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Abstract

The establishment of atephra framework for the Greenland i ce-cores spanning the last
glacial period, particularly between 25-45 ka b2k, provides strong potential for
precisely correlating other palaeoclimatic records to these key archives. Tephra-based
synchronisation allows the relative timing of past climatic changes recorded within
different depositiona environments and potential causal mechanisms to be assessed.
Recent studies of North Atlantic marine records have demonstrated the potential of
tracing cryptotephra horizons in these sequences and the devel opment of protocols

now allows a careful assessment of the isochronous nature of such horizons. Here we



26

27

28

29

30

31

32

33

35

36

37

38

39

40

41

42

46

47

49

50

report on tephrochronological investigations of a marine sequence retrieved from the
Goban Spur, Eastern North Atlantic, covering ~25-60 ka b2k. Density and magnetic
separation techniques and an assessment of potential transport and depositional
mechanisms have identified three previously unknown isochronous tephra horizons
along with deposits of the widespread North Atlantic Ash Zone |l and Faroe Marine
Ash Zone |11. Correlations between the new horizons and the Greenland ice-core
tephra framework are explored and despite no tie-lines being identified the key roles
that high-resolution climatostratigraphy and shard-specific trace element analysis can
play within the assessment of correlations is demonstrated. The previously unknown
horizons are new additions to the overall North Atlantic tephra framework for the last

glacial period and could be key horizons for future correlations.

Keywords: Tephrochronology; palaeoclimate synchronisation; volcanic ash;

isochrons; Iceland; major and trace el ement geochemistry

1. Introduction

The tracing of isochronous horizons of volcanic ash between different depositional
realms (tephrochronology) has considerable potential for the independent correlation
and synchronisation of disparate palaeoclimatic sequences and for assessing the
relative timing of past climatic events (Lowe, 2011). The potential of

tephrochronol ogy to assess these relative timings is especially pertinent for the last
glacia period as thereis evidence for several abrupt climatic changes preserved
within ice-cores from Greenland (e.g. GRIP Members, 1993; Johnsen et al., 2001,

NGRIP Members, 2004) and numerous North Atlantic marine cores (e.g. Bond et al.,
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1993, 1997; Van Kreveld et al., 2000; Martrat et ., 2007; Hall et d., 2011; Zumague

etal., 2012).

A large number of tephra horizons have been identified within multiple Greenland
ice-cores spanning the last glacial period (Abbott and Davies, 2012; Bourne et al.,
2013, 2015b; Davieset a., 2014). Bourne et a. (2015b) in particular increased the
number of horizons identified in the NGRIP, NEEM, GRIP and DY E-3 ice-cores and,
in combination with past studies, aframework of 99 geochemically characterised
tephra deposits has now been defined for the 25-45 ka b2k period. Developing a
framework of geochemically characterised horizons with strong stratigraphic and
chronological control is an essential first step towards the synchronisation of these
records to other palaeoclimatic sequences in arange of environments. A notable
feature of the ice-core framework is the dominance of deposits, closely spaced in
time, that have similar magjor element compositions relating to single sources, e.g. the
Icelandic Grimsvétn volcanic system. Subtle major element differences can be used to
discriminate between some deposits, but others have major element compositions

which are indistinguishable (e.g. Bourne et al., 2013).

This compositional similarity presents a challenge when attempting to correlate tephra
horizons from sequences with limited chronological and/or stratigraphic control. In
these instances it has been widely advocated that any available climatostratigraphic
evidence can be used alongside the compositional datato narrow down potential
correlatives (e.g. Newnham and Lowe, 1999; Newnham et a., 2004; Pearce et d .,
2008; Housdley et d., 2012; MacLeod et al., 2015) and that trace element analysis of

the tephra deposits may provide a useful secondary compositional fingerprint for
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testing and assessing the robustness of correlations (e.g. Allan et al., 2008; Abbott et
al., 2012, 2014, Albert et al., 2012; Lane et d., 2012; Bramham-Law et al., 2013;

Pearce et d., 2014; Bourne et a., 2015a).

Overdl, thereis an order of magnitude difference between the number of tephra
horizons identified in the Greenland ice-cores and North Atlantic marine sequences
between 25-60 ka b2k. Only afew marine records have been investigated for their
tephra content and there is a tendency to focus on visible horizons or on the coarse-
grained components (>150 pm) (e.g. Lackschewitz and Wallrabe-Adams, 1997;
Wastegard and Rasmussen, 2014). As aresult, only two ice-marine tie-lines have been
defined within the last glacial period. Firstly, the rhyolitic component of the
widespread North Atlantic Ash Zone (NAAZ) 11 (55,380 + 1184 a b2k; Svensson et
al., 2008) has been traced within multiple ice and marine cores (e.g. Kvammeet a.,
1989; Gronvold et al., 1995; Lacasse et al., 1996; Zielinski et al., 1997; Haflidason et
a., 2000; Austin et a., 2004). Secondly, Faroe Marine Ash Zone (FMAZ) Il, avisible
horizon identified in a number of marine cores from the Faroe Islands region
(Wastegard et al., 2006), was traced into the NGRIP ice-core by Davies et al. (2008)
(NGRIP 1848 m; 26,740 = 390 a b2k). A third ice-marine correlation was a so
proposed between the NGRIP 2066.95 m horizon (38,122 + 723 ab2k) and FMAZ
[11, athick and relatively scattered zone of glass shards traced between a number of
the Faroe Islands region cores (Wastegard et al., 2006; Davies et al., 2010). However,
Bourne et a. (2013) later highlighted the complexity of this period and identified a
series of closely spaced tephra horizons with similar glass compositions in the NGRIP
and NEEM ice-cores. Their compositions all fall within the broad compositional

envelope of FMAZ 111 and the marine deposit has been interpreted as resulting from
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the amalgamation of primary tephra-fall from a number of volcanic events asa
consequence of low sedimentation rates at the marine core sites (Bourne et a., 2013;
Griggs et al., 2014). Therefore, the prior correlation between FMAZ [11 and asingle
tephralayer in the ice-coresis no longer valid and should not be used as an ice-marine
tie-line. However, the tephralayersin the ice may still act astie-linesif individual
homogenous horizons from those single events can be found in marine records. This
particular example highlights some of the complexities involved with defining

correl ations between the records.

In recent years, there has been a shift towards the investigation of the cryptotephra
record preserved within marine sediments. Density and magnetic separation
techniques, previously applied to terrestrial sequences, have recently been
successfully used to extract fine-grained cryptotephras, preserved as discrete deposits
of glass shards, from anumber of cores around the North Atlantic (e.g. Abbott et al.,
2011, 2013, 2014; Griggs et a., 2014, Davies et al., 2014). Magnetic separation
techniques are particularly important for the identification of basaltic cryptotephrasin
North Atlantic marine records because of the dominance of basaltic tephra deposits
within the Greenland tephra framework (Abbott and Davies, 2012; Bourne et al.,
2013, 2015b). In addition to these methodological advances, Griggs et a. (2014)
outlined a protocol which uses arange of indicators to determine the potential
influence of transportation and depositional processes on the stratigraphic and
temporal integrity of marine tephra deposits. To date, these methods and approaches
have not been utilised to isolate cryptotephras in North Atlantic marine sequences

covering the 25-60 ka b2k period. The Greenland tephra framework in particular, now
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demonstrates the potential for tephrochronologica synchronisation if common

horizons can be identified.

Here we report on tephrochronological investigations of the 25-60 ka b2k period
within a marine core retrieved from the Goban Spur area in the eastern North Atlantic
(MD04-2820CQ). Potential correlations to the Greenland tephra framework are
explored with new high-resolution proxy data from MD04-2820CQ used to help
determine the stratigraphic position of the tephra horizons and trace element analysis

is utilised as a secondary compositional fingerprint.

2. Materialsand Methods

2.1 MD04-2820CQ

MD04-2820CQ was retrieved from the Goban Spur area (49°05.29'N; 13°25.90°'W;
Figure 1) and is areoccupation of the OMEX-2K core site (see Hall and McCave,
1998a,b; Scourse et ., 2000; Haapaniemi et al., 2010). A Ca XRF record and a low-
resolution record of the percentage abundance of the polar foraminiferal species
Neogloboquadrina pachyderma (sinistral) (Np(s)) have been used to define a
preliminary stratigraphy for the sequence between MIS 3-2. A number of Dansgaard-
Oeschger events related to the Greenland Interstadial (Gl) eventsin the Greenland
ice-cores are recognised within this record (Figure 2; Rasmussen et a., 2014).
Between 450-550 cm depth, high-resolution (up to 1 cm) records of Np(s) and ice

rafted debris (IRD) concentrations (150 um-1 mm fraction) were generated to provide
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amore detailed stratigraphy between DO-12 and DO-8 to help constrain the tephra

deposits within a climatic framework (Figure 6).

FIGURE 1

The tephra content of the core was initially investigated at alow-resolution (5 cm
contiguous samples) between 250-650 cm depth. Intervals with distinct peaksin glass
shard content above background levels were subsequently re-investigated at 1 cm

resolution to refine thelr stratigraphic position (Figure 2).

FIGURE 2

2.2 Extraction of tephra-derived glass shards from marine sequences

From the 5 and 1 cm samples, 0.5 g sub-samples of freeze-dried marine sediments
were immersed in 10% HCI overnight to remove carbonate material. Samples were
then wet sieved using 125 and 80 um test sieves and 25 um nylon mesh. The 25-80
um fraction was then density separated using sodium pol ytungstate prepared to the
specific gravities of 2.3 and 2.5 g/cm? to split the material into the density fractions of
<2.3 g/lcm?, to remove biogenic material, 2.3-2.5 g/cm?, to isolate rhyolitic material,
and >2.5 g/cm? to isolate basaltic material (Turney, 1998). To further purify the >2.5
g/cm? fraction it was magnetically separated using a Frantz Isodynamic Magnetic
Separator. The methodology and conditions for magnetic separation are outlined in
Griggs et d. (2014) and alow the separation of non-magnetic quartz materia from

any paramagnetic basaltic material. The >125 pum and 80-125 pm grain-size fractions,
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and the 2.3-2.5 g/lcm® and magnetic >2.5 g/lcm? density fractions, were mounted on
microscope slides in Canada Balsam for optical microscopy to quantify their glass

shard content.

2.3 Geochemical analysis of individual glass shards

Samples for geochemical analysis were prepared using the procedure outlined in
Section 2.2. The fraction of interest was then mounted in epoxy resin on a 28 x 48
mm frosted microscope slide to prepare thin sections of the glass shards. Thiswas
achieved by grinding the material using decreasing grades of silicon carbide paper and

then polishing the surface using 9, 6 and 1 um diamond suspension.

Magjor element compositions of individual shards were determined using el ectron-
probe micro-analysis (EPMA) at the Tephra Analytical Unit, University of Edinburgh,
using a Cameca SX 100 with five wavelength dispersive spectrometers. The operating
conditions followed those outlined in Hayward (2012). Calibration was carried out
using pure metals, synthetic oxides and silicate standards and the secondary standards
of Cannetto Lami Lava, Lipari and BCR2g were analysed at regular intervals to
monitor for instrumental drift and assess the precision and accuracy of analysed
samples (see Table S18). For data comparison all analyses were normalised to an
anhydrous basis, i.e. 100 % total oxides, but all raw data analyses are provided in the
supplementary information (Tables S1-S17). Statistical comparisons between tephra
horizons have been made using the statistical distance test (D?) of Perkins et al. (1995,

1998) and the similarity coefficient function (SC) of Borchardt et al. (1972).



199

200

201

202

203

204

205

206

207

208

209

210

211

212

213

214

215

216

217

218

219

220

221

222

223

Trace element compositions of single shards from one marine and one ice-core
horizon were analysed using laser ablation inductively coupled plasma mass
spectrometry (LA-ICP-MS) at Aberystwyth University. A Coherent GeoLas 193 nm
Excimer laser coupled with a Thermo Finnigan Element 2 high-resolution sector field
mass spectrometer was utilised (Pearce et a., 2011). Due to the small grain size of the
shards making up the ice-core horizon, alaser with a beam diameter of 10 um and a
fluence of 10 Jcm? was pulsed at 5 Hz with a flash duration of ~10 ns. Despite the
larger grain size of shards in the marine horizon, a 10 um laser beam diameter was
used for al analysesto limit any differential impact of fractionation effects. Asa
potential correlation was being tested, the samples were analysed “side-by-side’ to
limit any potential influence of instrumental differences between analytical periods
(Pearce et d., 2014). Trace element concentrations were calculated using methods
outlined in Pearce et al. (2007), with 2°Si previously determined through EPMA used
astheinternal standard and NIST 612 used as the calibration standard, taking
concentrations from Pearce et al. (1997). A correction factor was used to remove bias
in analyses caused by fractional effects (Pearce et a., 2011). Trace element
concentrations for individual shards are provided in Table S19 and analyses of the

secondary standards BCR2g and BHV O-2g are provided in Table S20.

3. Results

Of the 80 intervalsinvestigated at low-resolution, 21 were selected for high-resolution
analysis resulting in the processing of 105 1 cm samples. Figure 2 integrates low-
resolution counts from intervals that were not reanalysed with the high-resolution

counts. These overall shard profiles were employed to select 17 samples for
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geochemical analysis (Figure 2). Overall, the record contains a number of distinct
concentrations of brown glass shards and this type of shard is also present asalow
background. Thereis amore consistent background of rhyolitic shards throughout the
whole of the studied interval. Given the tephrostratigraphical record, the deposits are
grouped into five periods and used as a basis to present results below. To determine
the source of the glass shards, compositions are compared to glass and whole rock
analyses to alow material to be assigned to Icelandic rock suites and specific volcanic

systems.

3.1 Period 1 - Post DO-3

Between 275-279 cm a dispersed zone of shards with alow concentration of basaltic
shards and no discernible peak was identified. Geochemical characterisation shows
that the glass in this zone has a highly heterogeneous composition with shards of both
transitional alkali and tholeitic composition present (Figure 3a). Similar
heterogeneity is observed in shards from both the less-than and greater-than 80 um
grain-size fractions (Figure 3). This characterisation shows that the deposit is an
amalgamation of material from a number of volcanic eruptions from multiple volcanic

centres.

FIGURE 3

According to the stratigraphy for MD04-2820CQ, this zone of ash was deposited

during the stadial period following DO-3. In the NGRIP ice-core, FMAZ Il was

deposited within Greenland Stadial (GS) 3 approximately 1000 years after the cooling
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transition at the end of GI-3 (Davies et al., 2008). The composition of MD04-2820CQ
275-279 cm demonstrates that this deposit does not directly relate to the homogenous
transitional akali basaltic FMAZ 11 horizon found within ice and marine sequences
(Figure 3b). Some shard analyses fall within the compositional envelopes of the
homogenous VZ 1x and the heterogeneous VZ 1 ash zones from cores on the
Reykjanes Ridge, but the greater heterogeneity of the 275-279 cm deposit suggests

they are unrelated (Figure 3b).

The compositional heterogeneity and lack of a distinct peak in the shard concentration
profile strongly suggests that this deposit represents a minor input of material,
potentially through iceberg rafting or secondary transportation processes such as

bottom currents, and cannot be regarded as isochronous.

3.2 Period 2 - DO-5to DO-3

The highest glass shard concentration peak in the 25-80 um fraction is observed
within period 2 at 342-343 cm (Figure 2). The maximum peak in the >125 ym size
fraction is between 341-342 cm. Two narrow zones of ash below this high peak
between 355-360 cm and 370-375 cm depth were found in low-resolution counts, but

no distinct peaks in concentration were observed in the high-resolution counts.

Shards from the main peak and the two underlying ash zones have a basaltic
composition (Figure 4a). With the exception of a shard population >80 ym in sizein
the 373-374 cm sample, and afew outlying analyses that have affinities to the

Icelandic transitional alkali rock suite, these deposits have a tholeitic composition
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sourced from the Kverkfjdll volcanic system (Figure 4a). Although the analysed glass
shards are from four different depths, it is clear that the majority of shards from each
interval occupy the same compositional space on geochemical plots and hence are
related to one another. The relatively homogenous dominant population has SiO>
concentrations between 48.5-51.0 %wt, CaO concentrations between 8.9-9.9 %wt and
FeO concentrations of ~15 %wt (Figure 4). Slight geochemical bimodality can be
observed, most notably within the TiO> concentrations and FeO/MgO ratios (Figure
4bi). This bimodality is present within the main shard peak at 342-343 cm and the
underlying zones of low shard concentration. However, the deposit at 373-374 cm has
proportionally more shards with high TiO- values than the other two deposits (Figure

4bi).

FIGURE 4

Determining potential correlatives, the isochronous nature and likely transport
mechanisms for these deposits is complex. Bourne et a. (2015b) identified a number
of tholelitic basaltic tephra horizons with a Kverkfjdll source in the Greenland ice-
cores between GI-5.2 and GS-4. The composition of al 10 of these ice-core horizons
fall within the compositional field of the main population of the 342-343 cm and
underlying deposits (Figure 4b), hampering their correlation to individua ice-core
horizons. Some of these eruptives, however, have greater compositional
heterogeneity, such as GRIP 2064.35 m, NGRIP 1931.60 m and NGRIP 1950.50 m,
and cover the full compositional range observed in the marine deposit (Figure 4c).
The peak input of ash at 342-343 cm may represent a single primary tephra-fall event

related to one of these eruptions with the underlying deposits, between 355-360 and



299

300

301

302

303

304

305

306

307

308

309

310

311

312

313

314

315

316

317

318

319

320

321

322

323

370-375 cm, possibly representing downward movement of tephrawithin the
sediment column via bioturbation. This scenario seems unlikely, however, due to the
lack of adistinct background of basaltic shards between the deposits. An alternative
scenario is that the geochemical similarities are a consequence of the marine deposits
being composed of an amalgamation of glass shards from a number of eruptions.
Shards could be amalgamated during protracted input of material via primary fall and
post-depositional reworking, akin to the proposed depositional mechanism for FMAZ
[11 (see Section 1). This proposition is, however, not supported by the relatively
discrete nature of the peak input of ash to the site between 342-343 cm and the
underlying deposits, which implies that tephra delivery occurred as short-lived pul ses

of material.

Delivery viarepeated iceberg rafting events could create deposits of this nature. The
greater heterogeneity of the material at 373-374 cm depth, with atransitional alkali
composition similar to those of Katla eruptivesin the Greenland tephra framework
between GI-5.2 and GS-4 (Figure 4ai), and an additional tholeiitic population from
Grimsvotn (Figure 4aii), may indicate that this material, with adightly different
compositional signature, is derived from a prior iceberg rafting event. We cannot fully
test this proposition because an IRD record has currently not been established over
this period. However, the high concentration of coarse-grained shards (>125 um)
(Figure 2), in arelatively distal location to Iceland, supports iceberg rafting as the
transport process. Overall, thislikelihood prevents the depositsin period 2 from being
useful regional isochrons but they could be used for local core correlations

(Brendryen et dl., 2010).
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3.3 Period 3- DO-9to DO-8

Period 3 is characterised by an approximately 20 cm thick zone of elevated basaltic
glass concentrations within which four small peaks in concentration can be observed.
Peaks at 456-457 cm, 460-461 cm, 464-465 cm and 472-473 cm depth are observed in
the 25-80 um and >125 pm grain size fractions and three can be clearly observed in
the 80-125 pm fraction. Each peak contains shards with affinities to either the
transitional alkali or tholelitic rock suites of Iceland, with the material from each of
these rock suites displaying distinct heterogeneity (Figure 5a). Compositional
similarities between the deposits and the continuous nature of the ash deposition allow

the whole of the deposit between 455-475 cm to be interpreted as a single entity.

FIGURE 5

According to the MD04-2820CQ stratigraphy, this deposit spans the warming
transition related to DO-8 (Figure 2 and 6), akin to the FMAZ 11 deposit identified in
other North Atlantic marine records. Distinct similarities are evident between the
heterogeneous Grimsvotn-sourced material of FMAZ 111 characterised from arecord
in the SE Norwegian Sea (Griggs et a., 2014) and the tholelitic material present in
this ash zone (Figure 5). Homogenous Grimsvétn-sourced populations identified in
the Greenland tephra framework between GI-8c and GS-9 cannot be identified at any
depth in MD04-2820CQ (Figure 7a). The geochemical range of the tholeiitic material
in MDO04-2820CQ encompasses that of glassin all the ice-core horizons (Figure 7a).
Despite the failure to correlate to an ice-core deposit, the MD04-2820CQ deposit can

be correlated to the marine FMAZ 11 due to the stratigraphic similarities and
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geochemical affinity of the tholeiitic basaltic material. None of the Faroes Islands
region occurrences of FMAZ |11 contain a population of transitional alkali material as
observed in the MD04-2820CQ deposit (Figure 5; Wastegard et al., 2006; Griggs et
al., 2014). Two transitional akali basaltic horizons from Katlawere identified in early
GS-9 by Bourne et al. (2013, 2015b) and aso fall within the range of the MDO04-
2820CQ analyses, but the heterogeneity isfar greater in the marine deposits and no

potential correlations can be suggested (Figure 7b).

FIGURE 6 AND 7

Griggs et d. (2014) interpreted FMAZ 111 in the Faroe Islands region as resulting from
the amalgamation of primary fall material from closdly timed Grimsvétn eruptions.
Sediment accumulation rates are considered to be insufficient to allow the eventsto be
separated and secondary processes such as bioturbation and bottom currents may have
caused mixing of shards between depths. An ice-rafting transport and deposition
mechanism was ruled out by Griggs et al. (2014) due to alack of acoeva IRD signal.
Within MDO04-2820CQ, IRD concentrations are declining between 455-475 cm and
there is no direct co-variance with glass shard concentrations (Figure 6). This lack of
correlation could imply that the transport, deposition and post-deposition mechanisms
are common between the MD04-2820CQ and IM11-FI-19PC core sites. The
incorporation of transitional alkali material at the MD04-2820CQ site could result
from more southerly transport of material from these eruptions. This would also
account for the relative lack of transitional alkali eruptions in the Greenland tephra
framework during thisinterval. As highlighted earlier, the FMAZ 111 cannot be used

asapreciseice-marinetie-line (Bourne et a., 2013). However, the correlation of
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MDO04-2820CQ 455-475 cm to FMAZ 111 extends the geographical distribution of this

deposit and it can be used as a marine-marinetie-line.

A small peak in colourless shards occurs at 463-464 cm and mgjor element analysis
shows that the glass has a rhyolitic composition and an affinity to the Icelandic
transitional alkali rock suite (Figure 8a). Two populations are apparent, one with
affinities to material from the rhyolitic component of NAAZ Il and one with affinities
to anumber of Katla-sourced rhyalitic horizons deposited during the last glacial-
interglacial transition and an underlying horizon in MD04-2820CQ at a depth of 497-
498 cm (Figure 8b and c). These compositiona affinities and the low shard
concentration suggests that this material is not from adistinct volcanic event but may

relate to a background of reworked colourless shards in the sequence.

FIGURE 8

3.4 Period 4 - DO-12 to DO-9

During this period a series of three relatively discrete peaks (~1-3 cm) in brown glass
shards can beidentified (Figure 2 and 6). The peaks in brown shards at 487-488 cm
and 524-525 cm depth are distinct across al grain-size fractions, whereas the peak at
511-512 cmisonly evident within the 25-80 and >125 pm grain-size fractions. A
broad increase in colourless shards between 490-500 cm displays a double peak in

concentration within the 25-80 um grain-size fraction at 493-494 cm and 497-498 cm.

3.4.1 MD04-2820CQ 487-488 cm
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All shardsin the 487-488 cm deposit are basaltic in composition with one dominant
and homogenous tholitic population (Figure 9). Some outliers with atransitiona
alkali composition are also observed, but are primarily restricted to the >80 um
fraction (Figure 9a). The main population is characterised by SiO. concentrations of
~49.5 %wt, TiO2 concentrations between 2.6-3.2 %wt, CaO concentrations between
10.1 and 10.9 %wt and FeO concentrations of ~13.8 %wt, showing affinities to the

Grimsvétn volcanic system (Figure 9).

FIGURE 9

A large number of Grimsvétn eruptives are found within the Greenland tephra
framework between 25-45 ka b2k with several showing compositional similaritiesto
the main population of MD04-2820CQ 487-488 cm (Bourne et al., 2015b).
Stratigraphic information from MD04-2820CQ is thus employed to provide a broad
constraint on the timing of this eruption relative to the main climato-stratigraphic
framework for the North Atlantic. Further discussion of this approach is provided in
Section 4. MD04-2820CQ 487-488 cm was deposited just prior to Heinrich event 4
(Figure 6), which iswidely regarded to have occurred in GS-9 and between DO-9 and
DO-8 (Sanchez Gofii and Harrison, 2010). The high-resolution Np(s) record for this
interval shows that MD04-2820CQ 487-488 cm falls within a cold period above two
distinct decreases in Np(s) percentages, between 490-510 cm depth, and thought to be
related to warming over the DO-9 and DO-10 events (Figure 6iii). These events were
not apparent within the original low resolution Np(s) record or the Ca XRF record

(Figure 2ii and 6iv). These stratigraphic constraints suggest deposition during the cold
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period following DO-9, which is equivalent to GS-9 within the Greenland
stratigraphic framework (Rasmussen et al., 2014). The GS-9 interval has been fully
sampled in al theice-cores that contribute to the Greenland tephra framework (see
Bourne et al., 2015b). In total, 10 Grimsvotn-sourced tephra horizons have been
identified in one or more of the Greenland cores (Figure 6b). Geochemical
comparisons show that no horizons provide a clear major element match to 487-488
cm. Therefore, a potential correlative to the marine horizon cannot be proposed

(Figure 10a).

FIGURE 10

The transport mechanism for this deposit is unlikely to be iceberg rafting because of
the relatively homogenous geochemical signature of the material and alack of co-
variance with IRD (Figure 6). Other potential mechanisms, sea-ice rafting and
primary airfall, would not impart atemporal delay and the deposit can be assumed to
be isochronous. The relative proportion of larger grainsin the 80-125 pum and >125
pum fractions compared to other deposits, e.g. 524-525 cm, could be indicative of
transportation via sea-ice rafting. This deposit is considered to have strong
stratigraphic integrity as the peak in shard concentration isrelatively discrete with
only arestricted downward tail in concentration, most likely due to post-depositiona
bioturbation. Although not present in Greenland, if it was widely dispersed over the
North Atlantic, this volcanic deposit may be a useful isochron for linking this

sequence to other marine records.

3.4.2 MD04-2820CQ 493-494 cm and 497-498 cm
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According to the stratigraphy for MD04-2820CQ, the slight increase in colourless
shards between 490-500 cm occurred during the short-lived cold period between DO-
10 and DO-9, based on an increase in Np(s) percentages (Figure 2 and 6). Shards from
both peaks have arhyolitic composition (Figure 8). The materia from the larger peak
at 497-498 cm has affinities to the transitional alkali rock suite of Iceland and forms a
single homogenous population with SiO> concentrations between 70.5 and 71.5 %owt,
Al203 concentrations of ~13.5 %wt, K20 concentrations of ~3.6 %wt and CaO
concentrations between 1.44 and 1.65 %wt (Figure 8). A source for these glass shards
could not be determined through comparisons to characterisations of proximal whole
rock rhyolites from Iceland, which may be due to the presence of other mineral phases
within whole rock analyses. However, compositional similarities to glass shards from
last glacia-interglacial transition rhyolitic tephra horizons sourced from the Katla
volcanic system (Figure 8b) strongly indicate that thisis the volcanic source. Shards
in the overlying smaller peak at 493-494 cm fall into two populations, one with
affinities to the Katla material 4 cm below and one with strong overlap with shards
from 610-611 cm in the core from NAAZ 11 (Figure 8b and c). No rhyolitic horizons
have been isolated within the Greenland ice-core records between GI-9 and GI-11

(Bourneet a., 2015b).

The homogeneity of the 25 shards from the 497-498 cm peak and the predominance
of material in the 25-80 um grain size fraction suggests that this represents primary
fall deposition. The upward tail in shard concentrations could be related to secondary
redistribution of material by bottom currents and the compositional bimodality in this

tail (493-494 cm sample) suggests reworking of the underlying Katla-sourced materia
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and NAAZ Il input. Shards from NAAZ Il (see Section 3.5) are present within
overlying sediments and are the likely primary constituent of the reworked

background of fine-grained rhyolitic material.

3.4.3 MD04-2820 CQ 511-512 cm

Brown shards from the peak at 511-512 cm are basaltic in composition with both
tholeiitic and transitional alkali material present. Distinct heterogeneity can be
observed in a number of components, e.g. NaO, K20, TiO2 and FeO, and the
analyses cannot be grouped into clear populations (Figure 9). The glass peak is
directly associated with a peak in IRD, which combined with the geochemical
signature strongly suggestsit is an ice-rafted deposit and cannot be assumed to be

isochronous.

3.4.4 MD04-2820 CQ 524-525 cm and 529-530 cm

The highest shard concentration in this period is found at 524-525 cm and exhibits a
broader rise in shard concentrations including a small shard peak 4 cm below the main
peak at 529-530 cm (Figure 2 and 6). The stratigraphy of MD04-2820CQ shows that
the tephra horizon falls on the decrease in Np(s) percentage and increase in Ca content
of the sediment that has been related to warming at the onset of DO-11 (Figure 2 and
6). Shards from both the main peak and underlying peak have atholeiitic basaltic
composition (Figure 9a). Shards from 524-525 cm form a homogenous popul ation
characterised by distinctly high FeO concentrations between 14.5 and 16.7 %wt, low

Ca0 concentrations of ~9.25 %wt, TiO. concentrations of ~3.2 %wt and MgO
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concentrations between 4.5 and 5.5 %wt (Figure 9). Comparison with proximal
deposits highlights similarities to the products of both the Kverkfjoll and Grimsvétn

volcanic systems (Figure 9b).

Four Grimsvétn-sourced deposits are found within the GS-12 climatic period and one
within GI-11 in the Greenland tephra framework (Bourne et a., 2015b). Statistical
comparisons show that none of these horizons are statistically different from 524-525
cm and all SC values exceed 0.95, due to the common source (Table 1). Thereisa
clear affinity between the main population of MD04-2820CQ 524-525 cm and NGRIP
2162.05 m with alow D? value and the highest similarity coefficient of 0.977; this
assessment is corroborated by major element biplot comparisons (Table 1; Figure 9b).
To test this affinity, the trace element composition of both horizons was determined.
Distinct differences can be observed in these characterisations, both in absolute
concentrations and trace element ratios (Figure 10c). These demonstrate that the two
horizons were not produced during the same volcanic event and cannot be correlated
between the archives. The differencesin trace element composition could be dueto a

number of factors, which will be discussed in Section 4.2.

TABLE1

Assessing this deposit according to the protocol of Griggs et a. (2014) is problematic
as key indicators are contradictory. The homogenous composition of the deposit
suggests that this deposit was unlikely to be iceberg rafted, but it was deposited during
aperiod of increased IRD concentrations (Figure 6). It is possible that primary fall

deposition is superimposed on a period dominated by iceberg rafting. What is more,
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iceberg rafting is typically thought to transport heterogeneous tephra deposits from an
amalgamation of tephrafrom anumber of eruptions. Tracing this horizon in the same
stratigraphic position in another marine sequence would provide supporting evidence

for this interpretation.

Glass shards from the small peak at 529-530 cm were additionally geochemically
analysed to assess its relationship to the main overlying peak at 524-525 cm. All of
the shards have atholeiitic basaltic composition (Figure 9a), with three distinct major
element populations present based on major oxides including FeO, CaO, MgO and
Al>O3 (Figure 8bii). Half of the shards from this deposit make up the main population
and indicate a source from either the Vel divotn-Bardabunga or Reykjanes volcanic
systems (Figure 9b). One population is sourced from Grimsvétn or Kverkfjoll and has
compositional affinitiesto MD04-2820CQ 524-525 cm and the final population is
sourced from Grimsvétn and has affinities to MD04-2820CQ 487-488 cm (Figure 9b).
The only known tephra horizon in the Greenland ice-core framework between 25-45
ka b2k with a composition similar to the dominant popul ation was deposited during
GS-5 and thusis not a correlative to this deposit. The similarity in geochemistry
between the sub-population and MD04-2820CQ 487-488 cmislikely to be
coincidental, with the Greenland tephra framework showing that Grimsvétn produced
many eruptives with similar compositions throughout this period (Bourne et al.,
2015b). The heterogeneity of this material could be linked to some iceberg rafting of
earlier events combined with downward reworking of materia from the 524-525 cm

peak.

3.5 Period 5- DO-15to DO-14
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The highest concentration of colourless shards was observed at 610-611 cm with
~19,500 shards per 0.5 g dry weight sediment (dws) in the 25-80 um fraction and
~450 shards in the >125 um fraction in this cryptotephra (Figure 2b). A peak in shards
80-125 um in diameter associated with this deposit occurs 1 cm above this depth
between 609-610 cm (Figure 2b). Within the proposed MDO04-2820CQ stratigraphy,
the shard concentration peak falls on the cooling transition at the end of DO-15 as

shown by the rise in the Np(s) percentage (Figure 2b).

These colourless shards have arhyolitic composition with affinities to the Icelandic
transitional alkali rock suite (Figure 8a) and are characterised by SiO» concentrations
of ~75.8 %wt, Al>0s concentrations of ~11.7 %wt, FeO concentrations between 2.25
and 2.8 %wt and K20 concentrations of ~4.2 %wt. Geochemical similarities are
highlighted between the MD04-2820CQ 610-611 cm deposit and other occurrences of
the rhyolitic component of NAAZ 11 (1I-RHY-1) in North Atlantic marine sequences
and the GRIP ice-core (Figure 8c). There are some slight offsets between the MDO04-
2820CQ characterisations and the older analyses, e.g. the MD04-2820CQ shards have
higher Na2O and lower Al20s and SiO2 concentrations, and these differences can be
attributed to the effect of sodium loss during the older analyses (Hunt and Hill, 2001,
Kuehn et d., 2011; Hayward, 2012). Therefore, these newer analyses represent a more
up-to-date characterisation of the 11-RHY -1 component of NAAZ Il and should be

utilised in future comparisons.

Identification of this horizon provides a direct ice-marinetie-line, abasal stratigraphic

constraint for the core, and atest of the proposed stratigraphy for MD04-2820CQ
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because this horizon has been identified in the Greenland ice-cores and other marine
sequences on the cooling transition at the end of GI-15 (Gronvold et al., 1995; Austin

et dl., 2004).

4. Discussion

4.1 Tephrostratigraphy of MD04-2820CQ between ~25-60 ka b2k and implications

for the regional tephra framework

Thiswork represents one of the first studies to employ density and magnetic
separation techniques to isolate and identify cryptotephras within North Atlantic
marine sediments between 25-60 ka b2k. Here, the identification of basaltic tephra
deposits has been improved when compared with previous studies, e.g. Abbott et al.
(2014), as magnetic separation of basaltic shards from the host sediment produced

purer samples for optical microscopy work and geochemical analysis preparation.

Overdll, the tephrostratigraphy of MD04-2820CQ is complex and differing transport
and deposition processes have given rise to arange of contrasting deposits. For
example, the geochemical heterogeneity of the MD04-2820CQ 275-279 cm and 511-
512 cm deposits and to a certain extent the deposits between 340-380 cm depth
suggests they were deposited viaiceberg rafting. Whilst three of the deposits, the
basaltic 487-488 cm and 524-525 cm and the rhyolitic 497-498 cm, have isochronous
characteristics and have the potential to act as tie-lines between records, however
none of these horizons were found to have correl atives within the current Greenland

tephraframework (Table 2; see section 4.2 for further discussion).
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TABLE 2

Two of the depositsin MD04-2820CQ have been correlated to previously known
tephra horizons (Table 2). MD04-2820CQ 610-611 cm correlatesto NAAZ 1l and
permits adirect link to the Greenland ice-cores and other marine sequences while
MDO04-2820CQ 455-475 cm can be correlated to FMAZ |11, a broad marine-marine
link around DO-8 to sequences in the Faroe Island region. The MD04-2820CQ 455-
475 cm deposit differsfrom FMAZ I11 occurrences in the Faroe Islands region as it
contains transitional akali basaltic glass in addition to the tholeiitic basaltic glass
characteristic of the original deposit (Griggs et a., 2014). Further work on tracing the
FMAZ 111 at sites between the Goban Spur area and the Faroe Islands region may help
isolate the transportation and depositional processes controlling this contrast. At
present the MD04-2820CQ core site on the Goban Spur is the furthest south that
FMAZ 111 has been identified; thisincrease in geographical range of the deposit
suggests that it could be akey stratigraphic marker for the DO-8 event in widespread

marine records.

The identification of horizons that do not at present have correlativesin other

pal aeoarchives adds three further vol canic events into the regional framework for the
25-60 ka b2k period (Table 2). Tracing these horizons within other sequences would
test our assertion that these are atmospherically-derived and potentially validate their
use as isochronous tie-lines. Thisis most relevant for the MD04-2820CQ 497-498 cm
deposit which has a broader shard count profile relative to the two basaltic deposits.

The timing of emplacement of the three deposits can be inferred from their
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relationship to the high-resolution stratigraphy for MD04-2820CQ shown in Figure 6,

which can act as aguide for tracing these deposits in other records (Table 2).

The two basaltic deposits are thought to be sourced from the Grimsvétn and/or
Kverkfjdll volcanic systems, providing further support for the high productivity of
these systems during the last glacia period (cf. Bourne et al., 2015b). These results
also demonstrate that their eruptive products were transported south of Iceland, most
likely viadirect atmospheric transport. Katlais thought to be the most likely source of
MDO04-2820CQ 497-498 cm and a correl ative could not be identified in the Greenland
ice-cores (Section 3.4.2; Bourne et a., 2015b). Indeed, no rhyolitic tephra horizons
from this source and very few Icelandic rhyolitic horizons are present throughout the
last glacia period in the Greenland ice-cores (Davies et d., 2014; Bourne et al.,
2015b). The identification of this Katla horizon within the cool interval between DO-
10 and DO-9 thus demonstrates that older rhyolitic eruptions from this source did

occur prior to the last glacial-interglacial transition (Lane et a., 2012).

4.2 Testing correlations using stratigraphy and trace element analysis

The stratigraphy of MDO04-2820CQ and its likely relationship to the Greenland
climatic record was used throughout to assess the timing of the emplacement of the
tephra deposits. This climatostratigraphic approach was particularly crucial for
assessing potential correlatives for the MD04-2820CQ 487-488 cm and 524-525 cm
horizons and high-resolution records of Np(s) and IRD were available for these

pUrpOSES.
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The correlation of tephras solely based on geochemica matches between horizons,
relies on every eruption having a unique geochemical signature. For the North
Atlantic region, however, the new Greenland tephra framework demonstrates that
multiple basaltic horizons with overlapping geochemical signatures were erupted
within relatively short time-intervals (Bourne et a., 2013, 2015b). Therefore, asis
required for many other tephrochronological studies, stratigraphic control was used
alongside the compositiona datato guide the testing of correlations. This approach
does introduce an element of circularity if the tephra correlations are to be used as
climatically independent tools to test stratigraphic comparisons and the relative timing
of past climatic changes (see discussion in Matthews et a., 2015). However, in this
instance the approach is valid as the overall stratigraphy of MD04-2820CQ is
supported by distinct event markers such as Heinrich Event 4 and NAAZ 11 and there
isastrong relationship to the sequence of well-defined Greenland Interstadial events
recorded in the ice-cores. Thisrelationship is especially apparent over the section
where high-resolution proxy data has been acquired. In addition, the stratigraphic
comparisons used to test correlations were broad and on a millennial-scale, and not
centennial or decadal-scale which is the potential magnitude of climatic phasing

between the environments.

The use of stratigraphy to guide correlations will be limited or problematic when
correlations are being assessed between the Greenland records and marine sequences
that have aless well-resolved stratigraphic framework, due to core location and/or
sedimentation rate differences. However, due to the high frequency of Icelandic
basaltic eruptions, particularly from Grimsvotn, some form of stratigraphic constraint

isessentia for exploring potential tie-lines. We recommend that, when possible, high-
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resolution stratigraphic information is gained over key intervals of interest to aid

correlation testing.

The potential correlation between MD04-2820CQ and NGRIP 2162.05 m was tested
using grain-specific trace element analysis, due to strong major element similarities
(Figure 10b). This analysis showed that the two horizons were not produced during
the same vol canic event (Figure 10c). The use of trace element analysisto test and
add robustness to correlations has been encouraged previously and its useis steadily
increasing within tephrochronological studies (see Section 1). Our work provides
further support for the use of this technique for testing correlations and for providing a
key insight into geochemical variability between Icelandic eruptions, specifically
those sourced from the Grimsvétn volcanic system. As basaltic magmas have
undergone relatively limited compositional evolution, intra-eruption variability in
trace elements from a single evolving system could be limited as significant fractional
crystallisation may not have occurred, this being the process which dominantly
controls trace element evolution (see Pearce et a., 2008). Therefore, it is of interest to
see clear trace element differences between two Grimsvétn-sourced eruptions with
highly similar major element compositions. In thisinstance, the differences could
result from magmatic evolution within a single, fractionating magma chamber
between eruptions or the eruptions tapped magma from different fissures within the
overall Grimsvtn system with similar major element but differing trace element
compositions. Trace element analysis of proximal deposits could provide an insight

into the intra-eruption variability of Grimsvétn basalts.

5. Conclusions
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The potential for using density and magnetic separation techniques to identify tephra
deposits within North Atlantic marine sequences spanning ~25-60 ka b2k has been
clearly demonstrated. Applying these techniques to MD04-2820CQ has unearthed a
complex tephrostratigraphical record with differing transportation and depositional
processes operating at different times, but the identification of isochronous deposits
highlights the potential for using tephrochronology to link marine sequences. One of
the biggest challenges for establishing correlationsis the high number of
compositionally similar eruptives preserved in the ice-cores within short time-
intervals. We have outlined how stratigraphic constraints can help reduce the number
of potential candidates and the need for high-resolution proxy data to constrain key
intervals. The use of stratigraphic constraints from proxy data could ultimately be
limited by the resolution of marine records. In addition, it has been shown that trace
element comparisons provide a secondary fingerprint that can test the robustness of
correlations suggested by major element geochemical similarities. Exploration of
further records in this region will help assess the isochronous nature of the key
deposits in MD04-2820CQ and represent amajor step towards synchronisation of

regional marine archives using cryptotephra deposits.
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Figures

Figure 1: Location map of the MD04-2820CQ core site and other cores referred to

within the text.

Figure 2: (a) Climate and tephrostratigraphy of the last glacial period within the
MDO04-2820CQ core. (i) XRF (ITRAX core scanning) Ca count rates (ii) percentage
abundance of Neogloboquadrina pachyderma (sinistral) (iii) tephrostratigraphy
incorporating 5 and 1 cm resolution shard counts. (b) Inset of climate and
tephrostratigraphy of colourless shards between 550-650 cm depth. Thisfigureisan
expansion of the colourless shard counts that were truncated on Figure 2a. Red bars
denote depth intervals from which glass shards were extracted for geochemical

anaysis.

Figure 3: Comparison of glass compositions from MD04-2820CQ 275-279 cm to that
from FMAZ I1,VZ 1x and VZ 1 characterisations from Davies et a. (2008), Griggs et
a. (2014) and Lackschewitz and Wallrabe-Adams (1997). (a) Inset of total akalis
versus silicaplot. Division line to separate alkaline and sub-alkaline material from
MacDonald and Katsura (1964). Chemical classification and nomenclature after Le
Maitreet a. (1989). (b) (i) CaO vs FeO and (ii) K20 vs TiO2 biplot comparisons.
NGRIP datafrom Davies et a. (2008), IM11-19PC datafrom Griggs et al. (2014) and
VZ 1x and VZ 1 data from Lackschewitz and Wallrabe-Adams (1997). All plotson a

normalised anhydrous basis.
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Figure 4: Compositional characterisation of MD04-2820CQ glass shard deposits
between 340-380 cm depth, comparisons to proximal |celandic deposits and
comparisons with horizons with a Kverkfjdll volcanic source in the Greenland tephra
framework. (a) (i) inset of total akalisversussilicaplot. Division line to separate
alkaline and sub-alkaline material from MacDonald and Katsura (1964). Chemical
classification and nomenclature after Le Maitre et al. (1989). (ii and iii)
Compositional variation diagrams comparing analyses to deposits proximal to four
tholeiitic Icelandic volcanic systems. Compositional fields defined using glass and
whole rock analyses from Jakobsson et al. (2008) (Reykjanes), Hoskuldsson et al.
(2006) and Oladéttir et al. (2011) (Kverkfjoll) and Jakobsson (1979), Haflidason et al.
(2000) and Oladéttir et al. (2011) (Grimsvétn and Veidivotn-Bardabunga). (b) (i)
Compositional variation diagram of glass between 340-380 cm depth in MD04-
2820CQ (ii) Compositional variation diagram of glass from ice-core horizons from
the framework of Bourne et a. (2015b). (c) Compositional variation diagram of glass
from MD04-2820CQ 342-343 cm and glass from three heterogeneous Kverkfjoll
eruptives identifed between GI-5.2 and GS-4 in the Greenland tephra framework of
Bourne et a. (2015b). Ice-core horizons in bold are identified in multiple cores. All

plots on a normalised anhydrous basis.

Figure5: Compositional characterisation of glass from MD04-2820CQ tephra
deposits between 455-475 cm depth and comparison to the glass characterised for
FMAZ I11. (a) inset of total alkali vs. silicaplot. Division line to separate alkaline and
sub-alkaline material from MacDonad and Katsura (1964). Chemical classification

and nomenclature after Le Maitre et a. (1989). (b) Compositional variation diagrams
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for tholeiitic glass. FMAZ 111 datafrom JM11-19PC core outlined in Griggs et al.

(2014). All plots on a normalised anhydrous basis.

Figure 6: (a) High-resolution stratigraphy of the 450-550 cm interval within MDO04-
2820CQ. (i) Stratigraphy of colourless glass shard concentrations. (ii) Stratigraphy of
brown glass shard concentrations. Red bars denote samples from which shards were
extracted for compositional analysis. (iii) High-resolution percentage abundance of
Neogloboquadrina pachyderma (sinistral). (iv) XRF (ITRAX core scanning) Ca count
rates. (v) High-resolution IRD counts. Light green bars highlight glass shard peaks
with homogenous compositions. (b) Greenland tephra framework between GI-8 and
GI-12 (Bourne et a., 2015b and references within) plotted on the NGRIP oxygen
isotope stratigraphy (NGRIP Members, 2004). Green lines denote horizons that can be
traced in multiple cores. Other horizons are only present in NGRIP (red), NEEM

(purple), GRIP (yellow) and DY E-3 (blue).

Figure 7: (@) Compositional comparisons of tholeiitic glass from MDO04-2820CQ
Period 3 deposits and GlI-8c and GS-9 tephras in the Greenland tephra framework of
Bourne et a. (2013, 2015b). (b) Compositional comparisons of transitiona alkali
glass from MD04-2820CQ Period 3 deposits and GS-9 tephras in the Greenland
tephra framework. Ice-core data from Bourne et a. (2015b). Ice-core horizonsin bold
can be traced in multiple cores and only data from the NGRIP occurrence have been
used for those horizons. All plots on a normalised anhydrous basis. The key for

analyses from MD04-2820CQ is the same as Figure 5.
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Figure 8: (a) Inset of total akali vs. silicaplot focusing on rhyolitic material from the
MDO04-2820CQ core. Normalised compositional fields for the Icelandic rock suites
derived from whole rock analyses in Jakobsson et al. (2008). Chemical classification
and nomenclature after Le Maitre et a. (1989). (b) Compositional variation diagrams
comparing low SiO> rhyalitic glass from MD04-2820CQ to geochemical fields for a
number of Katla-derived tephra horizons. Glass compositions from Lane et al. (2012)
(Vedde Ash and Dimna Ash), Matthews et a. (2011) (AF555; Abernethy Tephra
(MacLeod et a., 2015)) and Pilcher et a. (2005) (Suduroy). () Compositional
variation diagrams comparing high SiO- rhyolitic glass from MDO04-2820CQ to fields
for marine and ice occurrences of the NAAZ Il rhyolitic component. Glass data from
Austin et al. (2004) (MD95-2006), Wastegérd et al. (2006) (ENAM93-20, ENAM 33,
EW9302-2JPC), Brendryen et al. (2011) (SO82-05, MD99-2289) and Gronvold et a.

(1995). All plots on a normalised anhydrous basis.

Figure 9: Compositional characterisation of basaltic glass from deposits between 485
and 530 cm in MD04-2820CQ and comparisons with Icelandic proximal material. (a)
inset of inset of total alkali vs. silicaplot. Division line to separate alkaline and sub-
alkaline material from MacDonald and Katsura (1964). Chemical classification and
nomenclature after Le Maitre et a. (1989). (b) Compositional variation diagrams
comparing analyses with material proximal to four tholelitic Icelandic volcanic
systems. Compositional fields defined using glass and whole rock analyses from
Jakobsson et a. (2008) (Reykjanes), Hoskuldsson et a. (2006) and Oladottir et al.
(2011) (Kverkfjoll) and Jakobsson (1979), Haflidason et al. (2000) and Oladottir et al.
(2011) (Grimsvétn and Veidivotn-Bardabunga). All plots on a normalised anhydrous

basis.
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Figure 10: (a) Comparison of the main tholeiitic glass population of MD04-2820CQ
487-488 cm with glass compositional fields for GS-9 tephra horizons sourced from
Grimsvotn in the Greenland tephra framework of Bourne et al. (2015b). Horizonsin
bold have been identified in multiple ice-cores. (b) Comparison of MD04-2820CQ
524-525 cm glass with characterisations of glass from tephra horizonsin the
Greenland tephra framework of Bourne et al. (2015b). (¢) Comparison of trace
element characterisations of individual shards from MD04-2820CQ 524-525 cm and

NGRIP 2162.05 m. All plots on a normalised anhydrous basis.

Table 1: Statistical comparisons of the main tholeiitic population of glass from
MDO04-2820CQ 524-525 cm with glass from GI-11 and GS-12 tephra horizons within
the Greenland tephra framework. Some outliers were removed from the ice-core
characterisations. Critical value of 23.21 for statistical distance comparisons (10

degrees of freedom; 99 % confidence interval).

Table 2: Summary of tephra horizons in MD04-2820CQ with the potential to act as
widespread tie-lines to other pal aeoclimatic sequences in the North Atlantic region.
Thetiming of eventsis based on the stratigraphy for the MD04-2820CQ record.

*Only to be used as a marine-marine tie-point.
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Figure 3
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Figure 4
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Figure 5
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Depth (m)

Figure 6
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Figure 7
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Figure 8
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Figure 9
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Figure 10
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Table1:

I ce core horizon D? SC
NGRIP 2150.90 m 10.042 0.959
NGRIP 2162.05 m 1.740 0.977
NGRIP 2162.60 m 8.349 0.959
NGRIP 2163.35 m 9.709 0.953
NGRIP 2164.10 m 8.239 0.952




Table 2:

Depth Interval Timing Composition Potential Source Correlations
. ) . Heterogenous PR "
456-473 cm DO-8 warming Tholsiitic Basaltic Grimsvétn, Iceland FMAZ 111
487-488 cm Bet;vn((ejegg_og—lo Tholeiitic Basaltic Grimsvétn, Iceland New horizon
497-498 cm DO-11 Transitional alkali Katla, lceland New horizon
Rhyolitic

524-525cm  DO-11 warming Tholelitic Basaltic Grimsvétn, Iceland New horizon
610-611cm  DO-15cooling | anstional alkali e sk, 1celand NAAZ I|

Rhyalitic
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