for each low-resolution
sample. Each sample was ashed in the furnace at 550°C for at least 2 hours
to remove any organic material. The sample residues were then treated with
6 ml of 10 % HCI (Hydrochloric acid) to eliminate any carbonates. Even
though no carbonates were present in the Llyn Llech Owain and Cors Carmel
sediments, this procedure was a quick and easy step that also acted to
soften and disperse the samples prior to sieving. Carbonates were present in

the Pant-y-Llyn and Lake Hamelsee sediments, thus HCL treatment was
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essential. Samples were left in HCI for at least 2 hours or until any chemical
reaction had ceased. For the clay-rich samples, 6 ml of 10 % NaOH (Sodium
Hydroxide) solution was added as a dispersant to disintegrate the clay
sediment for easier sieving. The NaOH solution was added to the sample at
room temperature for less than one hour. Each sample was centrifuged using

deionised water to clean the samples before and after the NaOH treatment.

The samples were then wet sieved at 80 and 25 pm and a density separation
was employed following the methodology outlined by Turney, (1998) and
Blockley et al., (2005). A density float of 2.3 g cm?® was used initially to
remove less dense material such as diatoms. The second float of 2.5 g cm?®
was used to isolate the rhyolitic shards as they typically have a density of
2.3-2.5 g cm®. If present, basaltic tephra shards would be found within the
heavier density fraction (>2.5 g cm®) together with the heavy minerogenic
particles. A magnetic separation technique was employed to isolate basaltic
tephra particles from heavy minerals in the >2.5 g cm®density fraction
(Mackie et al., 2002). A Frantz IsoDynamic Magnetic separator was used
with the following settings: current of 0.85 nA, tilt of -15° and a slope of 22.5°
(Griggs, 2016). The >2.5 g cm® density fraction was only searched if brown
shards were encountered in the 2.3-2.5 g cm?® fraction. The 2.3-2.5 g cm® and
the selected ferromagnetic >2.5 g cm? density fractions was then mounted

onto microscope slides using Canada Balsam.

Where distinct peaks in shard concentrations were revealed (i.e. higher
concentrations compared to the background), 1 cm sub-samples were re-
sampled from the core to determine the position of the tephra deposit to the

nearest 1 cm, following the same methodology outlined above.

A light-powered, polarizing, microscope (Olympus CX41) was used to identify
and count the tephra shard concentrations and quantify the number of shards
per 0.5 g dw of sediment. Isotropism, particle morphology and Becke line

characteristics were the main criteria used to identify tephra shards.
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3.4.2 Geochemical analysis

Sediment samples that revealed peaks in shard concentration were re-
prepared for geochemical analysis. With the exception of the ashing step,
samples were processed following the same methodology as outlined above.
High heat is known to alter the chemical composition of the tephras through
alkali mobilisation (Dugmore and Newton, 1992). Instead, the organic
material was removed by sieving and density separation. Any coarse
macrofossils were typically isolated by the 80 um sieve and the finer organic
material would be floating in the <2.3 g cm™ fraction. For samples that
contained a high organic content, it was necessary to undertake the density

separation step more than once.

If the shard concentrations were low (e.g. < 50 shards per g dw), the starting
sediment volume was increased to as much as possible, whilst keeping in
line with the sampling strategy, to optimise the extraction and isolation of
sufficient tephra shards. For these samples, a gas-chromatography syringe
mounted on a micro-manipulator was used to manually pick out individual
tephra shards (Lane et al., 2014) (Figure 3.5). The processed samples were
suspended in de-ionised water and a pipette was used to place an aliquot
into a welled slide placed on the stand of an optical microscope. Particle
shape and isotropism were the main features used to identify the tephra
shards. The pink tint, which is a distinguished characteristic of rhyolitic
shards mounted in Canada balsam, or epoxy resin, is less obvious when
shards are suspended in water. The gas chromatography syringe was then
used to manipulate the shards onto a frosted microscope slide (28 x 48 mm),
placed adjacent to the welled slide (Figure 3.5). Picking shards in this way is

a time-intensive and meticulous process, but this ensures a pure tephra
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gas chromatography high power polarising
syringe used to pick optical microscope to
shards locate the shards

labelled frosted slide ready for the picked
shards to be mounted in epoxy resin

shards picked from
the sample immersed
in distilled water from
a welled-slide

micromanipulator used needle

to navigate the syringe

and needle to the shard
ready to be picked

Figure 3.5 - Images of the set-up for manually picking shards using a gas chromatography
syringe mounted on a micromanipulator.
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sample is obtained which increases the efficiency of the Electron-Probe
Micro Analysis (EPMA) work. A map of each slide, with coordinates of shard
locations, was recorded to aid in the relocation of tephra shards during
geochemical analysis.

Slides were sectioned for geochemical analysis using decreasing grades of
silicon carbide paper until an exposed horizontal shard surface was exposed.
Care was taken to ensure an even surface topography for each slide. An
uneven surface can cause problems during geochemical analysis e.g.
scattering of X-rays which do not reach the detector, and limited electron
absorption onto the tephra shard (Hall and Hayward, 2014). Sectioned slides
were polished using an automated polisher using 9, 6 and 1 um diamond

suspension and manually with a 0.3 pm micro-polish.

Geochemical analysis was undertaken at the Tephra Analytical Unit at the
University of Edinburgh using a Cameca SX100 Wavelength Dispersive
Spectrometer Electron-Probe Micro Analysis (WDS EPMA), fitted with five
vertical WD spectrometers. Ten major and minor elements were analysed:
Si, Al, Ti, Fe, Mn, Mg, Ca, Na, K and P which are expressed as oxide
percentages. As the x-ray energy produced is distinct to each element and
the intensity proportional to the concentration of the element present, the
geochemical composition can be determined (Hunt and Hill, 1993). Slides
were carbon coated prior to geochemical analysis. EPMA operating
conditions are adapted from Hayward (2012) and vary by beam size and are
as follows: 5 ym beam diameter — Accelerating voltage: 15 kV Beam Current:
2 nA for Na, K, Si, Al, Mg, Fe, Ca and 80 nA for Mn, Ti, P. 3 ym beam
diameter — Accelerating voltage: 15 kV Beam Current: 0.5 nA for Na, Al, 2 nA
for K, Si, Mg, Fe, Ca and 60 nA for Mn, Ti, P. For further operating conditions
see Hayward (2012). Internal calibration is undertaken daily using pure
metals, simple silicate minerals and synthetic oxides, including andradite.
Lipari and BCR2g secondary standards were analysed before, during and at
the end of analytical sessions to examine the accuracy and precision of the
instrument, precision of the tephra analyses and to allow comparison
between the data from each analytical period (following Kuehn et al., 2011).
Secondary standards are shown in Figure 3.6 and Table 3.2, in addition to
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Table 3.2 - Summary of the Lipari and BCR2g secondary standards analysed. The recommended values for Lipari and

BCR2g are noted at the top of the table. Groups (a-h) represent the different operating sessions.

SiO, TiO, Al,O3 FeO MnO MgO CaO Na,O K-,O P,0Os Total

Recommended values: (Sparks, 1990)

Lipari min 73.43 0.07 12.52 15 0.07 0.7 3.96 5.08

Lipari max 74.63 0.09 12.92 1.8 0.09 0.74 4.16 5.28

Recommended values: (Wilson, 1997)

BCR2g min 53.3 2.21 13.3 12.21 3.54 7.01 3.05 1.74 0.33

BCR2g max 54.9 2.31 13.7 12.61 3.64 7.23 3.27 1.84 0.37
Lipari Group
average a 74.35 0.08 13.06 1.59 0.07 0.04 0.73 4.26 5.18 0.01 99.36
stdev 0.86 0.00 0.32 0.12 0.00 0.01 0.03 0.07 0.12 0.00 1.07
average b 73.78 0.08 13.45 1.52 0.07 0.05 0.74 4.46 5.12 0.00 99.28
stdev 0.44 0.01 0.69 0.12 0.01 0.01 0.05 0.25 0.11 0.01 1.05
average c 74.03 0.08 12.97 1.58 0.07 0.04 0.75 4.13 5.15 0.01 98.81
stdev 0.51 0.00 0.20 0.09 0.01 0.02 0.04 0.09 0.06 0.01 0.61
average d 74.24 0.08 12.97 1.55 0.07 0.04 0.75 4.12 5.23 0.01 99.04
stdev 0.46 0.00 0.32 0.12 0.01 0.02 0.04 0.15 0.10 0.01 0.71
average e 74.20 0.08 13.05 1.61 0.07 0.04 0.75 4.14 5.17 0.01 99.11
stdev 0.49 0.00 0.18 0.12 0.01 0.02 0.03 0.09 0.10 0.01 0.64




€L

average 74.40 0.07 12.57 1.49 0.07 0.04 0.75 4.14 5.11 0.00 98.64
stdev 0.65 0.00 0.23 0.11 0.01 0.02 0.03 0.08 0.11 0.01 0.83
average 74.29 0.08 12.75 1.56 0.07 0.03 0.74 4.04 5.21 0.00 98.77
stdev 0.47 0.01 0.31 0.09 0.01 0.02 0.04 0.25 0.10 0.01 0.55
BCR2g Group

average 54.76 2.26 13.55 12.52 0.20 3.62 7.15 3.29 1.85 0.35 99.55
stdev 0.15 0.03 0.11 0.23 0.01 0.03 0.06 0.42 0.03 0.01 0.33
average 54.12 2.27 13.75 12.44 0.20 3.65 7.07 3.37 1.82 0.34 99.01
stdev 0.36 0.01 0.48 0.30 0.01 0.06 0.10 0.11 0.04 0.03 0.74
average 54.13 2.28 13.36 12.23 0.20 3.59 7.12 3.15 1.83 0.33 98.22
stdev 0.66 0.01 0.24 0.39 0.01 0.09 0.12 0.53 0.08 0.02 0.80
average 54.67 2.28 13.54 12.51 0.20 3.62 7.15 3.26 1.79 0.36 99.37
stdev 0.53 0.01 0.28 0.26 0.01 0.06 0.11 0.09 0.06 0.01 0.68
average 54.14 2.28 13.60 12.41 0.20 3.59 7.11 3.36 1.80 0.35 98.83
stdev 0.42 0.02 0.18 0.23 0.01 0.07 0.11 0.22 0.03 0.02 0.46
average 54511  2.253 13.079 12519 0.199 3,658 7.155 3.139 1.800 0.353 98.667
stdev 0.355 0.015 0.254 0.248 0.008 0.055 0.065 0.194 0.058 0.015 0.570
average 54.458  2.264 13.492 12.494  0.193 3594 7.179 3.323 1798 0.336 99.128
stdev 0.348 0.016 0.247 0.239 0.009 0.085 0.073 0.123 0.055 0.017 0.556




the recommended value ranges (Wilson, 1997 and Sparks, 1990). Some of
the analysed secondary standards lie outside the recommended value range,
reflecting heterogeneity of the standard blocks, however the averages are all

within the recommended range.

3.4.3 Geochemical correlations

Graphical bivariate plots are used to assess potential correlations with other
tephras. Bivariate plots are among the most useful and most widely used
method for presenting and testing geochemical correlations. Major and minor
element compositions from single-glass shard analyses were compared to
available published datasets in order to find the best correlation for each
tephra deposit. The most likely sources for tephra in Wales and Germany are
Icelandic, Eifel, Massif Central and Italian volcanoes, therefore European
databases were used such as Tephrabase (Newton et al., 2007) and RESET
(Bronk Ramsey et al., 2015). However, cryptotephra from as far away as
Alaska has also been identified in Northern Germany and Ireland (Jensen et

al., 2014), therefore large eruptions from further afield were also considered.

3.4.4 Statistical analysis

In addition to bivariate plots, statistical methods can provide a more objective
way of testing tephra correlations and quantify the certainty or uncertainty in
the proposed correlations (Pollard et al., 2006; Pearce et al., 2008; Bourne et
al., 2010; Lowe et al., 2017). In this study a comparison of tephra correlations
were made through the use of similarity coefficient analysis (e.g. Tryon et al.,
2009; Placzek et al., 2009; Brendryen et al., 2010), calculated using the
equation below (Borchardt et al., 1972):
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Where d(1,2=d(2,1) is the similarity coefficient for the comparison between
samples one and two, k is the element number, n is the number of elements,
Ri=Xk1/ Xz If X2 = Xi1 Or Xiof/ X if Xk1>Xik2, Xk IS the concentration of element
k in sample 1 and Xy, is the concentration of element k in sample 2
(Borchardt et al., 1972). Similarity coefficients were calculated using mean
values from the major elements analysed, excluding concentrations with <1%
following recommendations from Hunt et al., (1995). Similarity coefficient are
expressed in values between 0.6 — 1.0, with 1.0 suggesting an exact
geochemical correlation. Values over 0.95 mostly represent good
geochemical correlation however values below 0.9 suggests no geochemical

correlation (Begét et al., 1992).

A number of different statistical techniques have been applied in tephra
correlations such as principal components analysis (PCA) and discriminant
function analysis (DFA) (Pollard et al., 2006; Pearce et al., 2008; Bourne et
al., 2010; van der Bilt et al., 2017). Each has their own merits and pitfalls for
examining different data-sets and tephra compositions. Statistical techniques
are used to supplement other methods such as visual examination of the
geochemical data on bivariate plots as well as stratigraphic information.
Neither criteria can be used in isolation and often more advanced statistical
techniques are reserved for problematic scenarios in tephra correlations
(Lowe et al., 2017). We employ the similarity coefficient to support our

suggested correlations.

3.5 Diatom analysis

Diatom analysis was only undertaken at Llyn Llech Owain as this
represented the main multi-proxy record for this investigation. Diatom

frustules were extracted from the sediments following the methodology
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outlined by Battarbee (1986). Treatment with HCl was omitted as no
carbonate was present in the samples (see section 3.3.2). Each sample was
air-dried and 0.2 g was treated overnight at room temperature with 20 ml of
30% hydrogen peroxide (H,0,) to oxidise any organic material. The following
morning, the samples were gradually warmed up in a water bath to 90°C.
Additional fresh H,O, was added to the samples until the chemical reaction
ceased. Typically, the samples were left in H,O, for around 5 days, with
samples containing a higher organic content immersed for 7 days. The
samples were then subsequently washed using de-ionised water and
centrifuged 4 times to remove any traces of H,O,. After decanting the last
centrifuged wash, each sample was transferred to a volumetric flask
containing 30 ml of de-ionised water. After gently mixing the 30 ml
homogenised sample, 500 pl was pipetted onto a 19 mm diameter coverslip
and left to evaporate overnight. A drop of ammonia solution was added to the
sample before pipetting to disperse the sample to aid an even distribution of
sample on the cover slip. The dry samples were then mounted in naphrax
onto labelled microscope slides placed on a hot plate at ~150 °C and
examined under a Nikon Labophot-2 phase-contrast light microscope using
immersion oil at x1000 magnification. Dilutions were necessary for most
samples due to the high ratio of clay material to diatom frustules or due to
diatom concentrations being too high for identification and counting to be

possible.

Diatoms have distinct morphologies and shapes which allow individual
diatoms to be identified to species level. The sensitivity of diatoms to various
environmental parameters can thus be used to reconstruct past
environmental changes. Counting started at a mid-point at the top of the
coverslip until a total of 400 diatom frustules were counted and identified
following identification books by Krammer and Lange-Bertalot (1986,
1988,1991a,b). Only diatom frustules that contained more than half of the

body were recorded.
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If 400 diatoms were counted before finishing the transect, diatoms were still
counted (but not identified) until the end of the transect was encountered to
allow estimated diatom abundance to be calculated. The cover slip diameter
of 19 mm gave a surface area (S) of 283.5 mm? and the width of the field of
view was 220 um giving a total area of 4.18 mm? for one transect (s). To
obtain an estimate of the number of diatoms on the whole coverslip the
following equation was used where n is equal to the amount of diatoms in 1

transect:
nx(S/s)=N

If more than one transect was counted to obtain 400 diatoms, the area of the
field of view of one transect (s) needs to be multiplied by the number of
transects before calculating the total number of diatoms on the coverslip (N).
The total initial volume of the sample (V) is 30 ml, should then be divided by
the dilution ratio used for each sample (e.g. 30 ml (V) / 1/20 (dilution ratio) =
600). The total initial volume of sample (after taking dilution into
consideration) (V) should then be divided by the volume pipetted onto the

coverslip (v) which was 0.5 ml.
(VIV) XN

This should then give an estimate of the number of diatoms frustules per 0.2
g dw. This equation for determining an estimate for the diatom frustule
abundance for each sample was adapted from Davies, (2010).

3.6 Radiocarbon dating

3.6.1. Laboratory sampling

Above ground terrestrial plant macrofossils were initially extracted for
radiocarbon dating as they are considered the most suitable material for
dating of lake sediments (Olsson, 2009). Samples were digested in 10 %
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NaOH (Sodium hydroxide) in a water bath at ~70°C for ~45 minutes and then
centrifuged to neutral pH with de-ionized water. The samples were then
sieved at 300 um and 80 pm and the macrofossils were identified and picked
under a light-powered microscope. Macrofossils were then transferred into

glass vials filled with weak acid and kept in a dark cold store at <4°C.

Even though aquatic macrofossils or bulk sediment samples are not entirely
suitable for radiocarbon dating (Marty and Myrbo, 2014), they were picked in
this investigation as terrestrial macrofossils were absent in most samples.
Several search attempts were made to retrieve terrestrial macrofossils,
however only aquatic macrofossils were found in the gyttja parts of the
sequence (780-710 cm and 670-580 cm). Where no macrofossils (aquatic or
terrestrial) were present, bulk sediment was necessarily employed for dating.
Eleven new radiocarbon dates were obtained from the 2013 Llyn Llech
Owain core (summarized in Table 5.3). The samples consisted of the
following: terrestrial macrofossils from the upper peat part of the sequence (2
samples), aquatic macrofossils (4 samples) and bulk sediment samples (5
samples) (Table 5.3).

The radiocarbon dates for this study were facilitated by NERC Radiocarbon
Dating Facility (NRCF) funding (Radiocarbon Analysis Allocation Number
1882.0415). The samples were pre-treated at the Oxford Radiocarbon
Accelerator Unit (ORAU) prior to measurements on the Accelerator Mass
Spectrometry (AMS), following the methodology outlined by Brock et al.,
(2010). An acid-base-acid (or acid-alkali-acid) chemical pre-treatment was
used on the samples to eliminate any contamination. Firstly the samples
were soaked in 1M HCI at 80°C for 20 minutes to remove any sedimentary
and carbonate contaminants, and then rinsed (= 3 times) to neutral pH using
ultrapure milliQ™ de-ionised water. The samples were subsequently
immersed in 0.2M NaOH at 80°C for 20 mins to remove the organic acid
contaminants (principally the humic and fulvic fractions), and rinsed again to
neutral pH using ultrapure milliQ™ de-ionised water. Then, a final acid wash
was undertaken using 1M HCI at 80°C for 1 hour to remove any dissolved

atmospheric CO, that might have been absorbed during the preceding base
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wash, and rinsed to neutral pH using ultrapure milliQ™ de-ionised water. The
residual material represents the dateable component of the sample and was

freeze dried prior to measurement. Once the material is purified, the samples
were weighed into tin capsules, combusted, analysed for their stable isotope

ratios followed by graphitization ready for the AMS (Dee and Bronk Ramsey,

2000).

Two dendrochronologically dated tree-ring standards were chemistry pre-
treated alongside the samples. Four oxalic acid standards and two
background age anthracite standards were used on the AMS in conjunction
with the dendrochronologically dated tree-ring standards to provide a

measure of precision.

3.6.2. Calibration and age-modelling

Radiocarbon dates for each sample were calibrated using the IntCal 13
calibration dataset (Reimer et al., 2013) and Bayesian age models were built
using OxCal v.4.3 (Bronk Ramsey, 2008; Bronk Ramsey and Lee, 2013;
Bronk Ramsey, 2017). Dr Richard Staff provided invaluable assistance with
the age measurements and age modelling work. A Bayesian age-modelling
approach was employed, which allows a combination of prior and likelihood
information to be made in a formal way (Bronk Ramsey, 2008). Bayesian
analysis allows a representative set of possible ages, in the form of
probability distribution functions, to be mathematically calculated for each
depth point in a sedimentary sequence where the order of deposition and
depth is considered. Several studies have used this approach for climate

reconstruction records (e.g. Walker et al., 2003; Blockley et al., 2004).

Four deposition models are available in OxCal and each has their own
purpose and suitability for a given situation (Bronk Ramsey, 2008). A
D_Sequence model is used when the age gaps between samples are
precisely known, which is theoretically the case in ice core, tree ring and

varved lake records. If the age gaps between samples are known
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approximately with normally distributed uncertainty, a V_Sequence model is
used. U_Sequence model is applied when the accumulation rate is unknown
but assumed to be totally uniform. A P_Sequence model is used if the
deposition process conforms to a Poisson-process. P_Sequence (i.e.
Poisson process) deposition models were applied for the Llyn Llech Owain
age models. P_Sequence models take into consideration that the deposition
rate can vary through time, rather than assuming a constant deposition
throughout the record (Bronk Ramsey, 2008). Deposition rates are known to
vary in lake sediments of Lateglacial age where different rates are seen
between the Interstadial, Loch Lomond Stadial and early Holocene. The
P_Sequence model allows for the variability within each of these periods to
be incorporated in OxCal through the use of boundaries, in addition to the
added constraint of a parameter ‘k’. A low k value allows increased flexibility
away from a uniform deposition rate, whereas a high k value restricts the
deposition rate to be more linear (Bronk Ramsey and Lee, 2013). Outlier
analysis was also used for the models which detect and down-weight any
outlier dates in an objective manner (Bronk Ramsey, 2009; Bronk Ramsey et
al.,2010).

Four P_Sequence models were constructed (with the assistance of Dr
Richard Staff) for the Llyn Llech Owain sequence. Model A used only the
eleven radiocarbon dates analysed. Model B implemented age constraints
on the major climatic transitions from the Greenland ice core record to
hypothesis test the tephra correlations. Model C incorporated the
geochemically constrained tephra horizons as added age constraints. Model
D included added age constraints on the major climatic transitions from the

Greenland ice core records (see section 5.7).
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4. Results - Lake Hamelsee, North Germany

4.1 Site description

Lake Hamelsee, North Germany, (Lat: 52° 45' 34" N, Long: 9° 18' 40" E, 19.5
m a.s.l) is located in the Weichselian fluvial sand plain of the Weser-Aller
river system. The lake is almost circular (Figure 4.1), with a diameter of ~400
m and the maximum water depth of the lake currently is 4.9 m. It is a closed
lake system, solely fed by precipitation and groundwater, making it a
desirable site for a palaeoenvironmental study. The sedimentary sequence
studied by Merkt and Miller (1999) showed that sedimentation within the
basin began during the Pleniglacial-Lateglacial transition and continued
throughout the Holocene. The Lateglacial sediments are partially varved
adding further value to the sequence.

A new sediment sequence (HAM13) was cored from Lake Hamelsee during
the first INTIMATE Example research training school in July 2013
(www.intimate.nb.ku.dk/), with the aim of constructing a detailed
palaeoclimate record for the Lateglacial, using both traditional and state-of-

the-art dating and proxy techniques.

Using a piston corer operated from a Uwitec coring platform, two parallel
overlapping core successions (H1 and H2) were retrieved from the middle
part of the lake at 3.3 m water depth (within 10 m of each other), to allow
sufficient material for a multiproxy study. Cores (60 mm diameter) were
retrieved in 3 m long sections and cut into 1 m long segments for transport in
the field. The base of the lake fill and transition into underlying sandy fluvial
sediments was reached at approximately 17 m sediment depth. The two
cores have been split in two halves, photographed, and described and the
half core segments are stored at 4 °C in Utrecht and Potsdam for further
research. Consequently all sample depths, have been correlated onto a

composite-core depth scale using identifiable marker deposits and horizons
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Figure 4.1 - A) Location map showing Lake Hamelsee, in Germany, volcanic centres, and
other sites mentioned in the text. B) Coring location and the surrounding catchment.

observed through magnetic susceptibility, ITRAX XRF scans, loss on ignition
(LOI) data and tephra deposits (core correlations undertaken by Aritina
Haliuc and Achim Brauer). Based on the core descriptions, five lithozones
have been distinguished (Figure 4.2).

4.2 Lithostratigraphy and Loss on Ignition (LOI)

The core examined in this study spans between 1700 and 1300 cm (Figure
4.2). Wim Hoek, Renee de Bruijn, Aritina Haluic and Achim Brauer were
responsible for the LOI and lithostratigraphy work as part of the INTIMATE

example research training school. The sedimentary sequence is sub-divided
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Figure 4.2 - Lithostratigraphy (as compiled by Aritina Haulic and Achim Brauer), biostratigraphy
(as compiled by Falko Turner and colleagues) and Loss on Ignition (LOI) (as compiled by Wim
Hoek and Renee de Bruijn) for the Lake Hamelsee record.
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into five lithozones (LZ) based on sediment composition, structure, colour
and the presence and structure of varves (Figure 4.2). Glacio-fluvial sands
are present at the base of the sequence from 1700-1680 cm (LZ 1) with very
low LOI values, which is followed by an unit of grey homogenous clay
sediments from 1680-1624 cm (LZ 2a and b). The LOI values suddenly
increases at 1680 cm (LZ 2a) to values between 7-11 %, followed by a
sudden decrease in LOI values at 1652 cm. A gradual increase is seen in the
LOI values from 1652 cm to the end of LZ 2b. This zone is overlain by a
section composed of sediments of alternating brown organic and light grey
clay layers from 1624-1575 cm (LZ 3a), where LOI values continue to
increase to ~15 % at 1602 cm. The rest of LZ 3a is characterised by
fluctuating LOI values with sudden peaks and troughs between 1602-1575
cm. LZ 3b (1575-1525 cm) consists of sediments with continuous thin varved
laminations, containing mainly siderite, calcite and organic layers. A sudden
increase in LOI values to ~30 % is seen at 1575 cm, followed by a gradual
decrease to ~13% at 1530 cm. Zones LZ 1 to 3b are assumed to represent
the Lateglacial Interstadial which include the Meiendorf, Older Dryas, Bglling,
Oldest Dryas and Allergd periods, based on the pollen record and in
accordance with Litt et al., (2001). LZ 3b is overlain by dark brown-grey
clastic homogenous sediments from 1525-1478 cm (LZ 4), with low LOI
values (~13 %) which is assumed to represent the Younger Dryas Stadial.
LOI values remain at ~13 % until a sudden increase to 32 % is seen at 1478
cm. At 1478 cm the lithostratigraphy changes to more organic sediments
consisting of fine alternating light and dark laminas (LZ 5a), however, the
poor preservation of the laminas during this zone has not allowed varve
counting. The sharp increase in LOI values to 32 % at the LZ 5a onset (1478
cm) is thought to represent the Holocene onset. The overlying unit LZ 5b
(1448-1300 cm), consists of dark-organic material, interrupted by faint light
carbonate and dark organic layers. A small shift is also seen in the LOI
values at 1412 cm and elevated values of between 36-45 % characterise the

top of the sequence.
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4.3 Sediment geochemistry by X-ray fluorescence (XRF)

Selected XRF elemental profiles are shown in Figure 4.3. Aritina Haulic and
Achim Brauer analysed the cores at Potsdam GFZ as part of the INTIMATE
example research training school (see section 3.3.1 and Figure 3.1).

High K and Ti are observed within the basal unit (1680-1620 cm) of the
Hamelsee record, with values ranging from 1300-1800 and 800-1100 cps
respectively. A short lived decrease is seen within LZ2b, however, between
1650-1645 cm with values reducing to 500 and 80 cps. This episode is also
reflected in the Fe and LOI record with values reducing to near zero, which is
thought to represent the Oldest Dryas period, as inferred from the pollen
record (see below and Figure 4.3).

Between 1618-1576 cm (LZ3a), a reduction in the K and Ti values is
observed with values of 750-1200 and 470-640 cps. A further reduction is
observed in K and Ti values from 1100 and 600 at 1580 cm to 250 and 150
cps at 1575 cm respectively. The LOI record also shows a change at this
point with values increasing to 27% in addition to elevated Fe values. LZ3b
(1575-1545 cm) is thought to represent the Allergd period where thin
laminations are observed in the core. K and Ti values increase in overlying
sediment with values increasing from 500 and 250 at 1545 cm to 2000 and
1100 at 1532 cm suggesting an increase in minerogenic in-wash into the
lake. High Ti values of ~1050 cps are observed between 1532-1480 cm, in
addition to low Fe (~5000 cps), which is thought to represent the Younger
Dryas Stadial. The K record however, shows a two part profile during this
unit with lower values (1250 cps) seen during the latter part of LZ4 between
1520-1480 cm. A rapid decrease is seen in the K and Ti values at 1478 cm
with values reducing from 800 and 600 cps to 50 and 80 cps at 1475 cm.
This rapid change is also seen in the Fe record with values increasing from
4000 to 22000 cps from 1478 cm to 1475 cm. LZ5a is thought to represent
the Pre-Boreal or early Holocene warming. Low K and Ti values persist to
the top of the record at 1370 cm with the exception of a small short-lived
increase in the Ti profile at 1400 cm.
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4.4 Pollen analysis

A pollen diagram and a summary (tree and herbs) pollen diagram for the
Lake Hamelsee sequence is shown in Figure 4.4. Falko Turner and
colleagues were responsible for all pollen work as part of the INTIMATE
example research training school. The biostratigraphic boundaries for the
sequence, as shown in Figure 4.2 and 4.3, are based on major changes in
the plant taxa composition in accordance with the regional pollen stratigraphy
(Litt et al., 2001).

Herbaceous pollen dominates the lowermost part of the sequence between
1670 and 1636 cm with values in the range of 60-70 %. Salix, Juniperus and
other taxa such as Artemisia and Helianthemum characterise this period. A
short-lived increase in tree pollen (Betula and Pinus) is seen between 1636
and 1625 cm with values of 50-60 %. This is followed by a short-lived period
of decreased tree pollen with values of 30% between 1625- and 1614 cm,
which is thought to represent the Oldest Dryas period. This period also sees
the short-lived appearance of Empetrum with relatively stable levels of herb
pollen e.g. Artemisia. A gradual increase in tree pollen values is seen from
40% at 1614 to >80 % at 1581 cm and coincides with Betula expansion. The
high tree pollen assemblages continues at >80 % up to 1537 cm, which is
thought to represent the Bglling and Allergd period. This period is followed
by a gradual decrease in tree pollen from 80 % at 1537 to 55 % at 1520 cm.
Higher values of herbs (45 %) is seen during this period with increases in
Empetrum between 1520 and 1474 cm suggesting a gradual opening of the
dominating birch(-pine) forest indicative of the Younger Dryas. An abrupt
transition is seen at 1474 cm with low tree pollen (55%) increasing to 80 %
within a few centimetres. This change is thought to represent the early
Holocene onset with a stabilizing landscape and the spread of tree birch. The
initial increase in tree pollen at 1474 cm is followed by a period of decreased
tree pollen values (55-65 %) between 1461 and 1440 cm and an increase in
herbs and grasses, notably Poaceae, indicative of the “Rammelbeek-Phase”

which is also seen in a number of pollen records in northwest Europe (e.g.
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Van Geel et al., 1980; Bohncke and Hoek, 2007). The “Rammelbeek-Phase”
is followed by a gradual increase in tree pollen to 90 % at 1425 cm which is

sustained to the top of the record until 1380 cm.

4.5 Tephrochronology

Eight tephra deposits are identified in this sequence (Figure 4.5). Shard
concentrations range for each deposit with the largest deposit being visible,
occurring as a ~500 um thick layer, and the smallest consisting of only 12
shards. Most deposits are comprised of a distinct peak (e.g. HAM_T1401.5
and HAM_T1616) but some (e.g. 1470 and 1456) are not as clearly defined.
Morphological characteristics of the glass shards for the deposits found in
the record include fluted, cuspate, platy, vesicular and highly crystallised
(Figure 4.5). The geochemical results confirm the presence of the
Saksunarvatn Ash and the Laacher See Tephra within the Hamelsee
sequence, as first reported by Merkt et al., (1993). Six additional
cryptotephra horizons have been located and three of these are correlated to
known eruptions. All tephra deposits are named here after their depth in the
composite core. Where a deposit has been identified in both H1 and H2, any
differences in their occurrence are described. Here we present the TSC,
shard morphology, geochemical composition (Figure 4.5 and Table 4.1), and
correlation to known eruptions for each tephra deposit, starting with the
oldest. The geochemical data discussed in the text and shown in the bi-plots

and Table 4.1 are normalized. Raw data-sets are available in the appendix.

4.5.1 Total Shard Concentrations (TSCs)

Tephra shard analysis was initially undertaken at 10 cm resolution between
1700-1300 cm in core H1 and between 1620-1300 in core H2 (Figure 4.5).
Samples that contained >10 shards per 0.5 g dw, (1620-1610 cm, 1560-1550
cm, 1500-1480 cm, 1450-1440 cm, 1400-1390 cm in core H1 and 1560-1550
cm, 1500-1480 cm in core H2), were sampled at higher resolution to isolate
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the position of the tephra layers to the nearest 1 cm. Peak shard
concentrations were identified at 1616-1615 cm (331 shards per 0.5 g dw),
1494-1493 cm (3360 shards per 0.5 g dw), 1445-1444 cm (73 shards per 0.5
g dw) 1401-1400 cm (49,554 shards per 0.5 g dw) in core H1 and at 1494-
1493 cm (6640 shards per 0.5 g dw) in core H2.

4.5.2 Geochemical analysis, morphological characteristics and
tephra correlations

HAM T1616 (uncorrelated)

The oldest tephra deposit, occurring between 1616—-1615 cm with a TSC of
331 shards per 0.5 g, was found only in core H1 (Figure 4.5), which reached
deeper than H2. Shards are clear, with a fluted morphology. The shard
concentration profile reveals a distinct basal peak, where the isochron is
placed, with a declining tail of shards above the peak up to 1610 cm(Figure
4.5). Based on the comparison of H1 lithostratigraphy and LOI to Merkt and
Miller (1999), this part of the sequence is believed to correlate to the latter
part of the Lateglacial Interstadial. Geochemical analysis revealed
HAM_T1616 to be a rhyolitic tephra (Figure 4.6), with 76.55-77.51 wt% SiO»,
1.25-1.65 wt% FeO, 0.66-0.81 wt% CaO and 3.83-4.16 wt% K;O.
HAM_T1616 has a similar compositional signature to the Icelandic Borrobol
(BT) and Penifiler (PT) tephra deposits (Figure 4.7). These tephra deposits
are known to be compositionally indistinguishable, with similarity coefficients
values >0.95, and have both been found in a number of sites across
northern Europe (Davies et al., 2003; Matthews et al., 2011; Lind et al.,
2016). Correlation to one or the other of these deposits is therefore reliant
upon secure stratigraphic correlation to either the early part of the Lateglacial
Interstadial (BT) or to the cold conditions of the Older Dryas that punctuate
the Interstadial in many records (PT). More recently, Timms et al., (2016)

identified two more cryptotephra deposits, of the same composition as the
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Table 4.1 - Summary of glass shard major element compositions, presented as means and standard deviation (20) values

for each tephra deposit in the Lake Hamelsee record.

Si0, TiO, AlLO; FeO MnO MgO CaO0O Na,O K,O P,0O5 Total
Observed values: wt %
HAM_T1616 mean (n=37) | 76.96 0.11 1243 145 0.04 0.06 0.73 422 400 0.01 95.73
20 092 001 036 018 001 003 006 024 0.17 0.01 104
HAM_T1558 mean (n=31) | 59.99 047 20.33 212 0.22 022 151 799 7.09 0.05 98.26
20 196 046 134 074 013 024 074 258 135 0.06 297
HAM_T1494 mean (n=23) | 72.00 0.28 13.34 3.80 0.16 0.22 147 517 352 0.04 95.86
20 125 001 052 029 001 004 01 032 016 0.01 163
HAM_T1470 mean (n=10) | 71.88 0.29 1341 3.77 0.14 022 136 539 351 0.04 096.91
20 217 001 059 028 0.01 003 011 0.27 023 0.01 3.04
HAM_T1456-1455 (population 1) mean (n=12) | 71.92 0.28 13.32 381 0.14 020 135 537 355 0.04 96.79
20 1.17 0.04 051 028 002 008 018 0.25 0.23 0.01 205
HAM_T1456-1455 (population 2) mean (n=9) | 75.11 0.24 1347 158 0.05 0.23 138 424 368 0.03 9577
20 112 005 049 028 001 004 01 021 034 002 126
HAM_T1456-1455 outlier 65.49 090 1561 4.86 0.17 125 324 525 291 0.33 9874
HAM_T1451 (population 1) mean (n=15) | 71.87 0.28 13.30 385 0.15 0.22 137 532 357 004 97.1
20 181 001 072 03 002 007 013 05 013 001 29
HAM_T1451 (population 2) 75.79 031 1232 264 0.09 026 167 424 267 0.04 97.68
7591 030 1223 256 010 024 154 458 251 0.04 97.21
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HAM_T1445-1444 mean (n=10) | 76.01 0.30 12.02 2.60 0.08 0.24 167 440 260 0.05 97.97
20 189 002 063 015 001 005 0.12 0.5 0.12 0.02 261
HAM_T1445-1444 outlier 72.19 0.27 1286 396 015 019 146 519 371 0.03 97.77
HAM_T1401.5 mean (n=44) | 49.94 3.02 13.19 1454 0.23 558 998 277 047 031 098.78
20 0.9 0.24 0.7 087 0.02 05 044 032 0.07 0.04 144
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Figure 4.6 - Major element results for the tephra deposits identified in the Hamelsee record
between 1700 and 1300 cm (composite depth). A) Total alkali silica classifcation follows that of Le
Bas et al (1986). B) Inset of the rhyolitic deposits.
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Figure 4.7 - Bivariate plot showing the correlation of HAM_T1616 to the indistinguisha-
ble Borrobol and Penifiler tephras (data from Lind et al., 2016 and Timms et al., 2016).
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BT and PT deposits, within a sediment record from Orkney (Scotland), which
also lie in the latter part of the Interstadial. These deposits offer two
additional possible matches for HAM_T1616. The difficulties of distinguishing
between these Borrobol-like tephra deposits and the consequences for the

Hamelsee sequence are explored further in section 8.1.1.

HAM T1558 (Laacher See Tephra)

Tephra deposit HAM_T1558 is the only visible tephra deposit in the
Hamelsee succession, occurring as a ~500 um thick, light grey layer within
the varved portion of the Alleragd sediments (Figure 4.5) within both cores H1
and H2; slightly thicker than the ~200 um layer observed in the same
position previously by Merkt & Miller (1999). Colourless, highly vesicular and
cuspate glass shards are confined almost entirely within two adjacent 1 cm
samples (1559-1557 cm). In thin section the tephra layer is seen to occur
above the winter-Chrysophyceae layer and below the next summer siderite
layer, indicating an eruption that occurred between spring and early summer
(Merkt & Muller 1999). HAM_T1558 has a phonolitic composition, with 57.64-
61.68 wt% SiO,, 0.12-0.88 wt% TiO,, 19.12-21.89 wt% Al,O3 and 6.37-8.15
wt% K>O, which correlates to the Laacher See Tephra (LST) (Figure 4.6 and
4.8), confirming the results of Merkt & Mller, (1999). The LST originated
from the Eifel region of Germany and is widely found within Central
European archives, occurring consistently within the latest part of the
interstadial (van den Bogaard & Schmincke, 1985). The Laacher See Tephra
has been dated to 12,880 + 40 varve years (Brauer et al., 1999) in Lake
Meerfelder Maar and to 12937+23 cal. a BP in a multi-site Bayesian-based
radiocarbon age model by Bronk Ramsey et al., (2015). HAM_T1558 shows
a predominant correlation to the upper phase of the LST, which is previously
thought to have been dispersed in a southerly direction rather than
northwards. Upper phase LST shards are also present in Wegliny, south-
west Poland (Housley et al., 2013) further contradicting the previously

thought dispersal axis of the upper phase LST. Some shards also show
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the Laacher See Tephra (data from Riede et al., 2011; Lane et al., 2012).
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affinity to the mid and lower phase of the LST, as indicated by the FeO, TiO
and MgO values (Figure 4.8), suggesting that the dispersal of the phases

may have been more widespread than previously thought.

HAM_ T1494 (Vedde Ash)

HAM_T1494 is found within both cores approximately midway through
sediments correlated to the Younger Dryas Stadial. TSC of 3360 shards per
0.5 g occurs in core H1 and 6640 shards per 0.5 g in core H2. The shard
concentration profile has a sharp basal peak, with only a small number of
shards penetrating to 2 cm below. The peak in glass shard concentrations is
largely constrained within 2 cm depth in both cores, with a gradually
declining tail of shards observed above the peak. In core H1, glass shard
concentrations do not drop below 10 shards per 0.5 g until 1476 cm, in line
with the lithozone 4 — 5a transition (Figure 4.5). Glass shards are platy and
many have bubble junction features. HAM_T1494 is rhyolitic, with 71.56-
72.40 wt% SiO,, 3.35-4.02 wt% FeO, 1.33-1.55 wt% CaO and 3.27-3.72 wt%
K,0 (Figure 4.6 and 4.9). Based on its composition and stratigraphic position
midway through the Younger Dryas, HAM_T1494 is correlated to the Vedde
Ash, erupted from the Katla volcano in Iceland. A similarity coefficient value
of 0.98 occurs between HAM_T1494 and the Vedde Ash. The Vedde Ash
has been dated to 12,121 + 114 b2k in the Greenland ice cores (Mortensen
et al., 2005; Rasmussen et al., 2006), to 12,140 * 43 varve year BP in
Meerfelder Maar (Lane et al., 2015) and to 12,023 + 43 cal BP by Bronk
Ramsey et al., (2015a).

Tephra occurrences between 1475 -1449 cm

In lithozone 5a, tephra glass shards are present in variable concentrations of
less than 12 shards per 0.5 g up until the next distinct deposit, HAM_ T1445-
1444 (described below)(Figure 4.5). Lithozone 5a is correlated to the early

Holocene at Hamelsee (Figure 4.2). Whilst these concentrations are low, the

demonstrated occurrence of tephra horizons in other sites across Europe
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Figure 4.9 - Bivariate plot showing the correlation of HAM_T1494 and HAM_T1470 to the
Vedde Ash (data from Lane et al., 2012a; Lane et al., 2012c; MacLeod et al., 2014).
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during this time (e.g. the Hasseldalen and Askja-S tephra deposits; Lane et
al., 2012; Wulf et al., 2016) justified investigation of this interval at 1 cm

resolution.

Three small peaks, which stood out above the background, were selected
between 1449 and 1475 cm for geochemical analysis. These were
HAM_T1470, HAM_T1456-1455 and HAM_T1451. Adjacent samples
HAM_T1456 and HAM_T1455 were processed separately, but are treated

below as a single sample.

i. HAM T1470 (uncorrelated)
This small peak has a TSC of 12 shards per 0.5 g, lies 23 cm above the
Vedde Ash horizon (HAM_T1494) and is located in the early Holocene

sediments. Glass shards are clear, with platy morphologies. Their rhyolitic
composition is indistinguishable to that of HAM_T1494 (correlated to the
Vedde Ash) (Figure 4.9). A number of tephra deposits have been found in
other European Lateglacial sequences that have glass shard compositions
that are indistinguishable from the Vedde Ash (Lane et al., 2012). Most
notable is the Abernethy Tephra, which has been identified lying close to the
transition between the Younger Dryas and early Holocene (Matthews et al.,
2011; MacLeod et al., 2015) and dated to 11462 +122 cal BP (Bronk
Ramsey et al., 2015). The correlation of HAM_T1470 to Abernethy Tephra,
however, remains tentative and questionable, due to the continued
appearance of shards of Vedde Ash composition right up until the start of the

early Holocene in the Hamelsee record.

i HAM_T1456-1455 (uncorrelated)
A TSC of eleven shards per 0.5 g was counted between 1556-1555 cm

depth, with seven shards per 0.5 g in the overlying sample (Figure 4.5).
Glass shards are clear and have a platy morphology. Both samples were
picked and analysed and both contain mixed populations of tephra. Across

the two centimetre interval three compositional populations were observed.
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Population 1 contains 12 shards which are indistinguishable from
HAM_T1494 (correlated to the Vedde Ash). Population 2 contains nine
shards which have a rhyolitic composition with 74.70-75.46 wt% SiO,, 13.18-
13.88 wt% Al,O3, 1.29-1.75 wt% FeO. Comparisons were made with similarly
aged tephras, including the Hasseldalen, Hovsdalur, Fosen, L-274, Suduroy,
An Druim, Breakish, Hgvdarhagi, Abernethy, Skopun and Ashik, however no
correlations were made suggesting that population 2 of HAM_T1456-1455
may represent a previously unknown eruption (Figure 4.10). This population
could be an additional isochronous marker for the early Holocene. One shard
was analysed with a distinct trachytic composition, with 65.48 wt% SiO,, 0.91
wit% TiO,, 15.60 wt% Al,O3 and 1.25 wt% MgO. A trachytic tephra is most
likely from a non-Icelandic volcanic origin, however no matching tephra
composition has yet been found and this shard remains uncorrelated (Figure
4.6).

ii. HAM_T1451 (Ulmener Maar?)
Tephra deposit HAM_T1451 consists of shards with two types of

morphology. A TSC of six clear, platy shards per 0.5 g and 389 highly
crystallised particles per 0.5 g was observed (Figure 4.5). WDS-EPMA was
only undertaken on the clear platy shards, of which 17 were analysed,
revealing two populations with distinct chemical compositions. Population 1
contains 15 shards that are indistinguishable from HAM_T1494 (correlated to
the Vedde Ash) and population 2 contains two shards which are
indistinguishable from HAM_T1445-1444 (described below) (Figure 4.10).
The highly crystallised particles are largely isotropic but the shape tends to
be more rounded/sub-angular indicating formation from a crystal-rich melt
(Lane et al., 2015). Whilst WDS-EPMA was not possible on these particles,
they appear highly similar to tephra particles from the ~11 ka BP Ulmener
Maar Tephra (UMT) observed in Meerfelder Maar and at other sites in
western Germany (Zolitschka et al., 1995; Brauer et al., 1999; Lane et al.,
2015). Based upon the morphological similarity and corresponding
stratigraphic position at the onset of the Holocene, HAM_T1451 could be

associated with the UMT. However, the UMT is a product of quite a weak
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Figure 4.10 - Bivariate plot showing comparisons of HAM_T1456-1455 and HAM_T1451 to the
Vedde Ash and Askja-S tephra. The correlation of HAM_T1445-1444 to the Askja-S tephra (data from
Wastegard, 2002; Pyne O’Donnell, 2007; Lilja et al., 2013; Lane et al., 2012; Wulf et al., 2016; Timms
et al., 2016).
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phreatic eruption within the Eifel Volcanic Field, located ~350 km south of
Lake Hamelsee (Sabine Wulf, pers comm; Zolitschka et al., 1995; Brauer et
al., 1999). In addition, the spatial distribution is restricted to local sites
(Meerfelder Maar and Holzmaar) and only discovered in proximal to medial
sites as a very thin layer. The lack of UMT discoveries, however, may be due
to particles of such morphological features being ignored or missed within
cryptotephra studies where glass shards of more typical morphology (platy,
fluted, vesicular etc.) are the main focus. Due to the lack geochemical data
and the restricted dispersal of the UMT reported in the literature,
HAM_T1451 is only tentatively correlated to the UMT and remain speculative

that the crystalised particels are a product of the UMT eruption.

HAM T1445-1444 (Askja-S)

This tephra deposit was found in both cores, with a concentration of 73
shards per 0.5 g in core H1 and 148 shards per 0.5 g in core H2 (Figure 4.5).
Glass shards are clear and have platy and fluted morphologies. The shard
concentration profile shows a sharp peak at 1445-1444 cm depth with a
small amount of shards 1 cm below and above. Geochemical analysis was
only undertaken on the tephra deposit in core H1 and has revealed a rhyolitic
tephra with 75.31-76.21 wt% SiO, 2.45-2.71 wt% FeO, 1.60-1.82 wt% CaO,
2.51-2.73 wt% KO (Figure 4.6 and 4.10), correlating to the Askja-S tephra.
A similarity coefficient value of 0.98 between HAM_T1445-1444 and the
Askja-S supports this correlation. The age of the Askja-S Tephra has been
modelled by Bronk Ramsey et al., (2015) to 10,830 + 57 cal BP, however,
based on a varve-interval from the Hasseldalen tephra in Lake Czechowskie,
Poland, Ott et al., (2016) provide an older age of 11,228 + 26 cal BP. Our
results confirm that the Askja-S tephra is younger than the Ulmener Maar
tephra, suggesting that the Ott et al., (2016) age estimate may be marginally
too old. However, due to the centennial-scale uncertainties on individual
ages for the Hasseldalen and Ulmener Maar tephra, in addition to the fact
the UMT is only tentatively correlated to HAM_T1451, a more precise age of
the Askja-S tephra cannot be proposed.
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HAM T1401.5 (Saksunarvatn Ash)

The uppermost tephra deposit, visible in thin section analysis, has a very
high TSC of 49,554 shards per 0.5 g. Glass shards are brown and have
blocky morphologies. The shard concentration profile has a sharp basal peak
with no glass shards below (Figure 4.5). Gradually decreasing shard
concentrations are observed up to 1394 cm. Consistent with the findings of
Merkt et al., (1993), geochemical analyses reveal a basaltic composition,
with 48.68-51.46 wt% SiO,, 2.72-3.18 wt% TiO,, 13.36-15.21 wt% FeO,
9.66-10.43 wt% CaO (Figure 4.6), correlating to published data from the
Saksunarvatn Ash (Figure 4.11). A similarity coefficient value of 0.98 occurs
between HAM_T1401.5 and the Saksunarvatn Ash. The Saksunarvatn Ash

has been found in several terrestrial sites in Europe (Timms et al., 2016),

and in marine core LINK 14:185 in the North Atlantic (Rasmussen et al.,
2011; Davies et al., 2012). A tephra deposit of the same major element
composition has also been identified in the GRIP ice core (Gronvold et al.,
1995; Davies et al., 2012) with an age of 10,297 * 45 b2k (Rasmussen et al.,
2006). However, Davies et al., (2012) demonstrate a compositional
difference between the tephra in GRIP and LINK 14:185 based on trace
element data which may suggest two separate eruptions occurred closely
spaced in time, with two ash plumes directed in opposite directions to one
another. Consequently, HAM_T1401.5 is correlated to the eruption that
dispersed ash in a south easterly direction, as initially recognised by
Mangerud et al., (1984). The Saksunarvatn Ash has been dated at Krakenes
to 10,210 £ 35 cal BP (Lohne et al., 2014).

Table 4.2 and Figure 4.12 summarises the tephra deposits found in the Lake
Hamelsee sequence, their proposed correlatives and reference age

estimates.
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Figure 4.11 - Bivariate plot showing the correlation of the basaltic shards of HAM_T1401.5
to the Saksunarvatn Ash (data from Lind et al., 2011; Davies et al., 2012; Bramham-Law et
al., 2013).
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Table 4.2. Tephra correlations and published age estimates for the correlated tephra deposits found within the Lake
Hamelsee sequence.

Tephra Correlation Age estimate Reference
HAM_T1558 Laacher See Tephra 12,937 + 23 cal BP Bronk Ramsey et al., 2015a
12,880 + 40 varve years BP Brauer et al., 1999
HAM_T1494 Vedde Ash 12,023 £ 43 cal BP Bronk Ramsey et al., 2015a
12,140 = 43 varve years BP Lane et al., 2015
12,121 £ 114 b2k Rasmussen et al., 2006
HAM_T1445-1444 Askja-S 10,830 = 57 cal BP Bronk Ramsey et al., 2015a

HAM_T1401.5 Saksunarvatn Ash 10,210 = 35 cal BP Lohne et al., 2014
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5. Results - Llyn Llech Owain, Carmarthenshire

This chapter presents the Llyn Llech Owain results including geochemistry,
diatom analysis, tephra analysis and radiocarbon dating. Pollen results from
previous studies by Walker & Jones, (2006) and Walker et al., (2009) are

also presented.

5.1 Site description

Llyn Llech Owain ( 51° 48’ 55”N, 4° 4’ 44"W) is a small lake, approximately
250 m long and 200 m wide, located 4 km north of Cross Hands (Figure 5.1).
The lake is situated approximately 260 m above sea level and lies within the
Twrch Sandstone Formation. Along the east, south and western fringes of
the lake, boggy mire surfaces have developed. A full Lateglacial sediment
sequence was retrieved by Walker et al., (2009) from the western fringing
area of the lake, close to an outflowing stream. New core sequences were
retrieved from the same area in October 2013, using a Russian sampler (5
cm diameter), during which the Lateglacial tripartite sedimentary sequence
was successfully retrieved. In this study, sediment geochemistry, diatom
analysis, tephra and radiocarbon dating was undertaken on the 2013 core
sequence, whilst only tephra analysis was undertaken on the Holocene part
of the 2009 core sequence. A pollen diagram and two radiocarbon dates for
the 2009 core sequence are presented in Walker & Jones, (2006) and
Walker et al., (2009) (Figure 5.2 and 5.3).

108



@ Corelocation ’ Non-coniferous trees  —2*— Marsh Penderyn Oolite Member Bishopston Mudstone Formation

e * Coniferous trees o Oxwich Head Limestone South Wales Lower Coal
——— Contour lines Formation Measures Formation
----- Footpath o Ponds / Streams Twrch Sandstone Formation . Peat deposits

™ Ordnance ©Sewnespyrightanc datab
Survey ol adcence

Figure 5.1 - A) Location of Llyn Llech Owain, bedrock geology and coring location. B) Aerial photograph
of Llyn Llech Owain. Contains British Geological Survey Bedrock Geological Map and Ordnance Survey
data © Crown Copyright and database rights 2017.
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5.1.1 Previous work at Llyn Llech Owain

The classic Lateglacial tripartite sediment sequence, showing the typical
shifts from gyttja to silty clay and followed by early Holocene gyttja, was first
established at Llyn Llech Owain by Mike Walker and colleagues. A low-
resolution pollen diagram was established by Walker & Jones, (2006) and
Walker et al., (2009) showing the vegetation changes through the Lateglacial
and Holocene (Figure 5.2). The results show the typical vegetation changes
akin to other Lateglacial sites in Wales (e.g. Walker et al., 2003). Only five
samples were analysed for pollen during the Lateglacial; one in the
Lateglacial Interstadial, another one spanning the Loch Lomond Stadial -
early Holocene transition and three during the early Holocene (Figure 5.3).
The pollen assemblages indicate the presence of birch woodland during the
Lateglacial Interstadial, followed by a shift to a tundra landscape, with
Poaceae dominating, during the Loch Lomond Stadial. At the Holocene onset
the plant succession changed significantly from open shrub tundra at 650 cm
to birch/hazel woodland at 600 cm (Figure 5.3). Two radiocarbon dates were
obtained at 141 cm and 259 cm (Figure 5.2) which provided age constraints

for the mid-Holocene part of the sequence.

5.2 Lithostratigraphy

A lithostratigraphic description and core images of the new core sequence
(retrieved in 2013) are presented in Figure 5.4. An 8.2 m sequence was
retrieved from the site but bedrock was not reached. A basal grey clay unit
forms the lowermost unit (820-781 cm) and the corer could not penetrate
through this deposit. This unit is believed to represent sediments of Glacial
(or GS-2) age. A gradual transition (over ~7 cm) is observed between this
basal unit and the overlying organic lake mud (gyttja) deposit between 781-
710 cm. At 710 cm a sharp transition to a light grey silty clay unit is
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observed, distinctive of the Loch Lomond Stadial (710-675 cm). This clay unit
is 35 cm thick and at 675 cm a gradual transitional change occurs (over ~10
cm) into brown lake muds (gyttja) representing increased organic
accumulation following the onset of the Holocene. A further lithostratigraphic
change occurs at 587 cm where the sediments change to dark organic peat.
This lithostratigraphic tripartite sequence is characteristic of the Lateglacial
found at numerous other sites across the UK (e.g. Walker et al., 2003;
Walker et al., 2012; Pyne O’Donnell et al., 2008).

The 2009 core sequence spans from 520-270 cm and represents the early
Holocene to mid/late Holocene. Coarse dark brown peat represents the
lowermost unit, between 520-418 cm, with the occasional wood fragments
and woody stems present. This unit is followed by a smaller unit of very wet
fine soft peat between 418-395 cm. Coarse fibrous peat represents the next
unit between 395-330 cm followed by very fine dark brown amorphous peat
between 330-270 cm.

5.3 Bulk Sediment Chemistry (%C, %N and 5'°C)

Samples were analysed at 1 cm resolution throughout the whole 2013 core
sequence from 820-450 cm. As noted in section 3.3.2, analyses were
performed on acid-treated and untreated samples to determine whether acid
treatment was necessary to eliminate the presence of carbonate. These
analyses were undertaken on 16 samples, 4 samples each from the main

lithostratigraphic units (Table 5.1 and Figure 5.5).

The %C, %N and 5**C values are very similar for both untreated and acid
treated samples (Figure 5.5). For the minerogenic samples very little
difference is observed between the untreated and treated samples (Figure
5.5) but some offsets are seen in the more organic samples especially in the
%C profile. For the latter, the treated samples contain slightly higher %C
values, although only 2 samples are outside the standard deviation of the
acetanilide standards measured during isotopic and elemental analysis.
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Higher %C values are normally expected in the untreated samples. These
slight offsets probably reflect the natural variability/heterogeneity nature of

the samples where slightly differing values would be expected.

Table 5.1 - Bulk sediment chemistry results (%C, %N and 5*3C) on acid
treated and untreated samples (see section 3.3.2).

10% HCI

Sample Untreated treated
5°C %o 5°C %o
depth (cm) | %N %C VPDB %N %C VPDB
640-641 2.70 29.75 -24.81 2.87 32.76 -24.57
650-651 2.94 28.27 -24.34 3.10 31.24 -24.12
660-661 2.55 27.21 -19.86 2.75 30.90 -19.41
670-671 1.34 13.32 -19.16 1.48 15.11 -19.66
680-681 0.23 2.06 -22.27 0.16 1.87 -22.22
690-691 0.23 2.01 -22.62 0.17 1.87 -22.50
695-696 0.29 2.83 -23.26 0.24 2.76 -23.20
700-701 0.36 3.76 -22.81 0.32 3.66 -22.62
710-711 1.80 18.23 -22.03 1.99 20.79 -21.92
720-721 1.34 17.77 -21.89 1.47 19.58 -21.71
740-741 1.47 17.92 -22.09 1.61 19.58 -22.45
760-761 2.44 27.58 -23.29 2.68 30.92 -22.83
780-781 0.61 6.53 -22.47 0.54 6.54 -22.45
790-791 0.60 6.78 -22.87 0.55 6.51 -23.06
800-801 0.50 5.73 -22.37 0.47 5.63 -22.54
810-811 0.39 3.93 -22.55 0.32 3.73 -22.48

A Wilcoxon matched pairs signed ranks test was undertaken on the %C data
which revealed a T value of 35. Given n = 16, the two tail critical value for p =
0.05 and 0.01 are 29 and 19, thus the difference is not statistically significant.
Despite these small offset, the results confirm that no carbonates are present
in the sediments at Llyn Llech Owain. As such, the acid pre-treatment step

was omitted for subsequent samples analysed in this way.
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Figure 5.5 - Analyses performed on acid-treated and untreated samples to determine whether acid
treatment was necessary to eliminate the presence of carbonate. Standard deviation of the acetani-
lide standards measured during isotopic and elemental analysis also inserted.
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The complete bulk sediment chemistry profiles are plotted alongside the
lithostratigraphy in Figure 5.6. In general, the bulk sediment chemistry
profiles reflect the major changes in the lithostratigraphic units. Five zones
have been assigned to this sequence; Chemistry Zones (ChzZ) 1 — 5, based
on visual changes in the %C, %N record and lithostratigraphy. The C:N and
53C values within each zone are plotted on a Meyers plot, which
distinguishes the different sources of organic matter (aquatic/algal or
terrestrial) (Meyers, 1994) (Figure 5.7).

Low %C values (0 — 8%) and %N values (<0.6%) characterise the basal clay
unit ChZ1 indicative of a cold (glacial) environment. With the exception of one
sample at 815 cm, C:N ratio values are largely constant at ~10 in this zone. A
short-lived peak of 14 in C:N ratios at 815 cm, is accompanied by a peak of -
14%0 in the 5'C data, which is more characteristic of marine sediments. This
sample was re-analysed and revealed similar values. This increase is only
represented by a single sample and with no indication of any
lithostratigraphical change this is interpreted as an anomalous result. With
the exception of 815 cm, 5'°C values are relatively stable in this zone with
values ranging from -21 to -24 %o.. The low %C values during this zone reflect
low productivity within the lake with the 5*3C and C:N values indicating that
the small amount of organic matter present during this period is aquatic algal
matter. 5'°C values of -21 to -24 %o and C:N values of 9-11 are typical of

algal/aquatic sources (Meyers and Lallier-Verges, 1999) (Figure 5.7).

A substantial change is observed in the %C and %N profiles for the overlying
ChZ 2 zone which corresponds with the gyttja unit between 779 and 710 cm.
Two distinct phases are seen here, ChZ 2a and 2b separated at 748 cm. A
marked increase is evident from low %C values (6%) and %N values (0.6%)
at 779 cm to 23% and 2% at 772 cm, respectively. These increases may
indicate climatic warming and an increase in organic productivity within the
lake, a shift that typically characterises the Lateglacial Interstadial. Lower %C
and %N values characterise the overlying ChZ 2b subzone indicating internal
variability during the Interstadial. Bulk organic carbon results fluctuate
between 19 and 29 % between 772 and 748 cm within ChZ 2a whereas ChZ
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Figure 5.7 - Meyers (8"°C vs C:N) bi-plots (Meyers, 1994). Plot A illustrates the whole data set.
Approximate terrestrial and aquatic signature envelopes are inserted (modified from Meyers,1994,
Meyers Lallier-Verges, 1999 and Mackie et al., 2005). Plot B is zoomed in on the aquatic vegeta-
tion types. Measurements on modern macrophyte vegetation (Marestail and Water Lily) were
sampled and analysed by N. Loader. Symbols relate to the zone (ChZ1-5) based on the visual
changes in the data profiles in Figure 5.6.
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2b (748-710 cm) is characterised by slightly lower (~ 18 %) and more stable
%C values. Similar, but more pronounced, trends are also seen in the %N
profile. These values in ChZ 2a indicate higher vegetation productivity and
nutrient supply which may suggest a warmer or more favourable climatic
condition for vegetation growth compared with ChZ 2b. C:N ratios remain
fairly constant at around 11 throughout ChZ 2. The 3'3C profile also remains
relatively stable throughout ChZ 2 with values ranging from -24 to -20.5 %o
indicating the likely vegetation type contribution to the sediments throughout

the Lateglacial Interstadial to be largely aquatic algal matter.

ChZz 3 consists of very low and constant %C (~3 %) and %N (~0.3 %) values
from 705 to 675 cm indicative of a return to cold conditions and low
productivity within the lake itself, typical of the Loch Lomond Stadial. The
transition from ChZ 2 to ChZ 3 occurs over 5 cm indicating a rapid lake
response to the sudden climatic change at the Loch Lomond onset. A short
lived peak in %N occurs at 711 cm prior to the transition into ChZ 3 possibly
indicating a sudden in-flux of nutrients into the lake. C:N ratios decrease
slightly to 9 in ChZ 3 but remain stable throughout this zone. A short lived
decrease in 8"3C values to -24 %o occurs at 705 cm and is followed by a
gradual increase to -21 %o at 675 cm. Low %C values suggest that the
relative amount of vegetation in the surrounding catchment is reduced and
the 5'3C values indicate that aquatic algal matter is the likely dominant

source.

ChZ 4 is characterized by another sudden change with an increase in %C
and %N. An increase in %C values is observed from 2% at 675 cm to 25% at
664 cm indicating a significant increase in lake productivity during this period.
A similar trend is also seen in the %N profile for the same depths. This shift
in lithostratigraphy from light silty clay to more organic gyttja sediments and
bulk sediment chemistry is indicative of the early Holocene warming. Bulk
carbon values then show a gradual increase over 84 cm to 48% at 580 cm.
Nitrogen values are relatively stable during this period, however some
fluctuations are evident at 645 cm, 630 cm, and 610 cm possibly indicating

short-lived episodes of depleted nutrient supply into the lake.

120



Significant changes are observed in the 5*3C record at ChZ 4 reflecting
changes in the vegetation composition. A short-lived increase in 5*3C values
IS observed at the onset of ChZ 4 where values increase to around -19%. and
persist for 13 cm between 673-660 cm. The more positive values at these
depths may indicate a change in vegetation type from algal matter within an
open/deep lake environment, which persisted throughout the Lateglacial
Interstadial and Loch Lomond Stadial, to perhaps a more aquatic macrophyte
type vegetation. This change may indicate a lowering lake level and/or
infilling of the lake during this period. This fluctuation is followed by a
decrease in 5'3C values from -19 %o at 660 cm to -29 %o at 617 cm. The 3*3C
values remain stable at around -29 %. for the rest of ChZ 4 and throughout
Chz 5 indicating a more terrestrial plant composition dominating the lake

catchment where the core was retrieved.

The core was retrieved from the rim of the current lake (Figure 5.1) and the
5C record provides an insight into the infilling and development of a mire
environment at the fringes. During the Lateglacial Interstadial and Loch
Lomond Stadial, the lake is likely to have been larger and deeper where the
coring location may have been located in open water. This is indicated by the
53C values indicating an algal vegetation composition. The changes in 5*3C
values within ChZ 4, however indicate a more macrophyte type vegetation
which may reflect shifts in lake-level or the start of infill. Measurements on
modern macrophyte vegetation (Marestail and Water Lily) (sampled
opportunistically and analysed by Prof Neil Loader) shown in and 5.7 yielded
values similar to the bulk samples in ChZ 4, supporting the interpretation for
this part of the sequence. Further changes in the 3'3C record within ChZ 4
where more negative values occur at 652 cm, may indicate further infill of the
lake where the coring location may have developed to a mire environment as

seen today.

ChZz 5 is characterised by relatively constant %C values (47-54 %) between
580 cm and 450 cm indicating minimal minerogenic in-wash from the
catchment and the encroachment/lake infill as seen today. A gradual
decrease in %N values is observed from 3 % at 580 cm to 1.5 % at the top of
the sequence. The C:N profile gradually increases and is characterised by
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distinct fluctuations, from values around 17 at 580 cm to around 40 at the top
of the sequence indicating a more bog/terrestrial environment with terrestrial
vegetation dominating the core location. The terrestrial vegetation signature
is also distinct in the Meyers plot (Figure 5.7).

5.4 Sediment geochemistry by X-ray fluorescence (XRF)

Selected XRF elemental profiles are shown in Figure 5.8 and the full data-
set, retrieved by an ITRAX XRF core scanner is available in the appendix.
The Ti and K data have been normalized by the sum of the incoherent and
coherent values and plotted as a 10 point moving average. The Ti and K
record has also been sub-divided into zones (XZ 1-5) based on visual
changes in the profile. The Zr/Rb and Inc/Coh profiles are plotted as ratios
and also shown as a 10 point moving average. Zr/Rb ratios have been used
as a proxy for increased grain size, where peaks in the data could be
interpreted as increased energy for sediment transport and intensified

erosion episodes (Davies et al., 2015; Kylander et al., 2011).

The Ti and K profiles are very similar and reflect the amount of detrital
minerogenic in-wash into the catchment (Balascio et al., 2011; Martin-
Puertas et al., 2012; Davies et al., 2015). The minerogenic elements,
including Fe, Rb, Sr, Ba and Si, show very similar profiles and Ti and K are
shown here as representative elements for the amount of detrital
minerogenic in-wash. High values (~0.018-0.03) are observed in the
lowermost mineral-rich unit between 820-777 cm within XZ 1, indicating a
period of intensified erosion in the catchment and high levels of in-wash into
the lake. Low Zr/Rb values are observed within this unit reflecting the

sediment composition to be fine material typical of silt and clays.

A sudden change is observed at the onset of XZ 2a (777 cm) where values
decrease from 0.02 to near zero at 765 cm. This substantial change indicates
a major decrease in the minerogenic in-wash into the lake and may suggest
a stabilization of the surrounding catchment with vegetation development

122



(ebesane juiod Q1)
qu/4z
00€ (0]074 0ol

(I A

0

Kepd Ay1s yiep
Aep Ayjis 3ybi| !
bnAb §

jead djuebio @

“JaUURDS 910D XYY 1] Ue Ag pasAjeue ‘sajyoid 44X pa123)|as - 8'S 2inbi4

(ebesane juiod o | (ebesane juiod 0|
‘yod+>du| Aq pazijewsou) ‘yod+du| Aq pazijew.ou)
A 1L

¥00 €00 <¢00 oo 0 ¥00 €00 <200 OO 0

u L |

L ZX

B ZX

qczXx

—=
=
=
=
—
3

PRI P Y I Y

v ZX

)

S ZX

(01%]

062

0.1

052

0eL

0L

069

049

059

0€9

0l9

06S

045

0SS

0€s

(V]3]

061

0Ly

oSy

(wn) yydag

123



limiting erosion. This suggests a period of climatic warming indicative of the
Lateglacial Interstadial. Even though the Interstadial part of the sequence is
characterized by low Ti and K values, fluctuating values are observed in XZ
2a between 765-730 cm. Rapid increases in Ti and K values are observed at
759 cm, 755-748 cm, 742 cm and 734cm possibly indicating small levels of
minerogenic in-wash. These values, however are still considerably lower than
observed during XZ1 and XZ3. During the latter part of the Interstadial in XZ
2b, between 730-709 cm, Ti and K values are more stable. Ti and K values of
~0.0075 are observed during this period (XZ 2b), indicating that erosion and
minerogenic in-wash was possibly still occurring, although not to the same
extent as the glacial period. The stable values however most likely indicate
development of catchment vegetation throughout this latter part of the
Interstadial. Short-lived peaks are observed in the Interstadial part of the
Zr/Rb profile indicating coarser grained sediments preserved at 762 cm, 737
cm and 730 cm. These peaks may represent layers of coarser grained
sediments and suggests periods of intensified erosion or an increase in
energy for sediment transport. These peaks in Zr/Rb also coincide with
troughs in the Ti and K profiles during the interstadial. High Ti and K values
are associated with detrital in-wash as well as representing fine-grained
sediments like silts and clay (Davies et al., 2015), supporting the signal of
increased grain sizes at 762 cm, 737 cm and 730 cm through the Zr/Rb

record.

A rapid increase is observed at 705 cm (XZ 3) with both Ti and K values
increasing to ~0.03, indicating a sudden increase in erosion and minerogenic
in-wash. This corresponds to a lithostratigraphic shift to the silty clay unit and
lower %C values (Figure 5.5) characteristic of the Loch Lomond Stadial. High
Ti and K values persist throughout the Stadial between 705-676 cm, however
a short lived episode is observed at ~694 cm where values decrease to
~0.02 indicating a period of decreased erosion and minerogenic in-wash.
This period is followed by a return to higher Ti and K values (0.03) between
685-677 cm.

An abrupt decrease in Ti and K values is observed at the onset of XZ 4 at
676 cm with values falling from ~0.03 to 0.0025 at 660 cm. This reduction
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indicates a substantial decrease in the amount of erosion and minerogenic
in-wash and coincides with a transition to organic sedimentation within this
part of the sequence. This change in the XRF data together with the
lithostratigraphic change and an increase in %C and %N suggests a rapid
period of climatic warming and a reduction in mineral in-wash. Ti and K
values remain stable at ~0.0025 from 660—615 cm indicating limited erosion
and minerogenic in-wash was possibly still happening during this period,
however the values are very small compared with the Loch Lomond Stadial.
Ti and K values decrease to near zero at 615 cm (XZ 5), and remain low to
the end of the sequence at 450 cm, suggesting minimal erosion and

minerogenic in-wash.

Some studies, including Roberts et al., (2016), use the
incoherence/coherence (Inc/Coh) ratio retrieved by the ITRAX core scanner
as a proxy for organic matter. An increase in the Inc/Coh ratio indicates a
larger concentration of organic matter due to organic carbon having a lower
atomic mass than carbonates, silica or alumniosilicates (Jenkins, 1999;
Burnett et al., 2011). In this study, %C measurements on bulk sediment have
also been measured (see Figure 5.5), which allows a comparison to be made
between both profiles. Therefore a determination can be made to see if the
Inc/Coh ratio can be used reliably as a proxy for organic matter (Figure 5.9).
Even though the profiles do not overlap perfectly the general Lateglacial
tripartite pattern is clearly observed in both profiles. The transition depths (i.e.
Interstadial onset, Stadial onset and Holocene onset) are the same, however
some differences are observed. As mentioned in the section 5.3, the
Interstadial is separated into two sections with higher values in the first
section (ChZ 2a: 772-748 cm) and lower values in the second section (ChZ
2b: 748-710 cm). A similar pattern is seen in the Inc/Coh record, however a
short period of higher values is seen between 738-730 cm indicating a
slightly different signal to the %C record during this part of the sequence.
Another difference observed between the two profiles is seen during the early
Holocene part of the sequence. The onset occurs at the same depth,
however in the %C profile a gradual increase to stable values is seen from

the onset to 580 cm where values stabilize much quicker in the Inc/Coh
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profile. Generally the pattern is very similar and holds a strong R? value of
0.8918 (Figure 5.9); this indicates the Inc/Coh ratio retrieved from the ITRAX

core scanner can be a valuable proxy for organic matter.

5.5 Diatom analysis

Initially, subsamples were investigated throughout the core to determine the
presence and preservation of diatoms. Diatom preservation was poor or
absent in the basal clay unit between 820-777 cm and none were found in
the upper part of the sequence in the peat deposit above 590 cm. Diatom
analysis was therefore, undertaken at 8 cm resolution between 777 — 602 cm
spanning the Lateglacial Interstadial, Loch Lomond Stadial and early
Holocene sediments and high-resolution sampling (2 cm) was undertaken
over the major transitions between 777-770 cm (Glacial to Lateglacial
Interstadial), 713-702 cm (Lateglacial Interstadial to Loch Lomond Stadial)
and 677-658 cm (Loch Lomond Stadial to early Holocene). Diatoms with a
representation of >2% are illustrated in Figure 5.10. A simplified figure has
also been constructed (Figure 5.11) where the diatom assemblages have
been grouped to total Fragilaria types, Navicula types and Eunotia types. A
further figure has been constructed (Figure 5.12) concentrating on the higher
resolution results of the Glacial-Interstadial-Stadial-Holocene transitions.
Zones (DZ 1-5) have been defined based on visual observations of changes
in the assemblages. The estimated diatom abundance profile is plotted on
Figures 5.50, 5.51 and 5.52 which gives an indication of the diatom

productivity but also reflects diatom preservation in the sediment record.

The first occurrence of diatoms occur at 780.5 cm at the start of diatom zone
1 (DZ 1), however, they are in very low concentrations (only 20 damaged
frustules found in the whole coverslip). No diatoms were found in the basal
clay unit indicating an unfavourable environment for diatom growth. The
minerogenic-rich sediment in the basal unit, as indicated by the Ti profile,
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may also indicate turbid lake waters which would preclude adequate light for
diatom productivity. Diatoms are also often mechanically damaged prior to
burial in mineral-rich sediments which may also account for the absence of
diatoms in the basal unit. The first sample containing >400 diatoms is at
776.5 cm, which lies immediately after the termination of the glacial period as
indicated by the increasing %C profile (ChZ 2a) and decreasing Ti profile (DZ
1). Fragilaria species dominate the assemblage from the first occurrence of
diatoms at 776.5 cm and throughout the Interstadial part of the sequence
(DZ 1). These are considered as pioneer species and are often the first
diatoms to colonise recently de-glaciated lakes (Haworth, 1976). The
estimated diatom abundance data show very low concentrations at the
termination of the glacial clay unit at 776.5 cm followed by an increase in
abundance through the interstadial unit during DZ 1. Despite the dominance
of Fragilaria species, small numbers of Cymbella minuta, Cocconeis
placentula, Navicula pupula, Epithemia adnata and Eunotia arcus are also
observed in DZ 1. Epithemia and Cocconeis species are epiphytic species,
and along with the C:N and 5*3C values during this period (see section 5.3),
suggests an increasing availability of habitat with more aquatic vegetation

present.

The maximum diatom abundance occurs at 724.5 cm, during the Interstadial
and remains relatively high until 697.5 cm at the start of DZ 2 which is
located ~10 cm above the Loch Lomond Stadial onset based on stratigraphy.
The high values during the beginning of the Loch Lomond Stadial may reflect
high nutrient inputs during catchment instability as reflected by the high Ti
values at this point in the record. Low %N values are observed during this
part of the sequence, however, with the exception of a short-lived small peak
at 711 cm (see Figure 5.6) which may be responsible for the high abundance

of diatoms during this part of the sequence.

The Loch Lomond Stadial is mostly dominated by Fragilaria pinnata together
with low concentrations of Fragilaria brevistriata (DZ 2). The diatom
abundance suddenly decreases to very low values at 692.5 cm during the
remainder of DZ 2 and the start of DZ 3 at 668.5 cm as was expected for the

Loch Lomond Stadial. Diatom preservation is known to be sparse in the Loch
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Lomond Stadial sediments in other British sites (Round, 1957; Haworth,
1969; Haworth, 1976), however successful counts were made from samples
in LIyn Llech Owain (DZ 2). Fragilaria species are considered as pioneer
species that have a wide environmental tolerance to which they can live
(Haworth, 1969). The dominance of the Fragilaria pinnata species during this
period, indicate a relatively unfavourable environment for diatom productivity
and along with the %C and XRF data suggests a cold environment with high
levels of erosion characteristic of the Loch Lomond Stadial.

The diatom assemblage suddenly changes at 674.5 cm from Fragilaria
pinnata to Fragilaria pseudoconstuens and Fragilaria robusta, which is
stratigraphically located on the early Holocene onset (DZ 3). A short-lived
dominance of Navicula jaerneleltii is observed at 676.5 cm at the start of DZ
3, although in low concentration. At 664.5 cm, midway through DZ 3, a
sudden appearance of Cocconeis placentula is observed, along with
Fragilaria pseudoconstuens and Fragilaria robusta making up most of the
assemblage, however, low abundances of Epithemia adnata and Eunotia
subrcuatoides are also observed at these depths indicating a more diverse
diatom assemblage during the early Holocene. The increasing number of
epiphytic species also suggests a more developed aquatic ecosystem during
DZ3. A significant decrease in Fragilaria species is observed at 650.5 cm
which is replaced by Cocconeis placentula, Gomphonema angustum and
Eunotia arcus, however Fragilaria brevistriata, construens and elliptica return
to dominate the assemblage between 642.5-618.5 cm during DZ 4. During
DZ 5 the Fragilaria species mostly disappear from the assemblage at 618.5
cm and is replaced with Eunotia species and Tabellaria flocculosa. This
increase in more acidophilus species suggests a more oligotrophic
environment indicative of natural lake acidification as seen in a number of
other sites during the early Holocene (e.g. Round, 1957, 1961; Evans, 1970;
Evans & Walker, 1977; Walker, 1978). More recently however, post-glacial
lake acidification is suggested to be related to soil mineral depletion (Boyle,
2007; Boyle et al., 2013). The diatom abundance significantly increases also
at this depth suggesting a period of high diatom productivity during this

period associated with the natural acidification of the lake system.

132



5.6 Tephrochronology

5.6.1 Total Shard Concentrations (TSCs)

Tephra shard analysis was initially undertaken at 5 cm resolution between
820-450 cm in core 2013 (Figure 5.13). Tephra shards were found, albeit in
small concentrations, throughout most of the sequence, but these were not
all confirmed by geochemical analysis. Samples that contained >10 shards
per 0.5 g dw, (805-795 cm, 785-765 cm, 735-730 cm, 670-665 cm, 595-590
cm, 580-570 cm, 485-480 cm, 470-460 cm and 455-450 cm), were sampled
at higher resolution to isolate the position of the tephra layers to the nearest
1 cm. Despite the low shard concentrations, samples from the middle of the
Loch Lomond Stadial; 700-695 cm and 690-685 cm, were also sampled at

high resolution, in an attempt to isolate the Vedde Ash (Lane et al., 2012).

Peak shard concentrations were identified at 804-03 cm (154 clear shards
per 0.5 g dw), 782-81 cm (55 clear shards per 0.5 g dw), 778-777 cm (9 clear
shards per 0.5 g dw), 767-766 cm (9 clear shards per 0.5 g dw), 689-688 cm
(5 clear shards per 0.5 g dw), 686-685 cm (4 clear shards per 0.5 g dw), 595-
594 cm (9 clear shards per 0.5 g dw), 580-579 cm (19 clear shards per 0.5 g
dw), 575-574 cm (15 clear shards per 0.5 g dw), 483-482 cm (45 clear
shards per 0.5 g dw), 468-467 cm (46 clear shards per 0.5 g dw), 452-451
cm (11 clear shards per 0.5 g dw) (Figure 5.13).

No distinct peak in shard concentrations was observed after high resolution
sampling over depths 735-730 cm, 700-695 cm and 670-675 cm. Sampling
was repeated twice for these depths and failed to reveal a distinct peak in

shard concentrations.

In addition to the 2013 core, another core was retrieved in 2009 by Mike
Walker and colleagues which spanned the Holocene part of the Llyn Llech

Owain record. This was used in this study solely to explore the tephra
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content. Low resolution counts revealed >20 shards per 0.5 g dw at 520-515
cm, 505-500 cm, 350-345 cm and 295-290 cm. Following tephra analysis at
1 cm resolution, four peaks were revealed at 516-515 cm (38 clear shards
per 0.5 g dw), 505-504cm (64 clear shards per 0.5 g dw), 345-344 cm (104
clear shards per 0.5 g dw) and 297-296 cm (53 clear shards per 0.5 g dw)
(Figure 5.13).

5.6.2 Geochemical analysis, morphological characteristics and
tephra correlations

Tephra glass shards were successfully extracted from tephra layers 804-803
cm (LLO_804), 782-781 cm (LLO_782), 778-777 cm (LLO_778), 767-766 cm
(LLO_767), 766-765 cm (LLO_766), 580-579 cm (LLO_580), 483-482
(LLO_483) and 468-467 cm (LLO_468) in the 2013 core, as well as 516-515
cm (LLO09_516), 505-504cm (LLO09_505), 345-344 cm (LLO09_345) and
297-296 cm (LLOQ9 297) in the 2009 core, which allowed geochemical
analysis to be undertaken (Table 5.2 and Figure 5.14). Glass shards were
too sparse or not encountered at all during attempted extraction for the
remaining tephra layers (689-688 cm, 686-685 cm, 595-594 cm, 575-574 cm
and 452-451 cm) and therefore, no geochemical data were obtained. All
tephra deposits are named here after their bottom depth in the sequence and
the core sequence found (e.g. LLO_804 for the 2013 ‘master’ core and
LLOO09_345 for the 2009 core).

Where possible 20 shards were analysed for each deposit, however shards
were sparse in most tephra deposits making extracting for geochemical
analysis difficult. All tephra deposits from Llyn Llech Owain have a rhyolitic
composition, with the exception of one sample (LLO_580) which has a
trachytic composition (Figure 5.14). The geochemical data discussed in the
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Table 5.2 - Summary of glass shard major element compositions, measured by electron microprobe (see section 3.4.2) and
presented as means and standard deviation (20) values for each tephra deposit in the Llyn Llech Owain record. Dataset
has been normalized with original totals noted. Operating conditions are noted in the methods section 3.4.2.

o€l

Si0, TiO, AlLO; FeO MnO MgO CaO Na,O K,O P,0s Total
Observed values: wt %
LLO 804 mean
— (n=42) |76.020 0.128 12.968 1.528 0.043 0.078 0.740 4.533 3.952 0.011 95.85
20 150 0.02 074 021 002 004 020 076 017 001 1.81
LLO 782 mean
- (n=10) | 76.179 0.136 13.003 1.515 0.042 0.089 0.872 4.259 3.892 0.014 95.45
20 1.12 002 043 011 002 003 006 089 022 002 1.39
LLO 778 mean
—~ (n=6) 76.607 0.121 12.784 1.386 0.037 0.057 0.797 4.222 3.978 0.010 95.41
20 1.06 003 037 042 002 005 015 0.18 025 000 1.53
LLO_778 outlier 77.113 0.192 12.861 1.008 0.025 0.261 1.222 3.892 3.399 0.026 98.22
LLO 767 mean
- (n=13) | 75.570 0.169 11.877 2.607 0.069 0.003 0.447 4.952 4.298 0.006 95.74
20 138 001 053 024 002 003 007 031 032 001 1.66
LLO 767 outlier 77.315 0.203 12.605 0.944 0.041 0.187 1.315 3.947 3.421 0.023 95.33
mean
LLO 766 (n=9) 77.474 0.189 12.487 1.000 0.034 0.232 1.255 3.842 3.458 0.029 95.67
20 125 001 059 019 002 006 016 0.6 025 001 1.95
LLO_ 580 mean
population 1 (n=9) 62.685 0.353 18.524 2.317 0.167 0.359 2.267 4.452 8.827 0.050 95.94
20 130 003 076 028 002 005 020 024 016 002 1.61
LLO 580 mean
population 2 (n=2) 78.375 0.113 11.632 1.178 0.046 0.083 0.700 4.110 3.757 0.006 95.04



€1

LLO_580 mean
population 3 (n=2) 76.649 0.076 13.010 0.987 0.063 0.068 0.816 3.781 4.539 0.011 96.13
LLO 580 outlier 75.228 0.067 13.877 0.954 0.067 0.104 0.889 4.482 4.315 0.018 94.37
LLO_483 mean
- (n=19) 73.121 0.233 13.300 3.183 0.099 0.012 1.054 5.470 3.514 0.013 98.40
20 173 001 078 032 0.02 002 0.07 094 0.16 0.01 1.80
LLO_468 mean
- (n=5) 72.732 0.229 13.488 3.197 0.105 0.019 1.033 5.654 3.534 0.009 98.25
20 104 001 092 031 001 000 013 048 0.20 0.02 1.27
mean
LLO09 516 (n=4) 76.781 0.082 12.704 1.747 0.070 0.040 1.388 4.293 2.889 0.007 96.15
20 133 001 035 029 002 003 016 021 0.20 0.00 1.48
mean
LLO09 505 (n=3) 73.262 0.239 13.286 3.561 0.137 0.096 1.101 4.651 3.646 0.021 100.65
20 119 001 041 040 0.02 002 0214 060 0.18 0.01 0.62
LLOQ9 345 mean
population 1 (n=11) 74.789 0.337 12.778 2.147 0.119 0.117 0.504 4.986 4.206 0.018 95.50
20 160 001 060 032 002 006 016 040 0.28 0.01 202
LLOO09 345 mean
population 2 (n=3) 75.517 0.302 12.494 2.696 0.092 0.249 1.658 4.335 2.607 0.051 97.48
LLOO09 345 mean
population 3 (n=4) 75.681 0.206 12.175 2.223 0.089 0.031 0.424 4.894 4.273 0.004 96.14
LLOQ9 297 outlier
1 75.340 0.311 12.472 2.659 0.083 0.225 1.644 4.639 2596 0.032 98.55
LLOQ9 297 outlier
2 76.402 0.076 12.886 1.716 0.068 0.039 1.316 4.516 2.976 0.005 96.77
mean
LLO09 297 (n=2) 71.479 0.475 14970 2.297 0.145 0.485 1.654 5.556 2.856 0.085 99.16
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text and showed in the bivariate plots and Table 5.2 are normalized. Raw

data are available in the appendix.

There have only been hints of potential cryptotephra deposits in sites in
Wales published in the literature. Sites in the Brecon Beacons and Mid
Wales have recorded the presence of tephra shards within their sedimentary
records but these findings have not been supported by geochemical
analyses of the shards themselves (Williams, 2001; Buckley and Walker,
2002). Cryptotephra deposits are very sparse in sites south of 53° latitude
and west of 6° longitude (Figure 2.4), however the findings within this study,
and recent publication by Watson et al., 2017, have demonstrated that
tephra deposits are found further south of 53° latitude and west of 6°

longitude.

LLO 804

Tephra layer LLO_804 is the oldest tephra layer identified in the Llyn Llech
Owain sequence with a TSC of 125 clear shards per 0.5 g dw.
Stratigraphically, LLO_804 lies in the glacial sediments in the basal clay unit
(Chz 1 and XZ 1). Forty-two shards have been geochemically analysed
revealing a rhyolitic composition (Figure 5.14 and 5.15) with 74.7-76.93 wt%
SiOy, 1.3-1.7 wt% FeO and 0.54-0.88 wt% CaO. LLO_804 has a similar
compositional signature to the Borrobol (BT) and Penifiler (PT) tephra layers
(Figure 5.15). The BT and PT are chemically indistinguishable (Pyne-
O’Donnell et al., 2008; Matthews et al., 2011; Lind et al., 2016) (see section
2.2.4). Based on stratigraphic position and chemical composition, LLO_804
was initially thought to be correlated with either the ice core GS-2 tephra
or/and the KOL-GS-2 tephra. Geochemical analyses reveal most chemical
elements to be indistinguishable, however there is an offset seen in the CaO
wt % data which rejects the proposed correlation (Figure 5.15). Tephra layer
LLO_804 may therefore represent a new eruption and adds to the already
complex BT tephrostratigraphy. Another possible tephra correlation for
LLO_804 is the Dimna Ash which was also deposited during the Glacial
period (Koren et al., 2008), however, the correlation can be rejected based
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Figure 5.15 - Selected bivariate plots showing tephra glass shard major element compositions for
LLO_804, LLO_782 and LLO_778. (Reference envelopes are based on data from Lind et al., 2016,
Cook, 2015 and Koren et al., 2008).
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on geochemical composition with the Dimna Ash having lower SiO, content

and higher CaO and FeO values.

LLO_ 782

This tephra layer has a TSC of 55 clear shards per 0.5 g dw and lies
stratigraphically very close to the transition between the lowermost silty clay
unit (ChZ1) and the organic mud of the Lateglacial Interstadial (ChZ 2). Ten
single-shards were analysed by electron microprobe revealing a rhyolitic
tephra (Figure 5.14 and 5.15) with 75.4-77.36 wt% SiO,, 1.4-1.6 wt% FeO
and 0.81-0.92 wt% CaO. LLO_782 is geochemically indistinguishable to
LLO_804, although the LLO_782 data lies on the higher limit of the LLO_804
CaO envelope. Again, LLO_782 has a similar compositional signature to the
Borrobol (BT) and Penifiler (PT) tephra layers (Figure 5.15).

Underpinning the Lateglacial Interstadial onset or the onset of lake
sedimentation is problematic due to the sediments being mostly devoid of
climatic proxies such as pollen, diatoms or chironomids. Therefore,
establishing the Lateglacial Interstadial temperature rise is difficult based on
the evidence currently available. This is also seen in Scottish sites as
discussed by Walker and Lowe (in press), with the exception of Whitrig Bog
in the Scottish Borders where a chironomid based reconstruction shows the
rise in temperature at the beginning of the Lateglacial Interstadial (Brooks et
al., 1997; Brooks & Birks, 2000). The Borrobol Tephra is present in the
Whitrig Bog record and is clearly located above the transition from low
temperatures of the Glacial period and the climatic warming of the
Lateglacial Interstadial as constrained by a chironomid-based temperature
record (Turney et al., 1997; Brooks & Birks, 2000).

The sediment geochemistry data for the Llyn Llech Owain record suggests
LLO_782 cannot be correlated to the Borrobol Tephra. Further constraints
are required e.g. chironomid-based temperature record to define the
interstadial onset at Llyn Llech Owain. One possibility is that LLO_782 is

correlated to the LET-1a tephra from the Loch Etteridge record based on the
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stratigraphic (LOI1/%C) position. However, as noted above and discussed by
Walker & Lowe, (in press), pinpointing the Lateglacial Interstadial onset is
problematic unless the record has a temperature reconstruction from a
chironomid or other temperature-based proxy. For this reason, LLO_782 is
tentatively correlated to the Borrobol Tephra, which is dated to 14,098+47 cal
BP (Bronk Ramsey et al., 2015).

LLO 778

Only 9 shards per 0.5 g dw were identified within deposit LLO_778. It lies
stratigraphically in the early Lateglacial Interstadial sediments. Seven shards
have been geochemically analysed and revealed six rhyolitic shards with
76.22-77.11 wt% SiO,, 1.12-1.69 wt% FeO and 0.67-0.86 wt% CaO. This
population overlaps with the high SiO, end of the LLO_804 population
(Figure 5.15), which has a similar compositional signature to the Borrobol
(BT) and Penifiler (PT) tephra layers (Figure 5.15). If tephra deposit
LLO_782 is tentatively correlated to the Borrobol Tephra, as noted above,
then it is possible to tentatively correlate LLO_778 to the Penifiler Tephra
(13,939 + 66 cal BP; Bronk Ramsey et al., 2015), which is known to have
been deposited after the Borrobol Tephra. Only 4 cm separate LLO_782 and
LLO_778 which would equate to ~40 years per cm sedimentation rate which
may support the tentative correlation. However, in other Borrobol and
Penifiler Tephra bearing sites the gap between both tephra deposits are
larger (13 cm in Loch Etteridge; 15 cm in Tynaspirit West; 35 cm in
Abernethy Forest), and the Penifiler Tephra is mostly seen at a higher
stratigraphic position in the Interstadial deposits (Albert, 2007; Pyne
O’Donnell, 2007; Matthews et al., 2011) This deposit may, therefore,
represent re-worked product of the LLO_782 Borrobol Tephra deposit,
however as part of this study, LLO_778 is tentatively correlated to the

Penifiler Tephra.

The outlying shard also has a rhyolitic composition with 77.11 wt% SiO»,
1.01 wt% FeO, 1.22 wt % CaO and 0.26 wt% MgO. This shard reveals a high
CaoO relative to FeO geochemical composition, which discriminates it from
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Icelandic eruptions of dacitic and rhyolitic composition (Figure 5.24), thus
searches were made for correlations from further afield. A number of recent
studies have also identified far-travelled tephras (e.g. Jensen et al., 2014;
Bourne et al., 2016; van der Bilt et al., 2017; Watson et al., 2017). Based on
stratigraphy and geochemical signatures a correlation to the Glacier Peak G
Tephra is suggested (Figure 5.16). This tephra is sourced from the Cascade
range, western North America and dated to 13.74-13.45 cal ka BP (Pyne
O’Donnell et al., 2016). Other tephra deposits of similar ages were also
considered: St Helens J and S Tephras, however these could be
discriminated due to lower K,0O values (Figure 5.16). Comparisons were also
made with other large North American eruptions that have a dispersal axis
towards Wales, including the Mazama and East Lake Tephras but these are
ruled out based on the geochemical composition and stratigraphy. Only one
shard form deposit LLO_778, however, has a geochemical signature similar
to the Glacier Peak Tephra and the significance of this shard is discussed
further below in relation to LLO_766.

LLO_767

This small tephra deposit has a TSC of 9 colourless shards per 0.5 g dw. It
stratigraphically lies in the early Lateglacial Interstadial sediments. Fourteen
shards have been geochemically analysed and revealed 13 rhyolitic shards
with 75.04-76.12 wt% SiO,, 11.46-12.21 wt% Al,O3, 2.43-2.84 wt% FeO and
0.38-0.52 wt% CaO and an outlying shard with 77.31 wt% SiO,, 0.94 wt%
FeO, 1.32 wt% CaO and 0.19 wt% MgO (Figure 5.14). The main population
differs to the geochemical signature of the BT and also differs to other known
Lateglacial Interstadial aged tephras including Roddans Port A and B, Dimna
Ash, Laacher See Tephra and the Neopolitan Yellow Tuff (Figure 5.17). This
population therefore has not been correlated to any known eruption in the
literature and may represent a previously unknown or new eruption. The
outlying shard has an indistinguishable composition to the outlier in LLO_778
which is correlated to the Glacier Peak G tephra (Figure 5.16).
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LLO 766

This tephra layer lies 1 cm above LLO_767 and has a TSC of 6 clear shards
per 0.5 g dw. Nine shards have been geochemically analysed and revealed a
homogenous rhyolitic composition with 77.09-78.10 wt% SiO,, 0.85-1.25
wt% FeO, 1.14-1.36 wt% CaO and 0.19-0.30 wt% MgO, which is similar to
the outlying shards in LLO_778 and LLO_767 and correlates with the Glacier
Peak G Tephra (Figure 5.16). These shards can be chemically distinguished
from other similarly aged tephras including the Borrobol Tephra and the St
Helens J and S Tephras (Figure 5.16). A similarity coefficient value of 0.98 is
derived between this deposit and the Glacier Peak G Tephra. Given the
higher shard concentrations and the compositional homogeneity in this
sample, deposit LLO_766 is thought to represent the isochron position
providing an age estimate of 13.74-13.45 cal ka BP (Pyne O’'Donnell et al.,
2016). This depth is also consistent with the sedimentary succession and the
tentative correlations to the Borrobol and Penifiler Tephras located below.
The outlier shards in deposits LLO_778 and LLO_767 may indicate post-
depositional reworking.

LLO_580

This tephra deposit has a TSC of 19 clear shards per 0.5 g dw and lies
stratigraphically in the early Holocene part of the sequence. Fourteen shards
were geochemically analysed and revealed a heterogeneous sample with
three separate populations and one outlier. Population 1 consists of 9
trachytic shards with 62.11-63.14 wt% SiO,, 17.89-18.99 wt% Al,O3, 2.07-
2.43 wt% CaO and 8.71-9.06 wt% K,O (Figure 5.14 and 5.18). This
population reveals a high CaO relative to FeO geochemical composition,
which discriminates it from Icelandic eruptions of dacitic and rhyolitic
composition (Figure 5.24), thus searches were made for correlations from
further afield. Volcanic sources from Jan Mayen, Azores, Massif Central,
Laacher See and the Cascades were compared however, based on the high
alkali and Al,O3 content the most probable volcanic source was Campi
Flegrei (Italy). The stratigraphic position of LLO_580 indicates an
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approximate early Holocene age and comparisons were made against
Campi Flegrei tephras of similar ages including the Fondi di Baia, Bacoli,
Pigna San Nicol, St Martino, Sartania 1 and 2, and Pisani 3 tephras (Smith et
al., 2011) (Figure 5.18). Based on the geochemical data, notably the MgO
content, the most probable candidates are the Fondi di Baia and Bacoli,
however a slightly better overlap is made with the Fondi di Baia envelope,
especially seen in the TAS plot (Figure 5.18). Even so, LLO_580 does differ
slightly to the K,O and Na,O composition for the Fondi di Baia Tephra
making it only a tentative correlation. A radiocarbon date was obtained
(LLO14C _576.5), albeit based on aquatic macrofossils, from a sample 4 cm
above LLO_580 which yielded an age estimate of 9279-9020 cal BP (un-
modelled). The Fondi di Baia Tephra has an age estimate of 9695-9525 cal

BP (Smith et al., 2011), which supports the tentative correlation to an extent.

Population 2 consists of two rhyolitic shards with 78.28-78.46 wt% SiOo,
1.13-1.22 wt% FeO and 3.62-3.89 wt% K,O. Population 3 consists of 3
rhyolitic shards with 75.08-76.66 wt% SiO,, 0.07 wt% TiO, and 4.46-4.62
wt% K,O (Figure 5.19). The geochemical signature for these shards are
within the Icelandic envelope (Figure 5.24) so comparisons were made with
Icelandic tephras of similar age, including the Abernethy, Askja-S, Hovsdalur,
Fosen, An Druim, Suduroy, Hasseldalen, L-274, Hgvdarhagi, Skopun,
Breakish and Ashik Tephras (Figure 5.19). The TAS plot and FeO vs TiO,
plot shows a degree of similarity between population 2 and the Hovsdalur
and Hasseldalen, whereas population 3 shows affinity to the Hasseldalen
tephra. However, the CaO values distinguish both correlations suggesting

population 2 and 3 to be unknown tephras and may represent new eruptions.

LLO_ 483

This tephra deposit has a TSC of 45 clear shards per 0.5 g dw and
stratigraphically lies in the early-mid Holocene part of the Llyn Llech Owain
sequence. Nineteen shards have been geochemically analysed and revealed
a homogenous rhyolitic composition with 71.36-74.18 wt% SiO,, 0.23-0.24
wt% TiO,, 1.00-1.12 wt% CaO, 3.38-3.68 wt% K,0 and 12.78-14.18 wt%
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Figure 5.19 - Selected bivariate plots showing tephra glass shard major element compositions for LLO_580
(population 2,3 and outlier) and envelopes for similarly aged Icelandic Tephras. (Reference envelopes are
based on data from Wastegard, 2002; Ranner et al., 2005; Pyne-O’Donnell, 2007; Lind and Wastegard,
2011; Matthews et al., 2011; Lane et al., 2011, 2012a; Lind et al., 2013; Lilja et al., 2013; Wulf et al., 2016;
Timms et al., 2016; Jones et al., 2017).

149



Al,O3. Comparisons were made against similar aged tephras including
Abernethy, Askja-S, Hovsdalur, Fosen, An Druim, Suduroy, Hasseldalen, L-
274, Hgvdarhagi, Skopun, Breakish, Ashik and Lairg A and B Tephras.
Based on geochemical composition, notably the CaO, TiO, and Al,O3 values,
the LLO_483 deposit shows affinity to the Oreefajokull volcanic system
(Figure 5.20). LLO_483 is consistent with the composition of the Oraefajokull
1362 eruption (Coulter et al., 2012) but this correlation is not supported by
the stratigraphic position. There is no evidence for older Oraefajokull
eruptions of early-mid Holocene age recorded in the literature, which

suggests that LLO_483 is a newly identified eruption.

LLO 468

This tephra layer has a TSC of 46 clear shards per 0.5 g dw and is
stratigraphically placed 15 cm above LLO_483. Five shards have been
geochemically analysed and revealed a homogenous rhyolitic composition
which is indistinguishable to LLO_483, with 72.40-73.38 wt% SiO,, 0.23-0.24
wt% TiO2, 0.97-1.11 wt% CaO, 3.42-3.63 wt% K,0 (Figure 5.20). Again this
composition shows affinity to the Oraefajokull 1362 eruption. As noted above
there is no evidence for older Oraefajokull eruptions of early-mid Holocene
age recorded in the literature, indicating LLO_483 also to be a new or
previously unknown eruption. Only 15 cm separate LLO 483 and LLO_468
which could potentially indicate that they originate from the same eruption
and that post depositional re-working may have deposited LLO_468.
However, the high resolution TSC does imply two distinct peaks and a clear
gap between both tephra layers (Figure 5.13), suggesting two separate

eruptions.

LLOO9 516

This tephra layer has a TSC of 38 clear shards per 0.5 g dw. Four shards
were geochemically analysed which revealed a homogenous rhyolitic
composition with 76.52-77.37 wt% SiO,, 0.07-0.08 wt% TiO,, 12.47-12.85
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wt% Al,O3, and 2.82-3.05 wt% K,0. This deposit is located in the early—mid
Holocene part of the 2009 core sequence so comparisons were made with
similarly aged tephras including Abernethy, Askja-S, Hovsdalur, Fosen, An
Druim, Suduroy, Hasseldalen, L-274, Hgvdarhagi, Skopun, Breakish, Ashik,
Hoy, Lairg A and B, Hekla 5,4,3 and Kebister tephras. Based on
geochemical data, notably SiO,, FeO and MgO values, a correlation is made
with the Lairg A tephra (Dugmore et al., 1995) (Figure 5.21). Only four
analyses, however, were obtained for this deposit making the correlation
tentative, further analyses would strengthen the correlation. The Lairg A
Tephra has an age estimate of 6947-6852 cal yr BP and is sourced from the
Hekla volcano (Pilcher et al., 1996).

LLO09 505

This tephra deposit has a TSC of 64 clear shards per 0.5 g. Only three
shards were geochemically analysed which revealed a homogenous rhyolitic
composition with 72.83-73.55 wt% SiO,, 3.42-3.81 wt% FeO, 1.03-1.14 wt%
CaO and 3.55-3.75 wt% K,0. This deposit is chemically similar to LLO 483
and LLO_468 and shows affinity to the Oraefajokull 1362 eruption (Figure
5.20). As noted above, there is no evidence for older Oraefajokull eruptions of
early-mid Holocene age recorded in the literature, indicating LLO09_505 also
to be a new or previously unknown eruption. This deposit was identified in
core sequence 2009 and potentially correlates to either LLO_483 or
LLO_468 found in the 2013 core sequence. However, due to only one
deposit of Oraefajokull 1362 chemistry identified in the 2009 core sequence it

is not possible to correlate with either deposit from the 2013 core.

LLOO09_345

This tephra deposit has a TSC of 104 colourless shards per 0.5 g dw.
Eighteen shards were geochemically analysed which revealed a
heterogeneous sample with 3 separate rhyolitic populations (Figure 5.14 and
5.22). Population 1 consists of 11 rhyolitic shards with 74.37-75.38 wt%
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SiO,, 0.33-0.35 wt% TiO,, 1.91-2.39 wt% FeO and 0.37-0.62 wt% CaO.
Population 2 consists of three rhyolitic shards with 75.20-75.89 wt% SiO,,
2.62-2.80 wt% FeO, 1.61-1.68 wt% CaO and 2.58-2.64 wt% K,O. Population
3 consists of four rhyolitic shards with 75.52-75.98 wt% SiO,, 0.19-0.21 wt%
TiO,, 4.16-4.38 wt% K,0. All three chemical populations are located within
the Icelandic geochemical envelope (Figure 5.24), so comparisons were
made with Icelandic tephras of similar approximate ages, including the Lairg
A and B, Hoy, Microlite, Hekla 3,4,5, BMR-190 and Kebister tephras.
Population 2 correlates with the early Holocene Askja-S tephra, however,
LLOO09 345 is stratigraphically located in the mid Holocene part of the Llyn
Llech Owain sequence which does not support a correlation with the Askja-S
tephra (Figure 5.22). Until recently, there have been no reported findings of
other younger Askja-S type tephras, however Guomundsdéttir et al., (2016)
have reported a younger tephra — the Askja L— dated to approximately 9400
cal BP (Striberger et al., 2012).The Askja-L tephra has an identical chemical
composition to Askja-S, however the age estimate differs to the approximate
stratigraphic position of LLO09 345 which lies more towards the mid
Holocene (~5,000 years BP). This discovery may indicate the Askja volcano
to be more active during this period and that population 2 of tephra layer
LLOO09_345 may represent a new or previously unknown eruption.
Population 3 does show some similarity with the microlite tephra based on
TiO, and KO values, however CaO and FeO values differ. Population 1 also
stands alone on the geochemical bivariate plots suggesting population 1 and

3 may represent a new or previously unknown eruption.

LLOO09_297

This tephra deposit has a TSC of 54 clear shards per 0.5 g dw. Only four
shards were geochemically analysed which revealed a heterogeneous
sample. Shard 1 has a rhyolitic composition with 75.34 wt% SiO,, 0.31 wt%
TiO, and 2.66 wt% FeO. Shard 2 has a rhyolitic composition with 76.40 wt%
SiO,, 0.07 wt% TiO, and 1.72 wt% FeO. Shard 3 and 4 also have a rhyolitic
composition with 70.76-72.21 wt% SiO,, 0.47 wt% TiO,, 14.74-15.19 wt%
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Al;O3, and 0.47-0.50 wt% MgO (Figure 5.14). Geochemical comparisons
were made with mid-Holocene aged tephras which is thought to represent
the time period where LLO09_ 297 was deposited. These tephras include
Lairg A and B, Hoy, Microlite, Hekla 3,4,5, BMR-190 and Kebister tephras.
Shard 1 is chemically similar to population 2 in tephra deposit LLO09 345,
which shows affinity to the early Holocene Askja-S eruption (Figure 5.22). As
noted above, however, LLO09 345 and LLO09_297 are thought to have
been deposited during the mid-Holocene, therefore rejecting a correlation
with the Askja-S Tephra. Shard 2 shows geochemical affinity to the Lairg A
and the Hekla 4 tephra, however based on stratigraphy a correlation is
unlikely (Figure 5.22). Shards 3 and 4 were also compared to Icelandic mid-
Holocene tephras, however, a correlation was not established. A
consideration of sources further afield suggests a correlation to the
Aniakchak Tephra (Pearce et al., 2004; Pyne O’Donnell et al., 2012), based
on stratigraphy and geochemical signatures (Figure 5.23). This tephra was
sourced from the Aleutian Range, southwest Alaska and dated to 3572 + 4
cal BP (Pearce et al., 2017). Comparisons were also made against the White
River Ash, Newberry Pumice and Mount Augustine Unit G however the MgO
vs TiO; bivariate plot strongly suggests a correlation to the Aniakchak
Tephra (Figure 5.23).

Table 5.3 summarises the tephra deposits found in the Llyn Llech Owain

sequence and their proposed correlations and reference age estimates.
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Figure 5.23 - Selected bivariate plots showing tephra glass shard major element compositions for
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Table 5.3 — Total Shard Concentrations (TSCs), number of shards geochemically analysed, degree of homogeneity,
proposed correlation and age estimate for each geochemically analysed tephra deposit found within the Llyn Llech Owain

record.

Tephra TSC (per Shards Homogenous?  Proposed correlation Age estimate  Reference

deposit 0.5 g dw) analysed (cal BP)

LLO 804 154 42 yes Borrobol type

LLO_782 55 10 yes Borrobol Tephra 14,098 + 47 Bronk Ramsey et
al., 2015

LLO_778 9 6 yes (1 outlier) Penifiler Tephra 13,939 + 66 Bronk Ramsey et
al., 2015

LLO_767 9 13 yes (1 outlier) unknown

LLO_766 7 9 yes Glacier Peak G Tephra 13.74-13.45 Pyne O'Donnell et
al., 2016

LLO_580 19 14 3 populations Fondi di Baia Tephra 9525-9695 Smith et al., 2011

(population 1)

LLO_483 45 19 yes unknown

LLO_468 46 5 yes unknown

LLO0O9 51 38 4 yes Lairg A Tephra 6947-6852 Pilcher et al., 1996

6

LLOO9 50 64 3 yes unknown

5

LLOO9 34 104 18 3 populations unknown

5

LLO09 29 53 4 1 population (2  Aniakchak Tephra (main 3572+ 4 Pearce et al., 2017

7 outliers) population)




5.6.3 Tephra signal in the XRF data?

The main purpose of using the ITRAX core scanner on the sediment cores
was to use the data retrieved as a proxy to reconstruct past environmental
changes. However, XRF data have also been utilised to locate the position of
cryptotephra deposits (e.g. Kylander et al., 2012; Wulf et al., 2013). This
relationship was explored to determine whether an XRF signal coincided with
the cryptotephra deposits. No distinct peak or signal was observed in the
XRF data for the deposit that contained the highest number of shards
(LLO_804 and LLO_782) (Figure 5.25). Shard concentration and the host
sediment composition may be limiting factors in this study. Only visible
tephra layers or high shard concentration cryptotephra deposit have been
identified to date using a XRF core scanner according to Kylander et al.,
(2012). They discuss that visible (or >1000 shards/cm?) tephra deposits, of
basaltic composition were able to be detected with increases in K, Mn, Fe Ca
and Ti elemental counts. Tephra layers of rhyolitic compositions, however,
are thought to be harder to detect. Wastegard et al., (2013) reported a
marginal increase in Ti and K values that coincided with a visible rhyolitic
tephra deposit from a sediment record in Laguna Potrok Aike. Wulf et al.,
(2013) however, demonstrate that detecting cryptotephra deposits that
contain glass shards (60-80 um) with concentrations as low as <10
shards/cm? is possible through higher resolution XRF scans than the
previously mentioned studies (at least 200 um step size and 10 s exposure

time).
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5.7 Radiocarbon dating

Eleven radiocarbon dates were obtained from the 2013 core and these are
summarised in Table 5.3. Radiocarbon dated samples will be referred to and
labelled by their depth for the following discussion (e.g. LLO*C_802.5).

Terrestrial macrofossils were initially searched for by microscopy following
sediment digestion in dilute sodium hydroxide. However, very few terrestrial
macrofossils were recovered and as such, aquatic macrofossils or bulk
sediment were selected for radiocarbon analysis. Sample depths were
chosen based on the inferred climatic transitions, the Lateglacial Interstadial,
Loch Lomond Stadial and early Holocene onsets based on the %C profile
(LLO*C_771.5, LLO™C_711.5, LLO™C _700.5, LLO*C_679.5 and
LLO™C_661.5) and the position of the tephra deposits (LLO*C_802.5,
LLO™C_784.5, LLOC 576.5, LLOC_482.5 and LLOC_467.5). All
samples were analysed at the NERC radiocarbon facility at the University of
Oxford.

All dates are calibrated, against the IntCal13 calibration curve (Reimer et al.,
2013) and un-modelled radiocarbon age estimates, outlined in Table 5.3 are
plotted against depth in Figure 5.26. Four tephra layers identified in the Llyn
Llech Owain record, which are tentatively correlated to known eruptions, are
also included. These tephra layers include the Borrobol tephra at 781.5 cm
(14004-14192 cal BP; Bronk Ramsey et al., 2015), Penifiler tephra at 777.5
cm (13807-14071 cal BP; Bronk Ramsey et al., 2015), Glacier Peak tephra
at 766.5 cm (13450-13740 cal BP; Pyne O’'Donnell et al., 2016) and the
Fondi di Baia tephra at 579.5 cm (9525-9695 cal BP; Smith et al., 2011).

Their correlation status is discussed in section 5.6.

Radiocarbon age estimates and tephra age estimates are plotted against
depth in Figure 5.26. All age estimates discussed here are given at 95.4%

probability ranges. This simplistic plot reveals several age reversals, together
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Table 5.4 - Radiocarbon determinations and un-modelled calibrated age ranges for Llyn Llech Owain. T — terrestrial plant
macrofossils; ® — unidentified aerial wood fragments;  — betula leaf fragments. A — aquatic plant macrofossils; @ —
potamogeton seeds; ° — ceratophyllum seeds; ¢ — chara oospores; ¢ — epidermal tissue. B — bulk sediment (humin fraction).
Age estimates are calibrated against the IntCal13 calibration curve (Reimer et al., 2013).

i +
teredn PN aporatory  composiio 9C%  Radiocarbon age (“Ca uncertain  Cllbrated age range
text code n BP) ty .
LLOMC _467.5 4675 33159 T? -26.5 8215 40 9295-9029
LLOMC 4825 4825 33160 T -27.8 9225 45 10511-10254
LLO™C 576.5 576.5 32973 A? -24.1 8190 45 9279-9020
LLO™C 661.5 661.5 32974 AP -16.6 10210 50 12119-11719
LLO¥C 679.5 679.5 33324 B -21.8 13215 75 16132-15639
LLO™C_700.5 700.5 33325 B -22 12425 60 14925-14180
LLO™C 7115 7115 33161 B -20.7 11435 50 13401-13149
LLO™C 7115 7115 32975 A° -17.8 11795 75 13758-13468
LLO¥C 7715 7715 32976 A -17 12015 65 14060-13734
LLOMC 7845 7845 32977 B -22.7 13245 65 16143-15707

14
LLOTC_8025 gy 5 32978 B -21.8 13350 65 16265-15833



with implausible shifts in sedimentation rates. The most problematic dates in
this record are found in the Loch Lomond Stadial where age estimates are
erroneously old and comparable to those obtained for the Glacial period. The
top three dates are also problematic as an age reversal is observed and an
unrealistic sedimentation rate is seen between the top two dates. Llyn Llech
Owain is not associated with limestone bedrock and no carbonates were
visually observed in the sediments after the acid treatment performed for
radiocarbon analysis, tephra and bulk chemistry work. Thus, hard water
errors should not be an issue for this record. Due to the limited preservation
of terrestrial macrofossils, all analysed samples, except for the upper two
samples, consisted of either bulk sediment or aquatic macrofossils which are
known to be problematic for radiocarbon dating (Walker, 2005). Terrestrial
macrofossils are generally accepted to be the most suitable materials for
yielding accurate radiocarbon dates in lake sediments (Bjorck and Wohlfarth,
2002; Olsson, 2009), however when in limited supply such as in this
instance, aquatic macrofossils or bulk sediment samples are used. In such
situations, one needs to take into consideration the probable uncertainties
that will accompany dating such materials. These include the ‘reservoir effect’
where aquatic plants may have depleted **C values as they use dissolved
inorganic carbon, which incorporates carbon from other sources, instead of
atmospheric CO, (Marty and Myrbo, 2014). Dating bulk sediments also pose
problems as they typically yield significantly older ages, due to the secondary
amalgamation of **C depleted carbon from other sources (Rothacker et al.,
2013).

5.7.1 Age-depth plot

The age-depth relationships observed in Figure 5.26 are discussed here in
relation to the NGRIP record from Greenland. NGRIP provides a

representative stratotype record for the North Atlantic (Rasmussen et al.,
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record are also plotted: LLO_782 Borrobol Tephra (14,004-14,192 cal BP - Bronk Ramsey et al., 2015),
LLO_778 Penifiler Tephra (13,807-14,071 cal BP - Bronk Ramsey et al., 2015), LLO_766 Glacier Peak
Tephra (13,450-13,740 cal BP - Pyne O’'Donnell et al., 2016), LLO_580 Fondi di Baia (9,525-9,695 -
Smith et al., 2011).
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2014) and is compared here to assess the timing of key transitions, however,
it is not assumed that the Lateglacial climatic changes occurred
synchronously between Greenland and Wales. For a site, where age
reversals are significant, the Greenland record provides well-constrained
reference ages for the transitions. This is especially important for this record
whereby radiocarbon age estimate deviate significantly from typical timings of

transitions.

Samples LLO™C_802.5 and LLO'C_784.5 are located stratigraphically in
the Glacial sediments and were chosen based on the tephra deposits found
in this part of the record (LLO_804 and LLO_782). They yield radiocarbon
estimates that are of Glacial age, (16265-15833 cal BP and 16143-15707 cal
BP respectively). However, these age estimates seem too old when
considering the Lateglacial Interstadial onset (dated to 14,692 + 138 b2k in
the NGRIP record; Rasmussen et al., 2014) at LIyn Llech Owain is only ~6
cm above LLOMC_784.5 (based on the initial increase in %C and decrease
in Ti values at 778 cm). However, as mentioned previously, assigning the
Interstadial onset for sites without a temperature record is difficult (Walker &
Lowe, in press). The overlying sample, LLO*C_771.5, is located within the
organic muds, assumed to be the Lateglacial Interstadial in the Llyn Llech
Owain record, and yielded an age estimate of 14060-13734 cal BP. This age
estimate does seem plausible as it is younger than the Lateglacial
Interstadial onset age of 14735-14549 cal BP from the NGRIP record
(Rasmussen et al., 2014). However, these ages suggest a significant
sedimentation rate of 156 years per cm between sample LLO*C_784.5 and
LLOMC_771.5. A shift in sedimentation rate agrees with lithostratigraphic
changes and a higher sedimentation rate would be expected for the
lowermost mineral-rich unit relative to the organic rich unit. These significant
changes in sedimentation rate may indicate a possible hiatus during this part
of the sequence however, there is no indication in the proxy data or
stratigraphy to support this, suggesting sample LLO*C_784.5 and
LLO™C_802.5 to be erroneous. The proposed tephra layers, and their
respective age estimates, found at these depths (Borrobol tephra — 782 cm,
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Penifiler tephra — 778 cm, Glacier Peak tephra — 766 cm) support the age
estimate of sample LLO*C_771.5.

At 711.5 cm in the Llyn Llech Owain sequence, two samples were analysed
from the same depth which are located stratigraphically before the Loch
Lomond onset. One sample consisted of bulk sediment (humin fraction) and
yielded an age estimate of 13401-13149 cal BP and the other sample
consisted of aquatic macrofossils (chara oospores) which yielded an age
estimate of 13758-13468 cal BP. Even though both samples were retrieved
from the same depth, an offset is revealed between both samples probably
due to the differing sample types. The age estimates are also considerably
offset by ca. 760 years from the aquatic macrofossil sample and ~430 years
from the bulk sediment sample relative to the GS-1 onset recorded in
Greenland.

A significant age reversal is also seen during the Loch Lomond Stadial with
both LLO™C_700.5 and LLO*C_679.5 revealing age estimates that are
erroneously older than expected, (14925-14180 cal BP and 16132-15639 cal
BP, respectively). These age estimates are significantly older than the entire
GS-1 period recorded in Greenland. However, sample LLOC_661.5, which
Is stratigraphically located 10 cm above the Holocene onset based on the
proxy data, has yielded an age estimate of 12119-11719 cal BP. This age is
in better agreement with the Holocene onset as recorded in NGRIP although

it is still slightly older.

The next radiocarbon sample, LLO*C_576.5, is stratigraphically located at
the onset of stable %C values and the transition from lake muds to organic
peat. The sample yielded an age estimate of 9279-9020 cal BP, which was
based on aquatic macrofossils (potamogeton seeds). Tephra layer,
LLO_580, located 3 cm below LLOC_576.5 is tentatively correlated to the
Fondi di Baia tephra which has an age of 9709-9535 cal BP (Bronk Ramsey
et al., 2015). This discovery indicates an offset of ~480 years and ~160 years
per cm sedimentation rate between tephra layer LLO_ 580 and
LLOC_576.5. Based on sedimentation rates from other sites in Britain of

similar stratigraphic age (~20 years per cm: Kelly et al., 2016; Timms et al.,
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2016; Watson et al., 2016) the sedimentation rate here either suggests the

tephra correlation to be incorrect or the radiocarbon sample to erroneous.

The upper two radiocarbon samples, LLO*C_482.5 and LLOC_467.5, are
based on terrestrial macrofossils which should provide the most reliable age
estimates. However, a minimum offset of 959 years is seen between both
samples, which are only 15 cm apart, indicating an unrealistic sedimentation
rate of ~80 years per cm suggesting that one, or both, samples are
erroneous. A considerable age reversal is also observed between

LLOMC _576.5 and LLO™C_482.5 with samples yielding age estimates of
9279-9020 cal BP and 10511-10254 cal BP respectively. If an assumption is
made that LLOC_576.5 yielded a relatively true age, then we can
determine with a degree of certainty that sample LLOC_482.5 is erroneous.
Additionally, sample LLOC_467.5 yielded an age estimate of 9295-9029 cal
BP which is slightly older than sample LLOC_576.5 which is 109 cm below.

In summary, the radiocarbon age estimates obtained from Llyn Llech Owain
reveal a number of puzzling observations. It is widely known and recognised
that bulk sediment and aquatic macrofossils are problematic material for
dating but there is no clear pattern in the results and the terrestrial
macrofossil samples also appear to be unreliable. As such, it is difficult to
determine, with any certainty, which ages are erroneous and which should be
discarded for establishing an age model. However, four Bayesian statistical
age models were constructed to test whether an age-model could be formed.
Freely available software OxCal v 4.3 (Bronk Ramsey, 2008; Bronk Ramsey
and Lee, 2013; Bronk Ramsey, 2017) was used for this purpose. Different
models were run based upon different assumptions and constraints and
P_Sequence (i.e. Poisson process) deposition models have been applied for
Model B and C. P_Sequence models take consideration of the fact that the
deposition rate of the sediment sequence can vary through time, rather than
a constant deposition throughout the record based upon a Poisson process

sedimentation (Bronk Ramsey, 2008) (see section 3.6.2).
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Age model A attempts to incorporate only the analysed **C dates. Age model
B consists of all the *C dates in addition to added age estimates for the Loch
Lomond Stadial (GS-1) onset and Holocene onset from the NGRIP record.
Model B was constructed to test the proposed tephra correlations. Age model
C includes all the *C dates and the tephra deposits that have been
tentatively correlated to known eruptions. Age model D is a replicate of age
model C, however added age estimates for the Loch Lomond Stadial (GS-1)
onset and Holocene onset from the NGRIP record are included giving the
model additional constraints to strengthen and reduce the uncertainty of the

model.

5.7.2 Age model A

Despite attempting to construct an age model consisting of only the
radiocarbon dated samples to provide a completely independent age model
for the Llyn Llech Owain sequence, OxCal was unable to complete a model
run due to the limited number of robust constraints. This reflects the
numerous age reversals and unrealistic sedimentation rates in the sequence,

as discussed above.

5.7.3 Age model B

Age model B consists of all radiocarbon dates analysed for the sequence in
addition to added chronological constraints from the NGRIP record
(Rasmussen et al., 2014), including the Holocene onset and GS-1onset
(Loch Lomond equivalent) (Figure 5.27). It is emphasised that the Holocene
and GS-1 onsets are not synchronous between Greenland and Wales. The
reason for including the precise age constraints from the NGRIP record is to
test the proposed tephra correlations and to provide added constraints in

what is otherwise a problematic sequence. By implementing the NGRIP ages
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the model incorporates dates from another record where the model cannot

be deemed independent.

Initial observations reveal large ranges in the top and bottom part of the
sequence. As expected, however, with the added NGRIP constraints, the
middle part of the age model is much more precise and tightly constrained.
Table 5.5 shows the age estimates output from for the tephra deposits found
in the Llyn Llech Owain sequence against the reported best age estimates for
the proposed tephra correlations. The modelled age estimate for tephra
deposit LLO_782 has a large range of 1200 years, which is due to the lack of
precise constraints during this part of the sequence. The maximum age
range does overlap with the minimum age range for the Borrobol tephra,
however only by 16 years. The modelled age estimate for tephra deposit
LLO_ 778 also has a large age range (1133 years), but it does overlap with
the best age estimate for Penifiler with the maximum age range overlapping
with the minimum range of the Penifiler age by 144 years. An age range of
953 years was given to tephra deposit LLO_766 from the age model B
output. Even though the range is large the age overlap with the best age
estimate for the Glacier Peak Tephra is good. However, the age estimate for
tephra deposit LLO_580 which is tentatively correlated to the Fondi di Baia
Tephra based on geochemical composition is offset quite considerably. The
minimum age range is 713 years older than the maximum age range of the
Smith et al., (2011) age estimate. This offset suggest a miss-correlation,
however one could argue that age model B is not robust enough during this
part of the sequence to test the tephra correlations especially with the
imprecision at the top of the sequence. For the following age models,
LLO_580 will be considered a tentative correlation with the Fondi di Baia,
however, based on the age estimate output from this model the correlation

must be taken with caution.
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Table 5.5 - Comparison of the best age estimates for the Tephras found in
the Llyn Llech Owain sequence against the output age estimates from age
model B.

Depth Tephra Reference Tephraage  Age model B
(cm) correlation? (cal BP) (cal BP)
(95.4%)

782 Borrobol Bronk Ramsey  14,004-14192 12820-14020
et al., 2015

778 Penifiler Bronk Ramsey  13807-14071 12818-13951
et al., 2015

766 Glacier Peak Pyne O'Donnell  13450-13740 12809-13762
et al., 2016

580 Fondi di Baia Smith et al., 9525-9695 10408-11206
2011

5.7.4 Age model C

For Model C the age estimates of the tephra deposits (including tentative
correlations) were added (discussed in section 5.6). These tephra
correlations have also been tested in model B with LLO_782, LLO_778 and
LLO_766 showing good agreement but LLO_580 showing a poorer
agreement. If tephra layers can be confidently correlated to known eruptions
they can provide precise age constraints for sedimentary sequences and be
used to produce independent age models (e.g. Lane et al., 2012; Timms et
al., 2016). These tephra layers include the Borrobol Tephra (14,098 + 47 cal
BP; Bronk Ramsey et al., 2015) at 781.5 cm, Penifiler tephra (13,939 + 66 cal
BP; Bronk Ramsey et al., 2015) at 777.5 cm, Glacier Peak tephra (13,595 +
72.5 cal BP; Pyne O’'Donnell et al., 2016) and Fondi di Baia tephra (9,622 +
87 cal BP; Smith et al., 2011) at 579.5 cm. With the added age constraints,

provided by the four tephra layers, a P_Sequence model was constructed,
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shown in Figure 5.28. Although this model does represent an independent

age model, some issues have arisen.

Firstly, the precision is lacking with very large age ranges, especially for the
late interstadial and throughout the Loch Lomond Stadial. According to this
model, the Loch Lomond onset (based on %C and Ti values — 708 cm) has
an age estimate of 12757-10520 cal BP (95%). This age estimate has a
considerable range (2237 years), however only ~20 years difference is seen
between the oldest age range in Llyn Llech Owain and the youngest age
range for the onset of GS-1 in the Greenland ice cores.

Based on %C and Ti values, the Holocene onset lies at 672 cm in the Llyn
Llech Owain sequence and according to this model, has a reasonably
constrained age estimate of 10347-9611 cal BP (95%) with an error range of
736 years. However this age estimate is considerably offset to the Holocene
onset recorded in the Greenland ice cores where an offset of ~1250 years is
seen between the oldest age range for the Holocene onset at LIyn Llech
Owain and the youngest age range in the NGRIP record. The Holocene
onset part of the Llyn Llech Owain sequence in model C is mostly based on
the radiocarbon samples analysed (i.e. no tephra constraints) which is
probably responsible for the imprecision during this part of the sequence.

Despite the large error ranges during the late interstadial and Loch Lomond
Stadial and some uncertain age estimates, especially during the Holocene
onset, age model C is completely independent. Therefore, it could be used to
provide crude approximate age estimates for the unknown tephra discoveries
identified and the environmental changes observed in the record. However,
the lack of precise age constraints in model C gives rise to large age
estimate ranges for parts of the record means that this model is of limited

use.
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Figure 5.28- Age model C. P_Sequence deposition model constructed using OxCal v.4.3
(Bronk Ramsey, 2009, 2017). Model includes all radiocarbon dates analysed and tephra
layers: LLO_782 Borrobol Tephra (14,004-14,192 cal BP - Bronk Ramsey et al., 2015),
LLO_778 Penifiler Tephra (13,807-14,071 cal BP - Bronk Ramsey et al., 2015), LLO_766
Glacier Peak Tephra (13,450-13,740 cal BP - Pyne O’Donnell et al., 2016), LLO_580 Fondi di
Baia (9,525-9,695 - Smith et al., 2011).
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5.7.5 Age model D

Due to the problematic nature of age model C, further age constraints were
added in an attempt to establish a more robust model for the Llyn Llech
Owain record (Figure 5.29). Age constraints for the major climatic transitions
(Loch Lomond Stadial and early Holocene onsets) derived from a nearby
record such as Llanilid is one possibility (Walker et al., 2003). Llanilid is a site
~50 km from Llyn Llech Owain that contains a Lateglacial sedimentary
sequence and has been studied extensively where numerous proxy
techniques are constrained by >40 radiocarbon dates (Walker et al., 2003).
However, determining the ages for the climatic transitions in the Llanilid
sequence proved problematic, with a possible hiatus, obscuring the Holocene
onset (Richard Staff, pers comm). As such, instead of using the Llanilid
record, precise age constraints from the NGRIP record have been
implemented into age model D. This step means that age model D cannot be
an independent model because an assumption is made that the Loch
Lomond Stadial (or GS-1) and Holocene onsets occurred simultaneously
between Greenland and Wales. This assumption of climate synchronicity
between sites has previously been proved incorrect (e.g. Lane et al., 2013)
but this was the only way to produce a precise age-model. The Loch Lomond
Stadial and Holocene onset (constrained by %C and Ti data) are the only
transitions used in this model due to the difficulties of establishing the

temperature rise at the Lateglacial onset.

Model D provides the best precision due to the added age constraints from
the NGRIP ice-core record, however as this model incorporates dates from
another record the model cannot be deemed independent. The uppermost
part of the sequence, affected by radiocarbon samples LLO**C_482.5 and
LLO™C_467.5, yields considerable error ranges in excess of 1000 years.
However, the error ranges for the interstadial and Loch Lomond Stadial have

vastly improved compared with model C.
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Figure 5.29 - Age model D. P_Sequence deposition model constructed using OxCal v.4.3 (Bronk
Ramsey, 2009, 2017). Model includes all radiocarbon dates analysed, tephra layers LLO_782 Bor-
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the Holocene and GS-1 onset climatic constraints from the NGRIP record (Rasmussen et al., 2014).
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Establishing a chronology for Llyn Llech Owain has been problematic with
age reversals and significant deviations evident in the key transitions. None
of the models are without limitations, but the Bayesian statistical approach to
constructing a chronology is a step toward producing a meaningful age
model from a problematic data-set. To conclude, due to the limited number
of robust constraints in the Llyn Llech Owain record none of age models are
recommended for use. Model D, however, provides the best precision, but
should be employed with caution due to the incorporation of ages from
another record. Model D provides an approximate age framework for
constraining the proxy evidence and the environmental responses seen

within the Llyn Llech Owain record.
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6. Results - Pant-y-LIyn, Carmarthenshire

6.1 Site description

Pant-y-Llyn (Lat: 51° 49’ 51” N, Long: 4° 1° 26” W) is a small turlough,
approximately 160 m long and 60 m wide, and has an elongated shape
orientated North to South. The turlough is located approximately 9 km north
east from Cross Hands (Figure 6.1), situated 150 m OD and lies in a
depression formed in the underlying Carboniferous Dowlais Limestone
Formation. Turloughs are ephemeral water bodies associated with
topographic depressions in karst and are periodically inundated mainly by
groundwater, but also runoff, during the course of a year. Turloughs are
common in the Republic of Ireland (Skeffington et al., 2006; Naughton et al.,
2012) however this is the only known turlough in Britain (Campbell et al.,
1992; Hardwick and Gunn, 1995) and as such is a designated Annex |
priority habitat under the EU Habitats Directive 92/43/EC (McLeod et al.,
2005). Turloughs do not have a true inflow or outflow stream, and both fill
and empty either diffusely across their base or via estavelles, a type of sink
hole (Tynan et al., 2007). Sediments from turloughs are rich in calcium
carbonate (Coxon and Coxon, 1994) and an investigation of their infill can

provide insight into the development and formation of these rare features.

Sediment cores were obtained on 28th August 2013 by the British Geological
Survey when water levels were sufficiently low to allow access into the
turlough basin (Figure 6.2). A basin survey was conducted using a peat
probe and hand auger at 10 locations to determine the area with the thickest
seguence of soft sediment. Using a Russian corer (5 cm diameter, 0.5 m
length) a 5.5 m core was obtained from the eastern part of the turlough basin,
which is thought to have obtained most of the Holocene, but bedrock was not
reached. The core (British Geological Survey borehole reference

SN61NW12) is comprised of a sequence of unconsolidated lake muds, silts
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data © Crown Copyright and database rights 2017.
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and peat. Cores were wrapped in cling film and stored in a cold room at <4

°C until sub-sampling was undertaken.

6.2 Lithostratigraphy and Loss on Ignition (LOI)

Although a 5.5 m core was retrieved, only the bottom 2.5 m (3-5.5 m), which
is thought to represent the early Holocene and part of the Loch Lomond
Stadial, was studied to focus on the time-interval under investigation in this
study. The lithostratigraphy and LOI profiles are shown in Figure 6.3. The
basal unit consists of reddish silty clay (550-522 cm) overlain by grey silty
clay (522-511 cm). An organic lake mud unit is present between 511 and 450
cm and is overlain by brown, carbonate-rich mud that shows some evidence
of fine laminations (450-362 cm). These are not thought to be annually
resolved. Organic fen peat is found in the uppermost part of the sequence
(362-0 cm). LOI values are low (12 %) within the basal clay unit indicating a
high minerogenic input which we suggest has been deposited during the
Loch Lomond Stadial. Calcium carbonate values also remain low (5 %) within
this unit. A sudden increase in LOI values is observed at 511 cm, reaching
values of 50 % by 508 cm. This most likely represents the early Holocene
transition. The highest LOI values (55-70 %) are observed between 500 and
466 cm with a shift towards slightly lower values of around 50 % between
466 and 430 cm. Calcium carbonate values begin to increase at around 480
cm but show marked fluctuations between 10 and 40 % between 480 and
430 cm. A short-lived peak of 70 % in calcium carbonate content is observed
at 422 cm and is accompanied by a dip in LOI at the same depth. Between
410 and 360 cm, low LOI values (10-25 %) are accompanied by higher
calcium carbonate values (60-76 %). The increase in LOI values and
corresponding decrease in calcium carbonate values observed at 360 cm (47
% and 10 % respectively) coincides with a shift from lake mud to fen peat. In
the uppermost part of the record, LOI increases to 60 % at 335 cm and

calcium carbonate content falls to 10 % (Figure 6.3). The overall calcium
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carbonate variations in this sequence may reflect periods of stronger

groundwater influence in this turlough.

6.3 Radiocarbon dates

Radiocarbon ages obtained by Gareth Farr (BGS) from four bulk samples are
summarised in Table 6.1. The lowermost radiocarbon date lies
stratigraphically at the base of the lake mud unit, which is assumed to
represent the early Holocene (Figure 6.3). However, the radiocarbon age
estimate reveals a much older age of 12958-12713 cal BP which is closer to
the onset of the Loch Lomond Stadial. Similarly, an age range of 12589-
12105 cal BP is obtained for the sample at 395 cm, which lies 115 cm above
the lowermost radiocarbon age, implying a relatively high sedimentation rate
(7 years/cm) compared with other similar sediment deposits of this age (e.g.
Quoyloo Meadow - ~46 years/cm: Timms et al., 2016). The uppermost ages
at 200 and 245 cm are also close in age (~8.7 cal BP and ~8.6 cal BP,
respectively) and indicate a slight inversion with the former yielding an older
age than the latter (Table. 6.1).

Table 6.1 - Four radiocarbon dates measured from bulk sediment at
14CHRONO Centre at Queens University Belfast. Ages were calibrated
using OxCal and the IntCall3 calibration set (Bronk Ramsey, 2009; Reimer
et al., 2013). Acid-Alkali-Acid (AAA) pre-treatment was undertaken on
samples. Dates supplied by the British Geological Survey.

Calibrated age
Laboratory ID Depth 14C age range (cal yr BP)
code (cm) years BP (195.4%)
UBA-26393 200 7857141 8932-8545
UBA-26392 245 7833£37 8748-8541
UBA-26394 395 10479+65 12589-12105
UBA-26391 510 10953+47 12958-12713
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6.4 Tephrochronology

6.4.1 Total Shard Concentrations (TSCs) and morphological
characteristics

Low-resolution investigation of the tephra content revealed the presence of
one distinct peak in shard concentration at 495-500 cm whilst the rest of the
sequence revealed a low background of 2-3 glass shards per 0.5 gram dry
weight (g dw) at intermittent intervals (Figure 6.3). Due to the low shard
concentrations, no geochemical results were attempted and without this
information, the significance of the apparent background in glass shards is
uncertain. The distinct peak in shard concentration between 495-500 cm was
refined to 1 cm where a concentration of 72 shards per 0.5 g dw was
established at 499-500 cm (labelled PLL_500 in Figure 6.3 and 6.4). The
shards were colourless and typically platy and fluted in morphology.

6.4.2 Geochemical analysis and tephra correlations

Microprobe analyses confirm a homogenous rhyolitic composition for
PLL_500 with SiO; values ranging between 72.24 - 76.4 wt%, K,O values of
2.39 — 2.65 wt% and CaO values of 1.5 — 1.75 wt% (Table 6.2). Major oxide
bivariate plots reveal a strong correlation with the Askja-S Tephra (Figure
6.4) which can easily be distinguished from other early Holocene aged
tephras such as the Hasseldalen Tephra on the basis of higher FeO and
CaO values (Figure 6.4). The tephra at Pant-y-Llyn is also geochemically
distinct relative to other early Holocene tephras including the Suduroy, An
Druim, Breakish, Hovsdalur, Hgvdarhagi, L274, Skopun, Fosen, Ashik and
Abernethy tephra (Figure 6.4) (Wastegard, 2002; Ranner et al., 2005; Pyne
O’Donnell, 2007; Lind and Wastegard, 2011; Matthews et al., 2011; Lind et

al., 2013). The Askja-S geochemical signature can also be discriminated
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from older widespread tephras such as the Vedde Ash based on higher SiO,

and CaO values.

Whilst chemical similarity is shown between the Askja-S Tephra and the 499-
500 cm deposit, the radiocarbon dates would suggest an older age than
presently suggested for the Askja-S Tephra. It is possible that PLL_500 could
be a previously unknown tephra originating from the Dyngjufj6ll volcanic
system, given the closely timed tephra deposits of similar chemical
signatures derived from Icelandic provenances, such as Katla (Lane et al.,
2012b) or the numerous Borrobol-type deposits discovered (Lind et al., 2016;
Jones et al., 2017). As yet, however, there are no reported findings of older
Askja-S-type tephras in the literature. As noted previously, Gudmundsdottir et
al., (2016) have reported a younger tephra — the Askja L— dated to
approximately 9400 cal BP (Striberger et al., 2012) and the Askja H tephra —
dated to 8850 years old has been identified by J6hannsdéttir, (2007). The
former tephra reveals an identical chemical composition to Askja-S but the
Al,O3 and FeO content for the latter differs from the Askja-S (Gudmundsdottir
et al., 2016). The Askja L and H, however, have never been discovered
outside of Iceland making the Askja-S correlation most likely in Pant-y-Llyn.
The lithostratigraphic information also supports this correlation to the early
Holocene Askja-S Tephra in line with other studies (e.g. Davies et al., 2003;
Wulf et al., 2016; Timms et al., 2016).

Table 6.2 - Summary geochemical data displayed as major oxide
concentrations (average and standard deviation) for the tephra layer 499-500
cm (PLL_500). A complete list of analyses and full microprobe operating
conditions can be found in the appendix.

Si0; TiO2, AlO; FeO MnO MgO CaO NaO KO P;0Os Total

499-500 cm wt %

average (n=33) | 73.86 030 1181 250 0.09 024 163 428 251 0.04 97.25
st dev 079 001 030 009 001 003 006 017 0.06 0.01 1.02
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7. Results - Cors Carmel, Carmarthenshire

7.1 Site description

Cors Carmel (Lat: 51° 49’ 20" N, Long: 4° 2’ 23” W) is a topogenous mire,
approximately 280 m long and 90 m wide, situated 210 m above sea level.
The mire is located 8 km north-east of Cross Hands, and lies in an infilled
bedrock basin within the Twrch Sandstone Formation (Figure 7.1). The site
has an elongated shape orientated ENE-WSW, in a region of gently
undulating terrain with higher ground (~40 m) north of the mire and a
lowering slope south east of the mire. There are no inflows but two small
outflows are present, one on the east side of the mire flowing in a ENE
direction and another originates towards the middle of the mire and flows in a
WSW direction along the southern rim of the mire (Figure 7.1). A
palaeoecological investigation was carried out by Walker and James, (1992)
where a Holocene pollen reconstruction was reported (Figure 7.2). New core
sequences were retrieved in October 2014 using a Russian sampler (5 cm
diameter), which successfully retrieved the Lateglacial tripartite sedimentary

seqguence.

7.1.1 Previous work at Cors Carmel

The classic Lateglacial tripartite sedimentary sequence was first established
at Cors Carmel by Walker and James, (1992). They note that 3-4 m of peat is
present in the narrowest part of the mire in the west, however they also note
that over 7 m of sediment was retrieved, including a full Lateglacial
seguence, in the eastern end of the mire where the basin widens into a more
circular shape. Four radiocarbon dates were obtained for the Holocene
sequence in the original study and are summarised in Table 7.1. These dates

constrain a full Holocene pollen diagram from 480-0 cm (Figure 7.2). A
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Table 7.1 — Radiocarbon dates from Cors Carmel as noted in Walker and
James, (1992).

Lab Ref No.  Depth (cm) Material 53C %  Date BP
OxA-3828 90 Ericaceae stems -25.8 3790 + 60
OxA-3829 255 Betula wood -25.7 4740 + 65
OxA-3830 370 Alnus wood -26.3 5135+ 70
OxA-3831 402 Betula wood -23.9 9285 + 95

treeless landscape is observed at the base of the sequence and
characterised by open-habitat and herbaceous taxa, which is thought to
represent the transition from the Loch Lomond Stadial to the Holocene. This
period is followed by a successional ecological change over the first ca. 1000
years of the Holocene. Heathland is replaced by juniper and willow scrub,
and then succeeded by birch and hazel woodland. This stage was followed
by a gradual hydroseral change where infilling of the former lake led to mire
development (Walker and James, 1992). Further woodland development is
seen after this period with the establishment of pine and oak, followed by elm
and ash and eventually alder at 375 cm. This mid-Holocene woodland
development period is followed by more open conditions at 250 cm with an
increase in grasses and heathland pollen which is thought to reflect an

increase in anthropogenic impact on the landscape through forest clearance.

7.2 Lithostratigraphy

The lithostratigraphy of the sequence examined in this study is shown in
Figure 7.3. Bedrock was not reached during coring and the retrieved
sedimentary sequence starts with a basal grey clay unit at 560 cm below the
surface. This grey clay deposit between 560-496 cm is thought to represent

sediment from the glacial period . This basal unit is overlain by 34 cm of
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brown organic lake muds (gyttja) which started accumulating at 496 cm (496-
462 cm). At 462 cm a reasonably gradual transition from organic mud to light
grey silty clay deposit (462-429 cm) is observed, distinctive of the Loch
Lomond Stadial. A gradual lithostratigraphic change is observed at 429 cm
typical of the shift to the early Holocene followed by dark organic peat at 414
cm. This lithostratigraphic tripartite sequence is akin to that reported by
Walker and James (1992) and characteristic of the Lateglacial found at
numerous other sites across the UK (e.g. Walker et al., 2003).

7.3 Bulk Sediment Chemistry (%C, %N and 3'°C)

Bulk sediment chemistry profiles are shown in Figure 7.3, where 4 zones
have been defined, based on the lithostratigraphic changes and chemical
data. A 4 cm sampling resolution was adopted between 390 and 520 cm.
Due to the lower number of samples compared to 400 samples for the Llyn

Llech Owain record, 10% HCI acid pre-treatment was undertaken.

In the lowermost zone, ChZ1, low %C values (<2 %) and %N values (<0.2 %)
characterise the basal clays between 520-497 cm. Minerogenic sediment
with low organic content is indicative of deposition within a still water
environment, with low productivity and thus a cold climate. Stable C:N ratio
values of around 12 occur in this zone in addition to stable 5C values of
around -23 %o indicating that the small amount of organic matter present
during this period is aquatic algal matter. 53C values of -21 to -24 %o and
C:N values of 9-11 are typical of algal/aquatic sources (Meyers and Lallier-
Verges, 1999). A gradual increase in %C and %N values is observed in zone
Chz2 with values peaking at 475 cm with values of 26 % and 1.5 %,
respectively. These higher values indicate increased productivity in the lake
environment suggesting climatic warming and probably vegetation
development in the catchment. Such changes are indicative of the Lateglacial
Interstadial. A short lived decrease in %C and %N occurs between 470-465

cm with values dropping to around 12 % and 0.9 %, respectively, followed by
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a return to higher values at 462 cm at the transition to ChZ 3. The C:N ratio
values show a gradual increase from 12 to 15 throughout ChZ 2 with a small
peak of 17 at 475 cm. A decrease in 5**C values is seen from -22.5 %o to -25
%o at the end of ChZ 2. A pronounced decrease spike (-27.2 %o) is seen at
475 cm coinciding with the small peak in the C:N profile which may indicate a

short lived period with increased terrestrial vegetation present.

ChZz 3 is characterized by prolonged low %C and %N values of around 7 %
and 0.5 %, respectively, indicating a return to cold conditions with deposition
in a low-productivity lake environment. The C:N ratio profile remains relatively
stable throughout ChZ 3 with values fluctuating around 15, however, a small
spike of 18 is observed at 455 cm. A sudden decrease in the 5*3C profile is
observed at the onset of ChZ 3 with values reaching around -28 %o at 458
cm, which remains stable until 435 cm. The 3*3C profile gradually increases
towards the termination of zone ChZ 3 and reaches a peak of -25.6 %o at the
onset of ChZ 4 at 426 cm. The 8*3C profile decreases from the onset of ChZ
4 to around -28.7 %o at 410 cm, followed by relatively stable values to the end
of ChZ 4 at 390 cm. The %C and %N profiles experience an abrupt increase
at the onset of ChZ 4 with values increasing to around 35 % and 2.5 % at
414 cm, which marks the onset of peat accumulation based on the
lithostratigraphy. This shows an abrupt increase in organic matter being
accumulated in the lake suggesting the development of vegetation around
the catchment. The %C values continue to increase to 55 % at 390 cm
whereas %N values appear to slightly stabilize for 16 cm until a sudden
decrease to 1.4 % at 390 cm. This decrease in %N at 398 cm has
subsequently affected the C:N profile with values increasing suddenly to 40
at 390 cm.

7.4 Sediment geochemistry by X-ray fluorescence (XRF)

Selected XRF elemental profiles are shown in Figure 7.4 and the full data set
is available in the appendix. The Ti and K have been normalized by the sum
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of the incoherent and coherent values and plotted as a 10 point moving
average. The Ti and K record has also been sub-divided into zones (XZ 1-4)
based on distinct changes in the profile. These two elements provide an
indication of the amount of detrital minerogenic in-wash into the basin
(Davies et al., 2015). Other minerogenic elements including Fe, Rb, Sr, Ba
and Si, show very similar profiles to Ti and K, therefore only the Ti and K are

shown here as representative elements for catchment in-wash.

High K and Ti values are seen within the basal unit (XZ 1) at 560 cm with
values of 0.09 and 0.10. A small gradual decrease in values is seen within
XZ 1 (560-495 cm) with values reaching 0.07 and 0.075 at 495 cm. These
high values indicate a sustained period of mineral in-wash into the basin,
typical of the glacial period. An abrupt shift in values is observed at the onset
of XZ 2 with values decreasing rapidly over 1 cm from 0.07 and 0.075 at 495
cm to 0.045 and 0.055 at 494 cm. A gradual decrease in K and Ti values is
seen between 495 and 477 cm with values decreasing from 0.045 and 0.055
to 0.01 for both elements. The lower values seen in XZ 2, points towards a
reduction in mineral in-wash, and thus slope stabilisation during the
Lateglacial Interstadial. Stable K and Ti values are seen for the remainder of
XZ 2 up to 462 cm, with the exception of a punctuated episode of higher
values of 0.02 and 0.025 between 472 and 466 cm. An abrupt increase is
observed at the onset of XZ 3 with values increasing from 0.02 and 0.025 at
462 cm to 0.03 and 0.035 at 460 cm. A gradual increasing trend is observed
throughout XZ 3 with values increasing from 0.03 and 0.035 at 460 cm to
0.05 and 0.055 at 429 cm. This unit is thought to represent the Loch Lomond
Stadial due to the increased rate of mineral in-wash and the low %C values
as mentioned in section 7.3. The onset of XZ 4 marks an abrupt decrease in
K and Ti values from 0.05 and 0.055 at 429 cm to 0.01 at 428 cm. This rapid
decrease in minerogenic in-wash is thought to represent the early Holocene
onset, which supports the bulk sediment geochemistry evidence where high
%C is evident. A further decrease in Ti and K values to near zero is observed

at 407 cm which is sustained to the top of the sequence at 350 cm.
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7.5 Tephrochronology

Tephra analysis was initially undertaken at a low resolution between 350-560
cm. Tephra shards were found throughout the sequence albeit in very low
concentrations with an average TSC of ~5 shards per 0.5 g dw (Figure 7.5).
The shards observed were all clear in colour and tended to have a platy and
fluted morphology. No distinct peaks were observed above this low
background. However, high-resolution analyses were undertaken from 5-cm
samples where >6 shards per 0.5 g dw were found to identify and isolate the
horizon to the nearest 1 cm. These were 520-525 cm, 510-515 cm, 500-505
cm, 485-490 cm, 475-480 cm, 420-425 cm, 390-395 cm, 375-380 cm, 355-
365 cm and are shown by grey bars in Figure 7.2. Two samples with <6
shards per 0.5 g dw were also processed at high resolution in an attempt to
isolate the widely dispersed Vedde Ash (440-445 cm within the Loch Lomond
Stadial) and Askja-S Tephra (420-425 cm within the early Holocene
sediments). Very few shards were identified in the high-resolution samples
with only a maximum of 2 shards per 0.5 g dw found at 500-501, 487-489,
478-479, 475-476, 420-421, 377-378 and 356-357 cm. However, no tephra
shards were extracted from any of the samples after several attempts.

196



: @Q <
,8&3 Low (5 cm) High (1 cm)
o resolution resolution
350 3
360 —I%X%
RS
370 —XX
bo%e)
KX
380 —X
RS =
390 —X =
400 —KX =1
P 0600 _
410 —BX —_
420 |
430 V4
440 —]
5 4s0 | =
o = — —
B 460 — -
[m] — o
470 —] —
480
490 —
500 — i
510 —| ]
520 —| =
530 — =
540 — T
550 _| o
el [TTT[TTT[TTT[TTIT] I
0 4 8 12 16 20 0 1 2

olive gytja

High (1 cm) sampling
undertaken

clear shards per 0.5 g (dry weight)
(25-80 pm / 2.3-2.5gcm?3)

Figure 7.5 - Total shard concentrations for Cors Carmel core 2014.

197



8. Discussion

8.1 Tephra discussion

Twenty-one individual tephra deposits have been identified in this study,
however, only 12 have been correlated, or tentatively correlated, to known
eruptions (Figure 8.1). All tephras are cryptotephra in form, with the
exception of HAM_1558, and at least eight tephras extend their geographical
distributions. Thirteen tephra deposits have been found in Wales, with the
majority identified at LIyn Llech Owain with one tephra identified at Pant-y-
Llyn. Very few tephra deposits have been identified in Wales and these
findings highlight the potential of applying tephrochronology to more proxy
records. Eight tephra deposits are identified in Lake Hamelsee, Germany,
two of which have been previously described in Merkt et al., (1993). Most
originate from Iceland and central Europe, however, there are suggestions
that two deposits in LIyn Llech Owain may have originated from far-travelled
sources. A synthesis of all tephra findings are shown in Figure 8.1 alongside
the key tephra deposits found in Iceland, central Europe and the Pacific Arc.
No tephra deposits at all were identified at Cors Carmel despite its close
proximity to LIyn Llech Owain. Several tephra deposits have not been
correlated to known eruptions and are considered to represent previously
undocumented events. There are significant inter and intra-site differences
observed in the tephra findings providing insights on tephra deposition and

taphonomic processes.

The following sections provide a synthesis of the main tephra discoveries in

chronological order and their implications.

8.1.1 Borrobol-type tephra deposits (LLO_ 804, LLO_ 782,
LLO 778, HAM_1616)
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Llyn Llech Owain and Lake Hamelsee preserve tephra deposits with a
chemical signature similar to the much studied Borrobol (BT) and Penifiler
Tephra (PT) deposits which have been described from distal sites in
Scotland. These two tephra deposits are known to be chemically
indistinguishable (Pyne-O’'Donnell et al., 2008; Matthews et al., 2011; Lind et
al., 2016) and may only be differentiated based upon secure stratigraphic
correlation. Both tephras are found within the Lateglacial Interstadial, with the
BT pre-dating the PT in the early interstadial. More recently there has been
evidence of further Lateglacial-age cryptotephra deposits with the same glass
shard composition resulting in a very complex tephrostratigraphy (Figure
8.2). Some Scottish sites have revealed such tephras in the glacial
sediments prior to the interstadial (Albert, 2007; MacLeod et al., 2015),
whereas Timms et al., (2016) have discovered another two tephra deposits
(QM1 213 and 218) with the same composition in the late Interstadial at
Quoyloo Meadow, in the Orkneys, Scotland (Figure 8.2). Another two tephra
layers with BT-type chemistry have been reported within the glacial period or
GS-2 age - one in a marine core on the North Icelandic shelf, dated to 16.49-
16.65 cal ka BP and named the KOL-GS-2 tephra (Eiriksson et al., 2000),
and the other identified in the NGRIP ice core which has an age of 17320 +
171 b2k (Cook, 2015) (Figure 8.2 and 8.3). It is unclear, however, whether

they represent the same eruption.

Although all these tephra layers are thought to have originated from Iceland
based on trace element data (Lind et al., 2016), the volcanic provenance is
still unclear, whereas previous studies have suggested Snaefellsjokull
(Davies et al., 2003), Oraefajokull (Lind et al., 2013), Torfajokull (Davies et al.,
2004) and also Hekla (Lind et al., 2013). Holocene tephras with the same
composition have also been discovered in NW European sites (e.g. Pilcher et
al., 2005; Lind & Wastegard 2011).

For this study, the difficulties of establishing correlations are evident when a
number of tephras with similar compositions are found within Lateglacial
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Figure 8.2 - Schematic tephrostratigraphy diagram for the Borrobol-type tephra deposits
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in their respective publications (Timms et al., 2016; Cook, 2015; Eiriksson et al., 2000; Pyne
O’Donnell, 2007; Matthews et al., 2011; Albert, 2007). NGRIP Borobol type and KOL GS-2 are
chronologically positioned based on ages published within their applicable studies (Cook,
2015; Eiriksson et al., 2000). BT at Loch an t'Suidhe is positioned in the glacial unit based on
LOI values in Pyne O’Donnell, (2007). LET-1a is positioned on the transition bewteen the
glacial unit and Lateglacial Inetrstadial based on LOI values in Albert, (2007) and MacLeod et
al., (2015). The Borrobol Tephra is positioned in the early Interstadial based on findings from
Borrobol and Whitrig Bog (Turney et al., 1997). The Penifiler Tephra is positioned in the mid
Interstadial based on findings from Tynaspirit West and Borrobol (Pyne O’Donnell, 2007) and
Abernethy Forrest (Matthews et al., 2011). QM1 213 and 218 are tephra deposits found from
Quoyloo Meadow (Timms et al., 2016), positioned during the late Interstadial. Some of the
deposits listed may represent the same eruption.
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Interstadial and preceding glacial period. According to lithostratigraphical
constraints, the HAM_T1616 deposit in Hamelsee, which has BT-type
chemistry (Figure 8.3), is approximately positioned stratigraphically in the
latter part of the Lateglacial Interstadial (Figure 4.5 and 8.2), suggesting the
most likely correlation is to either QM1 213 or QM1 218 found in the Orkneys
(Timms et al., 2016). However, without a more precise chronostratigraphy for
the Hamelsee sequence yet in place, correlation to any of the many Borrobol-
like cryptotephra deposits has to remain uncertain.

In the Llyn Llech Owain record, three tephra deposits have been identified
with a chemical signature similar to the Borrobol (LLO_804, LLO 782 and
LLO_778). Based on the %C curve and lithostratigraphy the LLO_804 was
deposited during the glacial period and thus may be correlated with either the
ice core GS-2 tephra and/or the KOL-GS-2 tephra (Figure 8.2). Geochemical
analyses reveal most chemical elements are indistinguishable, however,
there is an offset seen in the TiO, and CaO wt % data which rejects the
proposed correlation (Figure 5.15 and 8.3). Another possible correlation for
the LLO_804 deposit is the tephra discovered stratigraphically before the rise
in LOI values in the Loch an t'Suidhe record (Pyne O’Donnell, 2007) (Figure
8.2). Pyne O’'Donnell, (2007) notes that the stratigraphic position of the BT at
Loch an t'Suidhe, however, does not reflect another previously unrecorded
tephra and suggests that the LOI stratigraphy is inconsistent with other
sequences where organic matter accumulation at Loch an t'Suidhe lagged
behind other sites. Additionally, Walker and Lowe, (in press) discuss that
underpinning the Lateglacial Interstadial onset or the onset of lake
sedimentation is problematic due to the sediments being mostly devoid of
climatic proxies such as pollen, diatoms or chironomids. Therefore,
establishing the stratigraphical position for the Lateglacial Interstadial
temperature rise is difficult based on LOI data alone. However, at Loch an
t'Suidhe, there is a significant interval of 14 cm between the first occurrence
of tephra shards positioned at 663 cm and the rise in LOI values at 649 cm.
Although there are no radiocarbon constraints for this transition for the core
from Pyne O’Donnell, (2007), this seems too significant to represent a site-

specific lag in organic matter accumulation. In that case, this tephra in Loch
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an t'Suidhe may represent a BT-type eruption that occurred during the end of
the glacial period. A depth of 25 cm is also present between tephra deposit
LLO_804 and the initial rise in %C, suggesting a stratigraphical position
within the glacial period, despite the record not having a temperature
palaeorecord. Therefore, LLO_804 may also be a product of the same

eruption identified at Loch an t'Suidhe (Figure 8.2).

Tephra deposits LLO_782 and LLO_778 have been tentatively correlated to
the BT and PT respectively (see section 5.6). If an assumption was made
that the correlations are robust, the discoveries would expand the known
spatial distribution of the BT and PT further south (Figure 8.4) and
demonstrate the possibility of finding the BT and PT at other sites in north-
west Europe. The apparent absence of the BT or PT within Irish sites may
indicate that south Wales lay very close to the spatial distribution limit of the

ash cloud.

8.1.2 Glacier Peak G (LLO_766)

Tephra deposit LLO_766 has been correlated to the Glacier Peak G Tephra
sourced from the Cascade range in western North America. This deposit also
shows chemical affinity to the early Interstadial aged Roddans Port B tephra
identified in Northern Ireland (Turney et al., 2006). This may suggest both
LLO_766 and Roddans Port B to be a product of the Glacier Peak eruption,
however, the five geochemical analyses for the Roddans Port B deposit is
relatively diffuse and only identified at one site. More analyses and further
discoveries at other sites would confirm a robust correlation. Prior to this
study, the furthest discovery of the Glacier Peak G tephra was in the east of
North America in Maine and Nova Scotia (Pyne O’Donnell et al., 2016)
(Figure 8.5). This tephra is positioned stratigraphically in the early Lateglacial
Interstadial with an age estimate of 13.74-13.45 cal ka BP (Pyne O’Donnell et
al., 2016). This is the first transatlantic discovery of the Glacier Peak G

Tephra, resulting in a significant increase in its spatial distribution.
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Along with providing an age estimate and transatlantic isochronous markers
for the Llyn Llech Owain sequence, this finding has provided insights to the
travel distances of ash clouds from such volcanic eruptions across the
Atlantic Ocean and further into Europe, as previously revealed by recent
studies including Jensen et al., (2014) and Watson et al., (2017) with the
discovery the Alaskan White River Ash found in Britain, Poland and
Germany. With the understanding of the potential distances covered by these
large eruptions, assessments can be made to mitigate potential hazards
posed by future volcanic eruptions to airspace disruption. A classic example
of such airspace disruption is the 2010 Eyjafjallajokull event where a
medium-sized eruption (VEI 4) produced an ash plume that caused the
closure of airspace over Europe, cancelling over 100,000 flights, affecting 10
million passengers and costing the European aviation industry ~$3.3 billion
(Mazzocchi et al., 2010). Other eruptions of similar magnitude, or greater, are
known to have occurred previously. These are preserved in the sedimentary
record as cryptotephras and suggest that previous eruptions would have had
a similar if not more extensive, effect as the 2010 Eyjafjallajokull event
(Swindles et al., 2011). It seems likely that eruptions similar to those that
produced the Glacier Peak G Tephra, discovered from this study, could
potentially pose an even greater impact due to the ash plume extending over
North America and the Atlantic Ocean into Europe. Other recent studies have
also shown the vast ash plume distances that can be achieved by explosive

volcanoes, including Bourne et al., (2016) and van der Blit et al., (2017).

8.1.3 Laacher See Tephra (HAM_T1558)

Tephra deposit HAM_T1558 has been correlated to the widely dispersed
Laacher See Tephra (LST), as previously identified in Lake Hamelsee by
Merkt et al., (1993). Although glass shards of late Interstadial age were
identified in very low concentrations in Llyn Llech Owain (Figure 5.13),

geochemical analyses were not achieved to test a correlation to the LST. The
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LST originated from the Eifel region of Germany and is widely found within
Central European archives, occurring consistently within the latest part of the
interstadial (van den Bogaard & Schmincke, 1985). The Laacher See Tephra
has been dated to 12,880 + 40 varve years (Brauer et al., 1999) in Lake
Meerfelder Maar and to 12937+23 cal BP in a multi-site Bayesian-based
radiocarbon age model by Bronk Ramsey et al., (2015). HAM_T1558 shows
a predominant correlation to the upper phase of the LST, which is previously
thought to have been dispersed in a southerly direction rather than
northwards. Upper phase LST shards are also present in Wegliny, south-
west Poland (Housley et al., 2013) further contradicting the previously
thought dispersal axis of the upper phase LST. Some shards also show
affinity to the mid and lower phase of the LST, as indicated by the FeO, TiO,
and MgO values (Figure 4.8), suggesting that the dispersal of the phases

may have been more widespread than previously thought.

8.1.4 Vedde Ash (HAM_T1494)

Tephra deposit HAM_T1494 is correlated to the Vedde Ash, which erupted
from the Katla volcano in Iceland. The Vedde Ash has been dated to 12,121
+ 114 b2k in the Greenland ice cores (Mortensen et al., 2005; Rasmussen et
al., 2006), to 12,140 £ 43 varve yr BP in Meerfelder Maar (Lane et al., 2015)
and to 12,023 + 43 cal BP by Bronk Ramsey et al., (2015). This tephra has
been identified in several sites across NW Europe and marine cores from the
North Atlantic providing several isochronous links. Furthermore, it is also
present in the Greenland ice-core record (Mortensen et al., 2005), allowing
palaeoclimatic comparisons to be made with the widely used INTIMATE
event stratigraphy (Rasmussen et al., 2014).

The Vedde Ash was not found at Llyn Llech Owain or Cors Carmel, even
though it is considered as one of the most widely distributed tephra deposit
during the Lateglacial in NW Europe. Colourless glass shards with platy

morphologies were identified in Llyn Llech Owain during the Loch Lomond
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Stadial part of the record, however, a single distinct peak is not observed and
shards are in very low concentrations which prevented shard extraction for
geochemical analysis. The absence of the Vedde Ash may partly reflect the

ash plume limit.

8.1.5 Ulmener Maar Tephra (HAM_T1451)

Whilst geochemical analyses were not possible to measure the glass shard
composition of tephra deposit HAM_T1451, based upon the morphological
similarity, a distinct peak in TSC and corresponding stratigraphic position at
the onset of the Holocene, HAM_T1451 is tentatively correlated to the UMT.
This discovery is thought to be the first cryptotephra deposit found for the
Ulmener Maar tephra. However, the UMT has only been found in proximal to
medial sites including Meerfelder Maar and other sites in western Germany
only as a thin layer (Zolitschka et al., 1995; Brauer et al., 1999; Lane et al.,
2015). Due to the lack geochemical data and the restricted dispersal of the
UMT reported in the literature, HAM_T1451 is only tentatively correlated to
the UMT and remain speculative that the crystalised particels are a product
of the UMT eruption. If a secure correlation is made between HAM_T1451
and the UMT, its discovery in Lake Hamelsee would extended its dispersal
extent and highlight the possibility of tracing the UMT at other sites along the

same dispersal axis.

8.1.6 Askja-S (HAM_T1445-1444 and PLL_500)

Tephra deposits HAM_T1445-1444 and PLL_500 have been correlated to
the Askja-S Tephra, which is considered to be a key isochronous marker for
the early Holocene. The geochemical signature for the Askja-S Tephra is

very distinct and can be easily discriminated to other similarly aged Icelandic
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tephras on a TAS plot (Figure 8.6). This tephra has an extensive distribution
from Arctic Norway (Pilcher et al., 2005) to Switzerland (Lane et al., 2011)
and from northern Ireland (Turney et al., 2006) to north Poland (Wulf et al.,
2016). One age estimate for the Askja-S Tephra is 10,830 + 57 cal BP, which
was derived by age-modelling a range of radiocarbon dates (Bronk Ramsey
et al., 2015), however, Ott et al., (2016) provide an older age of 11,228+26
cal BP based on a varve-interval from the Hasseldalen tephra in Lake
Czechowskie, Poland. Based on the relative stratigraphic positions of tephras
in the Lake Hamelsee record, this study and Jones et al., (2017) suggests
that the Ott et al., (2016) age estimate is marginally too old than the age
estimate outlined by Bronk Ramsey et al., (2015). Its discovery in the Lake
Hamelsee record provides an important and precise age constraint for the
Hamelsee age model, where terrestrial plant macrofossils are sparse in this

part of the record for radiocarbon dating.

New findings in this study now allow Pant-y-Llyn and Hamelsee to be
precisely integrated within a broad palaeorecord network (Figure 8.7). Its
discovery at Pant-y-Llyn extends the geographical area of the Askja-S
Tephra deposition further south. Based on dispersal maps shown in recent
papers (e.g. Wulf et al., 2016) the single ash cloud covers most of north-west
Europe. However, we propose potential dispersal maps based on reported
Askja-S findings and negative findings (Table 8.1 and Figure 8.8), and
speculate that dispersal may have been characterised by more than one
plume trajectory. This approach to investigating ash cloud dispersal based on
negative findings can also be applied to other tephra deposits but is only
undertaken for the Askja-S Tephra for this study. Proximal deposits in
Iceland, however, suggest the main axis of Askja-S dispersal was mainly to
the NNE (Sigvaldason et al., 2002). We acknowledge that several other
factors may also account for the absence of the Askja-S Tephra in some
records (e.g. uneven ash distribution within sites, failure to pinpoint
cryptotephra deposits in low-resolution searches; Pyne O’'Donnell, 2011;
Timms et al., 2016), however, we use our maps to highlight geographical
areas that are most likely to result in fruitful recovery of the Askja-S deposit.

In particular, the relatively high shard concentrations (72 shards per 0.5 g dw)
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PLL - Pant-y-Llyn (Jones et al., 2017; this study)
H - Lake Hamelsee (Merkt et al. 1993; Jones et al., 2017;
this study)
Sc - Inverlair (Kelly et al. 2016); Turret Bank (Lowe et al.,
2017)
TS - Lake Tiefer See (Wulf et al., 2016)
NI - Lough Nadourcan & Lough Lough (Turney et al., 2006)
HP - Hasseldala Port (Davies et al. 2003;
Lind et al. 2016)
EB - Endinger Bruch (Lane et al. 2012c¢)
CZ - Czechowskie (Wulf et al. 2016)
S- Soppensee (Blockley et al. 2007)
QM - Quoyloo Meadow (Timms et al. 2016)
HV - Hovdarhagi bog (Lind et al. 2011)
R - Reitsvik (Sigvaldason 2002;
Gudmundsdéttir et al. 2016)
BB - Borge Bog (Pilcher et al., 2005)

e Askja-S

Figure 8.7 - Location map showing some of the key European sites to which Lake
Hamelsee and Pant-y-Llyn can be correlated through the Askja-S Tephra.

212



® a) L b)
£ £
60° ® 60° °
L] .. -~ L] .. ~
550 L ) = ° 55° ° - L]
oo L4 oo L4
L] L ]
50 . 50° '
" i . ‘e
s <) @ Pant-y-Llyn
£ o0 @ Sites where the Askja-S present
A [0 sites where the Askja-S is absent
,8:2?:: e o2 Dyngjufjéll volcanic center
( bV (Askja volcanic system)
190920 5.5
! ¢ - Askja-S spatial distribution
i  / G (modified from Wulf et al., 2016)
1
6@

Alternative Askja-S spatial distribution
(this study)

Figure 8.8 - Spatial distribution maps for the Askja-S Tephra. a) Sites where the Askja-S Tephra is
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213



Table 8.1- A compilation of positive and negative findings of the Askja-S
Tephra (ordered by publication date). Absences are noted according to the
sampling interval, age models and the stratigraphic position of other tephras
in the original studies.

Site Latitude Number | Reference Askja-S
and in Figure Tephra
Longitude | 8.8 present

Lake Hamelsee, | 52°45'N, |1 Jones et al., 2017 | Yes

Germany 9°18'E

Turret Bank, 57°00' N, 2 Lowe et al., 2017 Yes

Scotland 4°44' E

Inverlair, 56°52'N, |3 Kelly et al., 2016 Yes

Scotland 4°43' W

Quoyloo 59°03'N, |4 Timms et al., 2016 | Yes

Meadow, 3°18'W

Scotland

Lake Tiefer 53°35'N, |5 Wulf et al., 2016 Yes

See, Germany | 12°31'E

Lake 53°562'N, |6 Wulf et al., 2016 Yes

Czechowskie, 18°14'E

Poland

Meerfelder 50°06'N, |7 Lane et al., 2015 No

Maar, Germany | 6°45'E

Store Slotseng | 55°19'N, 8 Larsen & Noe- No

basin, SW 9°16'E Nygaard, 2014

Denmark

Granlia fen, 63°47'N, |9 Lind et al., 2013 No

Norway 10°28' E

Wegliny, Poland | 51°49'N, |10 Housley et al., No
14°43'E 2013

Mulakullegadl, 57°12'N, |11 Lilja et al., 2013 Yes

Sweden 13°25'E

Tovelde, 54°57" N, 12 Yes

Denmark 12°17'E Larsen, 2013

Endinger Bruch, | 54°14' N, 13 Lane et al., 2012 Yes

Germany 12°53'E

Havnardalsmyr | 62°01'N, |14 Kylander et al., Yes

en, Faroe 6°84' W 2012; Wastegard
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highlight the tantalising possibilities of tracing the Askja-S Tephra, as well as
other Icelandic tephras, further south in the British Isles and perhaps France.
However, the Askja-S Tephra was not found at LIyn Llech Owain or Cors
Carmel. Twenty-two clear shards were identified in sample 670-665 cm in the
early Holocene part of the Llyn Llech Owain record which may be correlated
to the Askja-S Tephra based on stratigraphic position (Figure 5.13).

However, no shards were identified after high resolution searching to isolate
a peak and no shards were extracted to enable geochemical analysis to
confirm a correlation. The stratigraphical position may also be too close to
the Holocene onset which may suggest the Hasseldalen Tephra a more likely

candidate.

In the Pant-y-Llyn sequence, the radiocarbon date at 510 cm (10 cm below
the Askja-S Tephra) has revealed an age range of 12,958-12,713 cal BP,
almost ~2000 years older than the Askja-S Tephra. A further date of 12589—
12105 cal BP is obtained from the sample dated at 395 cm (Table 6.1 and
Figure 6.3). Given the hard-water error that affects sediments in limestone
terrain (Walker, 2005), we suggest that these ages cannot be used to obtain
a reliable age-model, especially the sample obtained from 395 cm where
CaCOg; content is 68 %. The discrete Askja-S peak, however, provides a
well-constrained age marker for the lowermost part of the sequence and
constrains the brown gyttja to the early Holocene interval. Although bedrock
was not reached during coring, the Askja-S Tephra provides a minimum age
estimate for the sediment sequence and indicates that the underlying silty-
clay unit is likely to represent the Loch Lomond Stadial. Further work will
need to ascertain whether a full Lateglacial sequence is preserved at the site;
such records are limited in number in south Wales (e.g. Walker et al., 2003,
2009).

8.1.7 Saksunarvatn Ash (HAM_T1401.5)
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Tephra deposit HAM_T1401.5 has been correlated to the Saksunarvatn Ash
which has been found in several terrestrial sites in Europe (Timms et al.,
2016), and in several marine cores, including LINK 14:185 in the North
Atlantic (Rasmussen et al., 2011; Davies et al., 2012). A tephra deposit of the
same major element composition has also been identified in the GRIP ice
core (Gronvold et al., 1995; Davies et al., 2012) with an age of 10,297 + 45
b2k (Rasmussen et al., 2006). However, Davies et al., (2012) demonstrate a
compositional difference between the tephra in GRIP and LINK 14:185 based
on trace element data which may suggest two separate eruptions occurred
closely spaced in time, with two ash plumes directed in opposite directions to
one another. Bramham-Law et al., (2013) also supports the two axis of
dispersal with trace element data from Potremser Moor, Germany, correlating
with the LINK 14:185 south-east deposit. Consequently, HAM_T1401.5 is
correlated to the eruption that dispersed ash in a south easterly direction, as
initially recognised by Mangerud et al., (1984). The Saksunarvatn Ash has
been dated at Krakenes to 10,210 + 35 cal BP (Lohne et al., 2014). The
addition of the Saksunarvatn Ash to the already well established
tephrostratigraphy record at Lake Hamelsee, makes it a key tie point site and
an important addition to the overall European tephrostratigraphic framework
for the Lateglacial (Lowe et al., 2015) (Figure 8.9). Lake Hamelsee will play a
key role in providing links between central and northern European sites and
also with the Greenland ice core records, which form the basis for the widely

used INTIMATE event stratigraphy (Rasmussen et al., 2014).

8.1.8 Fondi di Baia (LLO_580)

Tephra deposit LLO_580 has been tentatively correlated to the Fondi di Baia
Tephra, sourced from Italy. The Fondi di Baia Tephra is stratigraphically
positioned in the early Holocene and dated to 9695-9525 cal BP (Smith et al.,
2011). This eruption was not thought to have been a widely distributed tephra
deposit because it has only been identified in two sites relatively close to the
source volcano. These sites are the PRAD core in the central Adriatic Sea
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CZ - Czechowskie (Wulf et al., 2016)
LB - Lake Bled (Lane et al., 2011b)
PA - Lago Piccolo di Avigliana (Lane et al., 2012b)
S - Soppensee (Blockley et al., 2007)
MM - Meerleder Maar (Lane et al.,, 2015)
AF - Abernethy Forest (Matthews et al., 2011)
QM - Quoyloo Meadow (Timms et al,, 2016)
HV - Hovdarhagi bog (Lind et al,, 2011)
R - Reitsvik (Sigvaldason, 2002;
Gudmundsdéttir et al., 2016)
F - Fnjoskadalur (Norddahl & Haflidason, 1992)
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Figure 8.9 - Location map showing some of the key European sites to which Lake Hamelsee
can be correlated through one or more tephra deposits.
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(Bourne et al., 2010) and Lago Grande di Monticchio (Wulf et al., 2008).
However, geochemical data from Smith et al., (2011) has demonstrated that
the proposed correlation of TM-6-1 tephra deposit in the Monticchio record
(Wulf et al., 2008) and the PRAD-120 tephra deposit (Bourne et al., 2010) to
the Fondi di Baia eruption could not be confirmed (Sabine Wulf, pers comm).
This indicates that synchronisation of proxy data between these Italian sites
and Llyn Llech owain is not currently possible. Further work is required to
explore this correlation. The discovery of the Fondi di Baia Tephra at Llyn
Llech Owain, however, has increased its spatial distribution by a significant
distance and suggests the ash plume may have been transported in a north
westerly direction. This discovery is the first Italian tephra deposit found
within a British site, with the exception of one tephra deposit, identified at
Exmoor (Fyfe et al., 2014), that has been tentatively correlated to an un-
named early Holocene Italian eruption of Campi Flegrei. This proposed
correlation is tentative due to it only being present in two relatively local sites,
as noted above, and not found in any other more northerly sites. It is also
guestionable whether the ash plume could have travelled in a north westerly
direction against the prevailing westerly winds. However, one could argue
that the wind may have been blowing in a direction towards Wales at the time
of eruption, as may have been the case with the Icelandic tephra deposits
found in the NGRIP and NEEM ice cores (Abbott and Davies, 2012; Bourne
et al., 2015), located north-west of Iceland. As noted in section 5.6, the
geochemical composition does not correlate perfectly with slight differences
seen in the Na,O and K;O values. More geochemical analyses may confirm

a more robust correlation.

The addition of this tentatively correlated Italian tephra, along with North
American and Icelandic tephra deposits, makes Llyn Llech Owain a key site

enabling connections to be made across vast areas (Figure 8.10).

8.1.9 Lairg A (LLO09_516)
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LLO - Llyn Llech Owain (this study)

Map A:

G - GRIP (Pearce et al., 2004)

CS - Chukchi Sea (Pearce et al., 2017)

ZL - Zagoskin Lake (Kaufman et al., 2012)

NP - Nordan's Pond Bog (Pyne O'Donnell et al.,
2012)

Ma - Crocker Pond (Pyne O'Donnell et al., 2016)
NS - Veihnot Lake and Tin-Ice Pond (Pyne
O'Donnell et al., 2016)

Map B:
HP - Hasseldala Port (Davies et al. 2003;
Lind et al. 2016)
BB - Borge Bog (Pilcher et al., 2005)
DS - Degeré Stormyr (Watson et al., 2016)
MM - Malham Moss (Watson et al., 2016)
J - Jardelunde (van den Bogaard and Schminckle,
2002)
G - Grambow (van den Bogaard and Schminckle,
2002)
TH - Temple Hill Moss (Langdon et al., 2003)
S - Sluggan (Hall et al., 1994)
M - Moyreen (Plunkett, 2006)
WB - Whitrig Bog (Turney et al., 1997)
AF - Abernethy Forrest (Matthews et al., 2011)
LS - Loch an t'Suidhe (Pyne O'Donnell, 2007)

= Aniakchak s Lairg A
e (|acier Peak G s Penifiler
— BOrTObOI

Figure 8.10 - Location maps showing some of the key sites to which Llyn Llech Owain can be correlat-
ed. Map A - through the Glacier Peak G and Aniakchak Tephras. Map B - through the Lairg A, Penifiler
and Borrobol Tephras.
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Figure 8.11 - Spatial distribution map of sites including the Lairg A tephra. (Modified from Lawson et al.,
2012 and Watson et al., 2016). 1 - Sellevoll (Vorren et al., 2007), 2 - Borge (Pilcher et al., 2005), 3 -
Klocka Bog (Bergman et al., 2004), 4 - Degeré Stormyr (Watson et al., 2016), 5 - Jardelunde (van den
Bogaard and Schminckle, 2002), 6 - Grambow (van den Bogaard and Schminckle, 2002), 7 - Lairg
(Dugmore et al., 1995), 8 - Temple Hill Moss (Langdon et al., 2003), 9 - Malham Moss (Watson et al.,
2016), 10 - Garry Bog (Hall et al., 1994), 11 - Fallahogy (Barber et al., 2000), 12 - Ballynahone (Pilcher
et al.,, 1996), 13 - Sluggan (Hall et al., 1994), 14 - Claraghmore (Watson et al., 2016), 15 - An Loch Mor
(Chambers et al., 2004),16 - Moyreen (Plunkett, 1999, 2006). Red dot represents the Llyn Llech Owain
location.
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Tephra deposit LLO09_ 516 has been correlated to the Lairg A eruption which
is stratigraphically located in the early-mid Holocene. More geochemical
analyses than what was achieved for this study (4 analyses) would confirm a
more robust correlation. The Lairg A Tephra has an age estimate of 6947-
6852 cal yr BP (Pilcher et al., 1996). This discovery extends the spatial
distribution further south (Figure 8.11) and enables correlations with other
Lairg A bearing sites including Claraghmore bog and lake, Malham Moss and
Degero Stormyr (Watson et al., 2016) (Figure 8.10).

8.1.10 Aniakchak (LLO09_297)

Tephra deposit LLO09 297 has been tentatively correlated to the Aniakchak
Tephra sourced from the caldera-forming eruption of Aniakchak from the
Aleutian Range, southwest Alaska. A distinct TSC peak is observed at 297
cm and the geochemical composition firmly correlates with the Aniakchak
Tephra, however, only two analyses were achieved. Further analyses would
make the correlation more robust. This eruption is thought to have had a very
widely dispersed tephra layer associated with the Aniakchak volcano with an
estimated eruptive volume of >50km? (Miller and Smith, 1987). Prior to this
study, this tephra was already recognised for its wide spatial distribution with
findings from the Prospector-Russell Col ice core, St Elias Mountains
(Zdanowicz et al., 2014), sediment record from Newfoundland, eastern North
America (Pyne-O’Donnell et al., 2012), a marine core on the SE Greenland
shelf (Jennings et al., 2014), the Arctic ocean (Pearce et al., 2017) and from
the GRIP ice core in Greenland (Pearce et al., 2004; Coulter et al., 2012)
(Figure 8.10). However, no findings have been reported as far as Wales.

The age estimate for the Aniakchak Tephra is subject to debate. The age
estimate based on all available radiocarbon dates, is in disagreement with
the Greenland ice core age (Davies et al., 2016). However, Pearce et al.,
(2017) conclude that after taking account of the offsets between the IntCall3

radiocarbon timescale and the GICCO5 ice-core timescale (Adolphi and
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Muscheler, 2016), a better agreement is seen and provides an age estimate
of 3572 + 4 cal BP for the Aniakchak Tephra. Although core 2009 has no
chronological constraints to support this correlation, LLO09_297 is
stratigraphically located approximately in the mid Holocene part of the
sequence making the correlation to the Aniakchak tephra plausible. Along
with providing a precise age estimate for this part of the Llyn Llech Owain
record, this tephra provides a direct isochronous link with the Greenland ice-
core record, which is considered as a stratotype for the North Atlantic, where

comparisons can be made between climate information during this period.

8.1.11 Unknown tephra deposits — new eruptions?

Out of the 21 geochemically analysed tephra deposits found within this study,
eight deposits have not been correlated, or tentatively correlated, to any
known eruptions and may represent new or previously undocumented
eruptions. The uncorrelated deposits include LLO_767, LLO_483, LLO_467,
LLO 580 pop 2 and 3, LLO09 505, LLO09 345 (pop 1, 2 and 3),
LLOO09_297 (2 outliers), and HAM_T1470 and HAM_T1456-1455 pop 2.
These non-correlated tephra deposits suggests that our current
understanding of widespread tephra deposits is incomplete, even for the time
period as vastly studied as the Lateglacial and Holocene and demonstrates

the insight gained from investigating distal locations.

All uncorrelated tephra deposits have rhyolitic compositions which are
typically produced during very explosive eruptions (sub-plinian to plinian) and
typified by platy and bubble-wall morphological features (Lane et al., 2015).
Therefore, the shards produced during such eruptions, along with the small
shard sizes that are observed for these deposits, can be transported very
long distances, as illustrated by the Glacier Peak G and Aniakchak Tephras
found in the Llyn Llech Owain record. Reference geochemical tephra
datasets and regional tephrostratigraphy review papers for Europe are

reasonably well-established for enabling correlations (e.g. RESET — Bronk
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Ramsey et al., 2015; Davies et al., 2012: Lawson et al., 2012; Blockley et al.,
2014), however reference datasets and tephrostratigraphy papers for
volcanic regions from further afield, where some of these non-correlated
deposits may have originated from, may not be as complete limiting the

possibility of tephra correlations.

Tephra layer LLO_767 is positioned 1 cm below the Glacier Peak G tephra in
the early Lateglacial Interstadial sediments which has an age estimate of
13.74-13.45 cal ka BP (Pyne O’Donnell et al., 2016). A distinct but small
peak of nine shards is observed at 767 cm indicating that it may not be as
significant as the larger TSC seen in other unknown tephra deposits found in
this study (e.g. LLO09_505). With the exception of one Glacier Peak G shard
in the same sample, it has a homogenous rhyolitic composition based on the
analysis of 13 shards. The main population distinctly differs to the
geochemical signature of the BT, based on higher FeO values, and also
differs to other known Lateglacial Interstadial aged tephras including
Roddans Port A and B, Dimna Ash, Laacher See Tephra and Neopolitan
Yellow Ash (Figure 5.17). The geochemical data for this deposit lies within
the Icelandic geochemical envelope (Figure 5.24 and 8.12) and could
potentially represent an additional key tephra for the early Lateglacial

Interstadial.

Population 2 (two analysed shards) and population 3 (three analysed shards)
of tephra deposit LLO_580 are also not correlated to any known eruptions.
The TAS plot and FeO vs TiO; plot (Figure 5.19) shows a degree of similarity
between population 2 and the Hovsdalur and Hasseldalen, whereas
population 3 shows affinity to the Hasseldalen tephra. The CaO values,
however, are offset with both correlatives. Both populations are positioned
within the Icelandic geochemical envelope (Figure 8.12) and the geochemical
similarity to the Hovsdalur and Hasseldalen Tephras supports the suggested
Icelandic source for these deposits. These populations may represent new
eruptions and offer additional tephras for the already highly populated

tephrostratigraphy for the early Holocene. These non-correlated shards are
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Figure 8.12 - Bivariate plot of SiO, v K,O concentrations in tephras derived from the main
European ash provinces. Adapted from Davies et al., (2002) and Mortensen et al., (2005).
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part of the same deposit as the tentatively correlated Fondi di Baia tephra
deposit, giving an age estimate of 9695-9525 cal BP (Smith et al., 2011).

Tephra deposit LLO09 345 consists of three chemical populations (Figure
5.22), all of which are located within the Icelandic geochemical envelope
(Figure 5.24 and Figure 8.12). A reasonably large and distinct peak of 104
shards is observed at 345 cm in core 2009 which suggests a significant
tephra deposit which, potentially may be deposited in other sites in Britain
and possibly Europe. Population 1 and 3 are chemically distinct from other
Icelandic tephras of similar approximate ages, including the Lairg A and B,
Hoy, Microlite, Hekla 3,4,5, BMR-190 and Kebister tephras. This suggests

both populations may represent two unknown but closely timed eruptions.

Population 2 of LLO09 345 and an outlier shard from LLO09_ 297 shows
affinity to the early Holocene Askja-S tephra. However, LLO09 345 is
stratigraphically located in the mid Holocene part of the Llyn Llech Owain
sequence which rejects a correlation with the Askja-S Tephra. Until recently,
there have been no reported findings of other younger Askja-S type tephras
found, however Gudmundsdéttir et al., (2016) have reported a younger
tephra — the Askja L— dated to approximately 9400 cal BP (Striberger et al.,
2012).The Askja-L tephra has an identical chemical composition to Askja-S,
however the age estimate differs to the approximate stratigraphic position of
LLOO09 345 which lies more towards the mid Holocene (~5,000 years BP).
This discovery may indicate the Askja volcano to be more active during this
period and that population 2 of tephra layer LLO09_ 345 may represent a new

or previously unknown Askja eruption.

Tephra layers LLO 483, LLO_468 and LLOQ9_505 show affinity to the
Icelandic 1362 Oraefajokull eruption based on chemical composition alone,
however they are stratigraphically positioned in the early-mid Holocene. A
distinct peak and reasonably high TSC is observed for all three deposits (44,
46 and 63 shards per 0.5 g) (Figure 5.13) suggesting significant tephra
deposits which may be found at other sites. As yet, there is no evidence for
older Oraefajokull eruptions of early-mid Holocene age recorded in the
literature, which indicates LLO_483, LLO_468 and LLO09 505 to be newly
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identified eruptions. Tephra deposit LLO09 505 was identified in core
sequence 2009 and potentially correlates to either LLO_483 or LLO_468
found in the 2013 core sequence. LLO09_505 may correlate to either deposit
from the 2013 core. These findings have provided new insights to the
eruptive history of the Oreefajokull volcano which indicates the volcano was

more active than previously thought.

Tephra glass shards analysed from HAM_T1470 are chemically
indistinguishable from HAM_T1494 (Vedde Ash) (Figure 4.9), 23 cm below,
and glass shards are found in all samples between these deposits.
HAM_T1470 has a relatively diffuse peak and a TSC of 12 at 1470 cm. The
deposit occurs above the onset of the Holocene in the Hamelsee sequence
and thus careful consideration is required to ensure that this does not

represent any reworking into the basin.

Two stratigraphically separate tephra horizons with Vedde Ash-like chemistry
are present in the Abernethy Forest record (Matthews et al., 2011). AF591
(early Younger Dryas) has been attributed to the widely distributed Vedde
Ash, and AF555 (late Younger Dryas) is considered to represent a separate
eruption (Abernethy Tephra). Two separate tephra horizons with
compositions matching the rhyolitic phase of the Vedde Ash are also present
at Muir Park Reservoir, Loch Etteridge, and Lochan an Druim in Scotland
(MacLeod et al., 2015), however the stratigraphic position of the younger
tephra deposit correlated to AF555 is inconsistent, as it is seen both just
above and just below the Younger Dryas to Holocene boundary. In assessing
whether HAM_T1470 could represent an occurrence of another, separate,
Vedde Ash-like tephra deposit (~AF555), we need to consider the profile of
tephra distribution in the core and the possible origin of the tephra shards
found above HAM_T1494 (correlated to the Vedde Ash) before the next
sample where no shards were found. In Hamelsee, a reduction in TSC is
seen between HAM_T1470 and HAM_T1494 which could indicate that the
small peak at 1470 cm was generated by the primary deposition of a second,

compositionally indistinct, tephra deposit. If so, HAM_T1470 could well be
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correlated to the Abernethy Tephra (11,462 + 122 cal BP; Bronk Ramsey et
al., 2015). However, as described above, all small tephra peaks analysed
between 1475 -1449 cm contain shards of Vedde Ash composition,
originating from the Katla volcanic system. This either indicates that the Katla
volcano was very active during this period with several eruptions occurring
or, a more plausible reason, it indicates evidence of re-working by
bioturbation, turbidity and/or delayed in-washing of material from the
catchment. Kleinmann et al., (2001) report that Hamelsee underwent rapid
lake level variations during the early Holocene, which could easily have led to

sediment reworking.

The reoccurrence of Vedde Ash chemistry shards throughout the early
Holocene is also reported from Orkney, Scotland (Timms et al., 2016), where
a high TSC peak for the Vedde Ash is also present. This may be due to
secondary deposition of the Vedde Ash where shards were isolated or
trapped in the surrounding catchment. Two glass shards that are
indistinguishable to HAM_T1445-1444 have also been found in HAM_T1451
further suggesting these depths is subject to re-working. The combination of
the low TSC of HAM_T1470, its indistinct composition, its position in an
interval that is characterised by relatively abundant shards of reworked
Vedde Ash material (HAM_T1494) and the many eruptions of Vedde Ash-like
tephra from Katla reported in the literature (Lane et al., 2012; MacLeod et al.,
2015), means that we are unable to prove a firm correlation of HAM_T1470
to a specific eruption event and believe, most likely, that it represents

reworking of Vedde Ash material.

Population 2 from tephra deposit HAM_T1456-1455 is also considered a
non-correlated tephra, of Icelandic origin (Figure 8.12), after comparisons
with similarly aged tephras including Hasseldalen, Hovsdalur, Fosen, L-274,
Suduroy, An Druim, Breakish, Hgvdarhagi, Abernethy, Skopun and Ashik.
This deposit is stratigraphically positioned in the early Holocene in the
Hamelsee sequence and 5 cm below the tentatively correlated ~11 ka BP
Ulmener Maar Tephra (HAM_T1451). This population could be an additional
isochronous marker for the early Holocene.
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Caution must be taken when interpreting some of these tephra deposits,
especially LLO_580, population 2 and 3 of LLO09_ 345 and the outliers in
LLO_297. One could argue that they are not robust enough to be valuable
because of insufficient amount of chemical analyses due to the low
concentration of shards that were extracted for analysis (e.g. LLO09_ 297
outliers). Heterogeneous chemical compositions also indicate tephra layers
that are not robust (e.g. LLO09_345), however these could be reflecting
several phases of an eruption or several closely spaced eruptions being

deposited in close succession.

The most significant and perhaps has the biggest potential to be valuable for
future work out of the unknown deposits found with-in this study may be

LLO 483, LLO_468 and LLO09_505. Distinct peaks and reasonably high
TSC (44, 46 and 63 shards per 0.5 g) are observed for the three deposits in
addition to homogenous geochemical composition, showing affinity to the
Icelandic 1362 Oraefajokull eruption. Nine-teen geochemical analyses was
achieved for LLO_483 making it a robust and homogenous data set for future

comparisons.

8.1.12 Within site and inter-site differences: tephra deposition and
taphonomic processes

There are significant inter and intra-site differences observed in the tephra

findings within this study. These include:

o Marked differences in tephra deposit preservation between sites in
close proximity to each other

e Variations in shard concentrations between cores sampled from the
same site.

e Lateral variations in shard concentrations for the same deposit found

within the same core.

229



The absence of specific tephras between the Welsh sites, of close proximity
(<4 km), are striking with a number of deposits found in the Llyn Llech Owain
record, none found in Cors Carmel and only one found in Pant-y-Llyn, albeit
only the early Holocene part was searched at Pant-y-Llyn. One would
potentially expect to find a similar amount of tephra deposit in each
sequence, perhaps with slightly differing TSCs, however this was not the
case. Tephra shard presence was recorded in the Cors Carmel sequence,
but TSC were too low (~2 shards per 0.5 g) to allow shard extraction for
geochemical analysis. Not even the relatively high TSC of tephra layer

LLO 804 from the Llyn Llech Owain sequence was present in the Cors
Carmel record. Another observation made between the Welsh sites is the
presence of the Askja-S tephra in the Pant-y-Llyn sequence but not in the
Llyn Llech Owain or Cors Carmel sequence. PLL_500 also has a relatively
high shard concentration (72 shards per 0.5 g) suggesting the possibility of it
being preserved in the Llyn Llech Owain or Cors Carmel sequence. A peak of
24 clear shards was initially found in the early Holocene part of the Llyn Llech
Owain sequence at 670-665 cm (low resolution sample) which potentially
could have been the Askja-S Tephra based on stratigraphic position. High
resolution (1 cm) sampling, however, revealed no peak with <3 shards
present. Three unsuccessful high resolution sampling attempts were made to
try and isolate a peak. Another striking observation made from the Llyn Llech
Owain and Cors Carmel records is the absence of the most widely dispersed
tephra deposit found across north-west Europe; the Vedde Ash (Lane et al.,
2012).

Differences are also seen between the TSC of the tephra deposits observed
in core H1 and H2 in Lake Hamelsee. Comparing both the low and high
resolution samples shown in Figure 4.5, TSC are consistently higher in H2
than in H1. Both cores were retrieved from the middle of the lake and within
10 m of each other. These results show that TSC are not constant over the
profile of the lake. Even within 10 horizontal meters, a significant difference
can be seen. This is exemplified by a difference of ~300 um in thickness of
the LST tephra in these latest cores, to those studied by Merkt and Mdller
(1999).
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There are a number of possible explanations for the differences noted above.
These include taphonomic processes such as deposition onto an uneven
lake bed at the time of tephra deposition and patchy distribution on the lake
bed due to within-basin focussing and redistribution of tephra shards. Such
variation in tephra distribution and thickness has been observed before. For
example, differences of >20 cm in the thickness of a visible tephra have been
observed within cores taken from different areas of Lake Krakenes
(Mangerud et al., 1984). Such differences are also seen at Loch Ashik where
the visible Vedde Ash layer found at one core may not be visible at a
neighbouring core retrieved ~10 m away (Davies et al., 2001). Many factors,
such as the depth and size of the lake and its susceptibility to wind,
sedimentation rates and catchment inlets (e.g. Boygle, 1999; Pyne O’'Donnell
et al., 2011) may cause patchy or uneven tephra deposition within lake
systems. The cause of remobilised tephra shards (or any small particles)
may have been triggered by wind-driven currents at the sediment water
interface (Mackay et al., 2012), although there are many influences for this
process including depth and size of the lake, scale of inputs, sedimentation
rate and its susceptibility to high winds. Additionally, small topographic
variations such as hummocks and intervening hollows on the catchment bed
may have caused patchy distribution of tephra layers (Downing & Rath,
1988). Watson et al., (2016) discuss a comparison of tephra presence and
TSC between bogs and lakes of close proximity. Evidence of patchy
distribution and internal re-working is demonstrated as they detected two
specific tephras in the peat bog sequence that had equal TSCs suggesting
two eruptions of a similar magnitude. However, in the nearby lake, the same
two tephras were detected but one had TSCs 30 times higher suggesting one
tephra had been focussed laterally to the coring location. Evidence of within-
site variations is also seen in peatlands where suggested causes include
uneven deposition from the atmosphere and lateral movement of tephra over
the surface of the peatland prior to its incorporation in the peat (Watson et al.,
2015).

Chance may be a decisive factor, with regards to the coring position, for

finding tephra layers in sequences from lakes or peat bogs (especially
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cryptotephras with low shard concentrations). The core could have been
extracted from a location where several tephra layers had been preserved
due to within basin focussing, however, a core containing no preserved
tephra layers, such as the Cors Carmel sequence in this study, could easily
have been extracted only a few lateral meters away. When TSC’s are low,
within-lake processes can favour tephra detection, by focussing shards and
thus improving the detection limit for tephra layers (Watson et al., 2016),
providing luck is on your side and the coring location lies on the spot where

the tephras had been focussed.

Preferential deposition of some tephra horizons close to catchment inlets is
seen in Scottish lakes (Pyne O’Donnell et al., 2011). No inlets are present at
Llyn Llech Owain, however, the core location is close to the outflowing
stream (Figure 5.1), which possibly could favour or decrease the chances of
preserving tephra layers. Early Holocene tephra layers are also known to
have been preserved in greater shard concentrations in the deepest central
part of lakes, which is hypothesised to be due to a more intensified central
focussing associated with early Holocene basin infilling (Pyne O’Donnell et
al., 2011). The core at LIyn Llech Owain was extracted from the south west
rim of the lake rather than the central area (Figure 5.1). Based on the findings
of Pyne O’Donnell, (2011), a higher number of early Holocene tephra layers,
and in greater shard concentrations, could possibly have been found if the

Llyn Llech Owain core was extracted from the centre of the lake.

The proximity of the two cores collected from Hamelsee would suggest that
within-basin particle redistribution was in some way responsible for the
difference in TSC. The implications for cryptotephra studies are important
where no single core may be perfectly representative of the full sediment
record at a site, therefore careful consideration of coring location is important.
The lake Hamelsee study, where two parallel sequences can be investigated,
increase the chances of recording a complete sequence and provide detailed

valuable insights into the variability of sedimentation within a lake basin.
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8.1.13 Conclusion

Welsh sites were previously thought to be a barren of tephra deposits of any
origin, and perhaps assumed to be out of reach of ash dispersal. Until
recently, very few Icelandic tephras have been found south of 53° latitude
and east of 6° longitude (Figure 2.4) and our new findings in this study
indicate that this is not a reflection of the dominance of more northerly
dispersal trajectories (see also recent findings outlined in Watson et al.,
2017). In the Llyn Llech Owain record, twelve tephra deposits have been
found with six of those tentatively correlated, or tentatively correlated, to
known eruptions: Borrobol, Penifiler, Glacier Peak G, Fondi di Baia, Lairg A
and Aniakchak. These findings mark Llyn Llech Owain as a key site with
tephra deposits originating from three different volcanic regions (North
America, Italy and Iceland)(Figure 8.13) allowing site correlations over a vast
area (Figure 8.10). The Pant-y-Llyn record contains the Icelandic Askja-S
Tephra allowing correlations with other Askja-S Tephra bearing sites (Figure

8.7). No tephra deposits were found in the Cors Carmel record.

In the Lake Hamelsee record, 8 tephra deposits have been found, with four
correlated to known eruptions: Laacher See Tephra, Vedde Ash, Askja-S,
Saksunarvatn Ash. The new tephrostratigraphical record, within a partially
varved Lateglacial sediment record, highlights the importance of Lake

Hamelsee as a key site within the European tephra lattice (Figure 8.9).
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8.2 Using correlated tephra deposits to constrain past

environmental changes

When tephra deposits can be correlated between sites, the proxy records
can be independently synchronised allowing an investigation into the timing
and environmental responses to climatic changes in widely separated
localities. The tephra discoveries in this study demonstrate the potential of
correlating sites across Europe and also North America by utilising the far-
travelled Aniakchak and Glacier Peak tephra deposits as well as key
European deposits such as the Borrobol, Laacher See Tephra, Vedde Ash,
Askja-S, Saksunarvatn, Fondi di Baia and Lairg A. Although quantitative
proxy reconstructions are not available for all records, the examples
presented here outline the future potential of employing these isochrons.
Robust age-models are not available for the sites investigated in this study so
comparisons are made against depth for the Llyn Llech Owain, Pant-y-Llyn

and Hamelsee records.

8.2.1 Borrobol and Penifiler Tephras (LLO_ 782 and LLO_778)

Before comparing sites using the Borrobol and Penifiler tephras, it must be
emphasised that deposits LLO 782 and LLO_778 in the Llyn Llech Owain
record are only tentatively correlated to these tephras (see discussion in
section 5.6.2 and 8.1.1). If a confident correlation can be made to either the
Borrobol and/or Penifler, the deposits could be valuable age markers to
constrain the interstadial onset. Both tephras, however, are plagued by
complexities and uncertainties. The Borrobol Tephra is found in a number of
sites in Scotland and two in Sweden but only a few sequences are
accompanied by quantitative proxy records. These include the chironomid-

derived air temperature records from Whitrig Bog (Brooks & Birks, 2000) and
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Abernethy Forest (Matthews et al., 2011), both of which are shown in Figure
8.14. The Lateglacial Interstadial onset is only clearly defined in the Whitrig
Bog record by the sharp rise in the chironomid-inferred temperature record.
This increase in temperature is not captured in the Abernethy Forest record.
The remaining records that preserve the BT or PT are largely limited to LOI
data only and assigning the interstadial onset based on these records may by
plagued by site-specific lags in the start of organic sedimentation and climatic

warming.

Nevertheless, a selection of proxy records including pollen results from
Héasseldala port (Davies et al., 2004), LOI curves from Skallahult (Davies et
al., 2003), Loch Etteridge (Albert, 2007) and Loch an t'Suidhe (Pyne
O’Donnell, 2007) are shown in Figure 8.14 as an illustrative example of the

potential of employing BT and PT to constrain the interstadial.

At Whitrig Bog the BT is stratigraphically located 18 cm above the
chironomid-derived interstadial onset but prior to the short-lived decrease in
temperature which is interpreted by Brooks & Birks, (2000) to be linked with
Gl-1d cold phase seen in the Greenland ice-core record. The BT in this
record is positioned within the warmest phase of the interstadial. In
Abernethy Forest, however, it falls just below the warmest reconstructed
temperatures, and there is no clearly defined interstadial onset which may be
due to coring difficulties or the interstadial onset is absent at the site.
Abernethy Forest also preserves, what is believed to be the PT and this
tephra falls within a short-lived cold period which is interpreted by Matthews
et al., (2011) to relate to the Older Dryas and the GI-1d in Greenland. This is
consistent with pollen stratigraphic data from Hasseldala port and the tephra
in both Swedish sites are correlated to the PT (Davies et al., 2004) (Figure
8.14).

At Llyn Llech Owain, the proposed Borrobol Tephra (LLO_782) is positioned
4 cm below the significant rise in %C values at 778 cm. Diatoms are absent
within this interval and first appear at 4 cm above the LLO_782 tephra
deposit indicating the beginning of more favourable conditions for diatom

productivity. The position of BT, prior to the initial rise in LOI values, in the
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Loch an t'Suidhe record is consistent with that observed at LLO. At Loch
Etteridge however, the BT is comprised of two supposedly separate tephra
deposits 4 cm apart, both of which are positioned directly on the transition
from low to higher LOI values. Due to the uncertainties surrounding the BT, it
is difficult to unpick the significance of the differing stratigraphic positions
observed between the records presented in Figure 8.14. The suggested
climatic lag between the Scottish sites (i.e. peak warmth at Whitrig Bog
versus pre-interstadial warming at Loch an t'Suidhe) is an unlikely scenario.
Defining the start of the interstadial onset at LLO is difficult with just %C data
as there may be a lag between climatic amelioration and the beginning of
organic sedimentation. It is also uncertain whether the suggested tephra
correlations are correct and whether the BT at Loch an t'Suidhe and Loch

Etteridge are truly separate events or a product of post-depositional working.

The PT adds complexity to this time-period. For the published sites, however,
the position of the PT is consistent and seems to fall within the Older Dryas
or Gl-1d event (see Hasseldala port, Loch Etteridge, Abernethy Forest).
Given the %C record for Llyn Llech Owain, the tentative correlation of

LLO 778 to PT may well be incorrect.

Further work to develop chironomid-inferred temperature records (or another
form of temperature record) for more BT and PT bearing sites is required to
provide a more valuable insight into the regional development of the
interstadial onset. The stratigraphic complexities associated with the BT and
PT also needs to be resolved to establish correlations during this time-
interval. If these uncertainties can be resolved then the potential of employing
the BT and PT as tie-points to constrain the warming at the start of the

interstadial and the short-lived Older Dryas event is illustrated in Figure 8.14.

8.2.2 Glacier Peak G Tephra (LLO_766)

The Glacier Peak Tephra is a trans-continental deposit, and as a result of this

study can be employed as a tie-point to other sites, including Thin-Ilce Pond
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and Veinot Lake in Nova Scotia and Crocker Pond in Maine, east North
America (Pyne O’Donnell et al., 2016) (Figure 8.15). Very few quantitative
proxy records are available for these sites but for illustrative purposes the
LOI records are compared with the %C record from Llyn Llech Owain. Given
the interstadial onset, as defined by the LOI curves (Pyne O’Donnell et al.,
2016), differences are observed in the stratigraphic positions of the tephra. In
Thin-lce Pond and Veinot Lake, the tephra is positioned towards the latter
part of the interstadial, whereas in Crocker Pond and Llyn Llech Owain the
tephra is positioned more towards the early interstadial, closer to the first rise
in LOI and %C. The stratigraphic position of Glacier Peak in Llyn Llech
Owain is positioned 10 cm above the initial rise in %C values. In Crocker
Pond this tephra is observed after a short-lived increase in LOI, however, this
fluctuation is not observed in other sites and may reflect a site specific
feature. It is possible that the differences in stratigraphic position of the
Glacier Peak relative to organic content tephra reflects contrasting
sedimentation rates and site specific processes. Further insight may be
gained by developing quantitative proxy estimates of changes during the
interstadial at these sites. Chironomid based temperature records, to test
such inter-continental climatic differences would be particularly valuable.
Here though, the discovery of the tentatively correlated Borrobol Tephra in
Llyn Llech Owain, in addition to the Glacier Peak, illustrates the potential of
employing tephra deposits to explore the duration and timing of the

interstadial onset at Llyn Llech Owain as well as in North America.

8.2.3 Laacher See Tephra (LST) (HAM_T1558)

The Laacher See Tephra is stratigraphically positioned in the Allergd and
dated to 12,880 + 40 varve years (Brauer et al., 1999) in Lake Meerfelder
Maar and to 12937 + 23 cal BP in a multi-site Bayesian-based radiocarbon
age model by Bronk Ramsey et al., (2015). It has been found in several sites
in continental Europe, especially in Germany, Switzerland and some sites in

Poland. The LST is considered as a key tephra isochron during the period
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spanning late Allerad to the Younger Dryas onset. Figure 8.16 shows proxy
records for selected LST bearing sites including Meerfelder Maar (Brauer et
al., 1999), Trzechowskie (Wulf et al., 2013) and Rehwiesee (Neugebauer et
al., 2012) as well as the Hamelsee record investigated in this study. In the
Hamelsee record, the LST is positioned at 1558 cm depth and 21 cm prior to
the Younger Dryas onset at 1537 cm where slightly decreased LOI values
are observed suggesting less organic matter accumulating into the lake.
Increasing K (XRF) values are also observed at 1537 cm indicating an
increase in minerogenic in-wash into the lake. A change is also observed in
the pollen record where herbaceous species replace trees. In the Meerfelder
Maar record the LST is dated to 12,880 + 40 varve years (Brauer et al., 1999)
and positioned ~200 years prior to the increase in varve thickness and the
interpreted Younger Dryas onset. At Trzechowskie, the LST is positioned at
12.538 m during low K (XRF) values indicating low minerogenic in-wash and
interpreted as the Allergd period and 0.08 m, which corresponds also to ca.
200 years, prior to the increase in K (XRF) values which is interpreted as the
Younger Dryas onset (Wulf et al., 2013). In the Rehwiesee record the LST is
positioned ca. 200 years prior to the decrease in Betula pollen abundance
which is interpreted at the Younger Dryas onset (Neugebauer et al., 2012).
Of particular interest with regards to the sites shown in Figure 8.16, including
Lake Hamelsee, is that the sediment where the LST has been identified is
varved. The LST and these annually-resolved sediment records allow a
floating chronology to be constructed giving insight into the relative age of the
tephra and a major climatic transition (e.g. Wulf et al.,2013).

8.2.4 Vedde Ash (HAM_T1494)

The Vedde Ash is one of the most widespread Icelandic tephra deposit with
discoveries as far as west Russia and Slovenia (Lane et al., 2012). It is dated
to 12,121 £ 114 b2k in the Greenland ice cores (Mortensen et al., 2005;
Rasmussen et al., 2006), to 12,140 + 43 varve yr BP in Meerfelder Maar
(Lane et al., 2015) and to 12,023 £ 43 cal BP by Bronk Ramsey et al., (2015)
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and associated with the Younger Dryas Stadial or GS-1 in Greenland. Figure
8.17 shows proxy records for selected Vedde Ash bearing sites including
Meerfelder Maar (Lane et al., 2013), Krakenes (Mangerud et al., 1984; Bakke
et al., 2009), Abernethy Forest (Matthews et al., 2011) and the GRIP ice-core
which represents the event stratotype for the North Atlantic (Mortensen et al.,
2005; Rasmussen et al., 2014).

In the Hamelsee record the Vedde Ash position is at 1494 cm depth and is
located during the latter part of the low LOI values, interpreted as the
Younger Dryas Stadial. It is positioned 19 cm prior to the rise in LOI values
which is interpreted as the Holocene onset. The K (XRF) record suggests a
two-part Younger Dryas with high values (~1300-2000 cps) between 1513-
1537 cm and lower values (~1100-1300 cps) during the latter part between
1513-1485 cm. The first phase suggests higher amounts of minerogenic in-
wash and could be interpreted as colder climatic conditions and the latter part
with less minerogenic in-wash may be suggesting warmer conditions. The
Vedde Ash is deposited during the middle part of the latter phase of the
Younger Dryas in the Hamelsee record. Variability during the Younger Dryas
Stadial has also been observed in other sites including Meerfelder Maar
(Lane et al., 2013) and Krakenes (Bakke et al., 2009) as shown in Figure
8.17. Both records show two parts which is observed by the Ti (XRF) values
with higher values seen from 12,250 years BP and below the Vedde Ash
position at Meerfelder Maar but from 12,070 years BP and above the Vedde
Ash position at Krakenes. By utilising the Vedde Ash, Lane et al., (2013)

suggests that the changes observed in both sites are time-transgressive.

In the Abernethy Forest record, the chironomid-based temperature record
clearly shows the Loch Lomond Stadial (~Younger Dryas) with lower inferred
temperatures between 600 and 550 cm. The position of the Vedde Ash
however, seems to be located during the early part of the Stadial,
approximately 10 cm above the Stadial onset. In the GRIP ice-core record
the Vedde Ash is positioned more towards the latter part of GS-1 (~Younger

Dryas).
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The discovery of the Vedde Ash in the Hamelsee record allows it to be
compared with other Vedde Ash bearing sites, such as those shown in Figure
8.17, to investigate the variability seen within the proxy records during
Younger Dryas and the transitions bracketing the isochron.

8.2.5 Ulmener Maar Tephra ? (HAM_T1451)

The Ulmener Maar Tephra has only been discovered in a limited amount of
sites in western Germany. It is present as a visible deposit in the Meerfelder
Maar record and as a result of this study, it is also discovered as a tentatively
correlated cryptotephra in the Hamelsee record. The UMT has been dated to
11,000 varve years BP (Brauer et al., 1999) and is associated with the early
Holocene. In the Hamelsee record the UMT is positioned at 1451 cm and 24
cm above the rise in LOI values and sudden decrease in K (XRF) values
which is interpreted as the Holocene onset (Figure 8.18). The pollen record
at Hamelsee shows a period of decreased tree pollen during the deposition
of the UMT which may be interpreted as the Pre-Boreal oscillation. In the
Meerfelder Maar record the UMT is positioned approximately 700 varve
years above the Holocene onset (Figure 8.18). The presence of the UMT in
both records allows investigations to be made between the environmental
response seen during the early Holocene across a north-south transect
between the south western German site Meerfelder Maar and the north
Germany site Lake Hamelsee.

In addition to the UMT, the Askja-S (see section 8.2.6) and Saksunarvatn
Ash (see section 8.2.7) is also present in the Hamelsee record which
provides potential for the early Holocene part of the record to be very
precisely constrained in chronological terms. This would allow the early
Holocene part of the Hamelsee record to be compared with other precisely
dated and tephra bearing sites to investigate the environmental response to
early Holocene climatic changes.
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8.2.6 Askja-S (HAM_T1445-1444 and PLL_500)

The Askja-S Tephra has been found in Pant-y-Llyn and Lake Hamelsee as
part of this study, which has enabled direct comparison with other Askja-S
bearing sites. The LOI records for Pant-y-Llyn and Lake Hamelsee are
shown in Figure 8.19 along with four other LOI records from other Askja-S
bearing sites, including Inverlair (Kelly et al., 2016), Endinger Bruch (Lane et
al., 2012), Hasseldala port (Davies et al., 2003) and Long Lough (Turney et
al., 2006). The Askja-S Tephra is a key tephra isochron for the early
Holocene where potential investigations can be made to determine
differences in the environmental response during the Younger Dryas
termination and the early Holocene Pre-boreal oscillation. In the Pant-y-Llyn
record, the Askja-S is positioned 11 cm above the abrupt rise in the LOI
record at 511 cm and below a further increase in values at 495 cm. In the
Hamelsee record, the deposit is positioned 30 cm above the abrupt rise in
LOI. The Askja-S deposit is positioned 15 cm above a short-lived increase in
LOI values, from 30 to 45 %, in the Endinger Bruch record and 122 cm above
the Holocene onset as interpreted by the LOI and pollen evidence which is
dated to 12-138-11631 cal BP at the site (Lane et al., 2012). At Long Lough
the Askja-S Tephra is deposited 22 cm above the rise in LOI values which is
interpreted as the Holocene onset (Turney et al., 2006). In the Inverlair
record the Askja-S is positioned on a period of decreased LOI values which
occurs ~5 cm after the initial early Holocene rise in LOI values. It is difficult to
interpret if these fluctuations are linked because local differences in LOI
records are known to occur between sites. Further work to develop a
guantifiable temperature record for more Askja-S bearing sites is required to
provide a more valuable insight into the potential differences during the
transition from the Loch Lomond Stadial (~Younger Dryas) to early Holocene.

For the sites under investigation here, the Askja-S discovery at Pant-y-Llyn
and Hamelsee provide valuable fix-points for age models. For the former

calcareous-rich record this isochron is particularly valuable for overcoming
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the problems associated with radiocarbon dating such sediments. For the
former, the early Holocene period is devoid of varves and terrestrial
macrofossils for radiocarbon dating, this isochron provides a constraint for
the chronology. Other proxy records may well benefit from using this isochron

as a fix-point in age models.

8.2.7 Saksunarvatn Ash (HAM_T1401.5)

The Saksunarvatn Ash is dated to 10,210 + 35 cal BP (Lohne et al., 2014)
and is associated with the early Holocene. It has been discovered in several
terrestrial and marine sites across north-west Europe including Krédkenes
(Figure 8.20). The Saksunarvatn Ash was also previously thought to be
present in the Greenland ice-cores however, based on trace element data,
the deposit represents a different eruption to the deposit that dispersed
towards Europe (see section 8.1.7). In the Hamelsee record, the
Saksunarvatn is positioned at 1401 cm depth and 74 cm above the sudden
rise in LOI values and sudden decrease in K (XRF) values at 1475 cm which
is interpreted as the Holocene onset. The summary pollen record shows that
the Saksunarvatn is positioned during a high abundance of tree pollen and
low values of around 20 % shrub and herb taxa. In the Krakenes record it is
positioned 1,300 years above the rise in LOI values and the increase in
pollen-inferred temperature reconstruction which is interpreted as the

Holocene onset.

The precise age estimate from Lohne et al., (2014) provides a robust age
constraint for this part of the Hamelsee record and its discovery allows the
potential for the record to be compared with other Saksunarvatn bearing sites
such as Krakenes (Mangerud et al., 1986), Potremser Moor (Bramham-Law
et al., 2013) and Hgvdarhagi bog (Lind and Wastegard, 2011) to investigate

the environmental response during the early Holocene.
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8.2.8 Fondi di Baia

The Fondi di Baia discovery, albeit only tentatively correlated (see section
5.62), in the Llyn Llech Owain record (LLO_580) is significant because it
allows a direct comparison with the other two Fondi di Baia bearing sites in
south Europe; PRAD (Bourne et al., 2010) and Lago Grande di Monticchio
(Wulf et al., 2008). However, geochemical data from Smith et al., (2011) has
demonstrated that the proposed correlation of TM-6-1 tephra deposit in the
Monticchio record (Wulf et al., 2008) and the PRAD-120 tephra deposit
(Bourne et al., 2010) to the Fondi di Baia eruption could not be confirmed
(Sabine Wulf, pers comm). This indicates that synchronisation of proxy data
between these Italian sites and Llyn Llech owain is not currently possible.

Further work is required to explore this correlation.

The tentative discovery of the Fondi di Baia Tephra at LIyn Llech Owain has
also provided an age constraint for the Llyn Llech Owain age model (see

section 5.7).

8.2.9 Lairg A (LLO09_516)

The Lairg A Tephra deposit has an age of 6947-6852 cal yr BP (Pilcher et al.,
1996) and has a wide spatial distribution across north western Europe with
findings in Ireland, Scotland, northern Germany, Norway and north Sweden.
Its discovery in the Llyn Llech Owain record allows direct comparisons with
other Lairg A bearing sites including Temple Hill Moss (Langdon et al., 2003),

Lake Claraghmore and Lake Svartkalsjarn (Watson et
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al., 2016) (Figure 8.21). At Temple Hill Moss, the Lairg A deposit is
stratigraphically positioned during a short-lived wet phase, as interpreted by
DCA (plant macrofossil) values. The deposit is positioned below a period of
high LOI values at Lake Claraghmore at 336 cm which can be interpreted as
a period of increased organic matter. However, at Lake Svartkalsjarn the
Lairg A deposit is positioned during a period of stable LOI values at around
30 %. The low resolution pollen record for Llyn Llech Owain (Walker & Jones,
2006), shows 40 % tree pollen (mostly Pinus and Quercus) and 55 % shrub
pollen (mostly Corylus) at the Lairg A position. The low abundances of
herbaceous pollen during this time at LIyn Llech Owain are interpreted by
Walker and Jones, (2006) as a reasonably complete woodland cover. Further
work on developing a more robust proxy record for Llyn Llech Owain and
other records would allow insight into the significance and spatial extent of

the wet phase observed at Temple Hill Moss.

The Lairg A Tephra discovery at Llyn Llech Owain also has value as an age
marker in addition to the Aniakchak Tephra, to build an age model for the
Holocene part of this record.

8.2.10 Aniakchak Tephra (LLO09 297)

The Aniakchak Tephra is a very widely distributed tephra deposit with
findings from sites in North America, the GRIP ice-core and from Llyn Llech
Owain. Due to its large spatial distribution, the Aniakchak Tephra may be
considered as a key tephra deposit that can be utilised to directly compare
proxy evidence spanning the mid-late Holocene from other Aniakchak tephra
bearing-sites on an inter-continental scale. This potential is highlighted in
Figure 8.22 where comparisons are made between the 320 record at
Nordans Pond Bog, Newfoundland (Daley et al., 2009; Pyne O’Donnell et al.,
2016), GRIP (Pearce et al., 2004) and the Llyn Llech Owain record. The
Nordans Pond Bog 520 precipitation record from Daley et al., (2009) shows

fluctuating patterns throughout the Holocene, with a pronounced decrease in
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values between ~8400-8200 cal yr BP which may be associated with the 8.2
cooling event. The 8.2 event is also observed in the GRIP record where a
marked decrease in 8"°0 to -35.45 % is observed. Another shift of
decreasing 5'°0 values is observed in the Nordans Pond Bog record at
approximately 3800 cal years BP with the Aniakchak Tephra deposition ~200
years above this shift. According to Daley et al., (2009) this indicates a
change in the thermal gradient between the moisture source and the site of
precipitation and/or a change in the prevailing origin of that moisture. The
GRIP 50 record also exhibits numerous fluctuations throughout the
Holocene period. In GRIP, the Aniakchak Tephra is found in association with
a short-lived and sudden increase in 5'®0 values. This short-lived fluctuation
may indicate a period of increased air temperatures over Greenland. Only
low-resolution pollen results are available for this part of the Llyn Llech Owain
record and show a diversified woodland composition with pollen counts of
Ulmus, Quercus, Tilia and an appearance of Alnus. Shrubs also contribute to
the assemblage, mainly Corylus in addition to a sudden rise in Calluna (see
Figure 5.2). The Aniakchak Tephra provides an important constraint to
assess whether these observed changes in the proxy evidence are linked
which may help in understanding their underlying mechanisms. Further work
on developing more quantitative proxies, such as a chironomid-based
temperature record, for the Holocene Llyn Llech Owain record would enable
the site to be included in such investigations but on an inter-continental scale.
Not only does the Aniakchak tephra deposit allow such independent
comparisons to be investigated, it also can be used as a fix-point in age-
models for other tephra bearing sites. The age-model for Nordans Pond Bog
record is based on 23 AMS **C ages, where the Aniakchak tephra discovery
can now be added to the age-model acting as an added age constraint. Two
radiocarbon dates are present for the Holocene part of the 2009 Llyn Llech
Owain core (Figure 5.2). The identification of the Aniakchak can now be used
to construct a preliminary age-model for the Holocene Llyn Llech Owain
record, although, more age constraints may be needed to construct a robust

age-model.
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9. Conclusions

9.1 Summary of main findings

As a result of this work, tephra deposits of Lateglacial and Holocene age
have been discovered across a network of sites (Table 9.1). In most cases,
these discoveries extend the geographical distribution of ash dispersal with
respect to each volcanic event identified. Icelandic tephras of Lateglacial age
have been discovered in Welsh sites for the first time highlighting the
potential of employing tephrochronology more widely in areas such as Wales,
south England and perhaps France. Furthermore, the work in northern
Germany demonstrates the importance of sites such as Lake Hamelsee as a
central hub and repository of ash from Icelandic and Eifel source regions.
The tephra deposits preserved within the Lake Hamelsee highlights the
important role of the site as it provides linkages to several other proxy
records across Europe such as Meerfelder Maar and Soppensee (Lane et al.,
2011, 2015). Yet, traces of far-travelled ash clouds are also preserved at Llyn
Llech Owain in the form of Glacier Peak G (Cascade), Aniakchak tephra
(Alaska) and Fondi di Baia (Italy). Although further work is required to firmly
establish some of these correlations, their presence in Llyn Llech Owain
sediments considerably extends their dispersal extent and has the potential
for precise correlation of records on a trans-continental scale. For a number
of years, very little evidence has been presented of tephra preservation in
Welsh sites, and yet now these new findings demonstrate that these sites

may well facilitate linkages far beyond NW Europe.

Many of the ash deposits discovered in this study are correlated to known
events such as the Askja-S Tephra identified in Pant-y-Llyn and Hamelsee,
and the Vedde Ash Hamelsee. However, correlating some tephras to other
published deposits and events has proven difficult. For instance nine tephra
deposits from both Llyn Llech Owain and Hamelsee are thought to represent

new, previously undocumented eruptions. These unknown deposits provide
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Table 9.1 — Summary of the tephra deposits found in Llyn Llech Owain, Pant-
y-Llyn and Lake Hamelsee, their homogeneity status and proposed

correlations.

Tephra deposit Homogenous? Proposed correlation

Llyn Llech Owain

LLO_ 804 yes Borrobol type

LLO 782 yes Borrobol Tephra

LLO_778 yes (1 outlier) Penifiler Tephra

LLO_767 yes (1 outlier) unknown

LLO 766 yes Glacier Peak G Tephra

LLO 580 3 populations Fondi di Baia Tephra (population

1

LLO_483 yes u21known

LLO 468 yes unknown

LLO09 516 yes Lairg A Tephra

LLOO09_ 505 yes unknown

LLO09 345 3 populations unknown

LLOO09_297 1 population (2 Aniakchak Tephra (main
outliers) population)

Pant-y-Llyn

PLL_500 yes Askja-S Tephra

Lake Hamelsee

HAM_ T1616 yes Borrobol type

HAM_T1558 yes Laacher See Tephra

HAM_ T1494 yes Vedde Ash

HAM_T1470 yes unknown

HAM_T1456- 2 populations (1 unknown

1455 outlier)

HAM_T1451 3 populations Ulmener Maar? (population 3)

HAM_T1445- yes Askja-S Tephra

1444

HAM_T1401.5 yes Saksunarvatn Ash
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insights into the volcanic history of some volcanic centres, especially the
Oraefajokull system where three deposits, of Oraefajokull 1362 signature,
have been discovered during the early-mid Holocene. Further work is
required to find these unknown tephras at other sites despite extensive

searches have already been made in the literature.

Despite the positive tephra findings in these sequences, the complexity of
tephra studies is noticeable in relation to Borrobol-type Tephra deposits.
These BT-type deposits are chemically indistinguishable and may only be
differentiated based upon secure stratigraphic correlation. Four tephra
deposits with a BT-type chemical signature are identified. Three have been
discovered in the Llyn Llech Owain record: LLO_804, LLO 782, LLO_778
and one in the Hamelsee record: HAM_T1616. Deposits LLO_782 and
LLO_778 have been tentatively correlated to the BT and PT however, deposit
LLO_804 may represent a new event. Deposit HAM_T1616 has not been
correlated due to uncertain stratigraphical constraints.

A further finding of this study is the significant inter and intra-site differences
are observed in the tephra findings within this study. These include marked
differences in tephra deposit preservation between sites in close proximity to
each other and variations in shard concentrations between cores sampled
from the same site. These observations have provided insights to tephra
deposition and taphonomic processes such as within-basin focussing and

redistribution of tephra shards.

The identified tephra deposits found at Llyn Llech Owain, Pant-y-Llyn and
Lake Hamelsee allow their respective proxy records to be synchronized with
other tephra-bearing sites. Preliminary comparisons have been made using
the discovered tephra deposits, such as the Glacier Peak G deposit to
compare the interstadial onset at Llyn Llech Owain and east North American
sites from Pyne O’Donnell et al., (2016). This provides great potential for the
records to be investigated to constrain environmental responses to climate

change.
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9.2 Recommendations for future work

This study has given rise to a new potential of employing tephrochronology in

Wales and central Europe. Further work is required to develop and

strengthen key elements. These include:

Certain depths in the Llyn Llech Owain record, tephra shards were
identified during low resolution searching however peaks were not
isolated after high resolution sampling. Re-visiting these depths using
a continuous sampling approach in a new core may lead to the
discovery of these tephra deposits. Especially during the late
interstadial, Loch Lomond Stadial and early Holocene where key
tephra deposits like the Laacher See Tephra, Vedde Ash and Askja-S

Tephra have the potential to be discovered.

For some deposits further geo-chemical characterisation is required,
especially the BT-type deposits. Trace element analysis may be useful
to try and distinguish between the BT-type deposits. Trace element
analysis would also provide added characterisation for the far-travelled

tephra deposits.

Further work is required for improving the age-model for Llyn Llech
Owain. Several other radiocarbon dates may provide added
constraints however, there is a lack of terrestrial macrofossils in the
Lateglacial sediments, and aquatic macrofossils or bulk sediment
samples tend to be un-reliable. Further tephra deposits, such as the
Vedde Ash and Askja-S would provide valuable age constraints for the
record which would improve the precision of the present age-model.
With a reliable age-model in place, age estimates can then be given to
some of the unknown tephra deposits identified such as LLO_483 and
LLO_467.
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The proxy records for the study sites have provided a wealth of
information on the environmental response to Lateglacial climate
change, however, they are largely based on qualitative data from the
paleaoecological and sediment geochemistry data. Developing the
record using quantifiable proxies such as chironomids which would
provide an inferred temperature record would be more valuable. The
quantitative record could then be used to compare other quantified
records through utilising the tephra deposits discovered to investigate
possible time-transgressive climate change. A temperature-based
proxy would also aid in distinguishing the interstadial onset which in

turn would help with the stratigraphic positions of the BT.

The tephra discoveries in Llyn Llech Owain and Pant-y-Llyn indicates
towards new geographical areas to investigate tephra presence and
highlights the potential of employing tephrochronology more widely in
areas south of 53 °latitude in Wales, south England and perhaps

France.
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