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Abstract

The establishment of a tephra framework for thee@land ice-cores spanning the last
glacial period, particularly between 25-45 ka bigvides strong potential for
precisely correlating other palaeoclimatic recdadthese key archives. Tephra-based
synchronisation allows the relative timing of pelghatic changes recorded within
different depositional environments and potentéalsal mechanisms to be assessed.
Recent studies of North Atlantic marine recordsehde@monstrated the potential of
tracing cryptotephra horizons in these sequencesrendevelopment of protocols

now allows a careful assessment of the isochronatige of such horizons. Here we
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report on tephrochronological investigations of aime sequence retrieved from the
Goban Spur, Eastern North Atlantic, covering ~25«&®2k. Density and magnetic
separation techniques and an assessment of potesaisport and depositional
mechanisms have identified three previously unknseaohronous tephra horizons
along with deposits of the widespread North Atlaitsh Zone Il and Faroe Marine
Ash Zone Ill. Correlations between the new horizand the Greenland ice-core
tephra framework are explored and despite notieslbeing identified the key roles
that high-resolution climatostratigraphy and shspéeific trace element analysis can
play within the assessment of correlations is destrtated. The previously unknown
horizons are new additions to the overall NorthaAtic tephra framework for the last

glacial period and could be key horizons for futcoerelations.

Keywords: Tephrochronology; palaeoclimate synchsatmon; volcanic ash;

isochrons; Iceland; major and trace element geoidtgm

1. Introduction

The tracing of isochronous horizons of volcanic bstween different depositional
realms (tephrochronology) has considerable poteiotidhe independent correlation
and synchronisation of disparate palaeoclimaticiseges and for assessing the
relative timing of past climatic events (Lowe, 2D1The potential of
tephrochronology to assess these relative timsgspecially pertinent for the last
glacial period as there is evidence for several@thelimatic changes preserved
within ice-cores from Greenland (e.g. GRIP Memb#&@83; Johnsen et al., 2001;

NGRIP Members, 2004) and numerous North Atlanticineacores (e.g. Bond et al.,
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1993, 1997; Van Kreveld et al., 2000; Martrat et2007; Hall et al., 2011; Zumaque
et al., 2012).
A large number of tephra horizons have been idedtivithin multiple Greenland

ice-cores spanning the last glacial period (Abbat Davies, 2012; Bourne et al.,
2013, 2015b; Davies et al., 2014). Bourne et &l1%d) in particular increased the
number of horizons identified in the NGRIP, NEEMRIB and DYE-3 ice-cores and,
in combination with past studies, a framework oig@@chemically characterised
tephra deposits has now been defined for the 2&a4®2k period. Developing a
framework of geochemically characterised horizoitk wtrong stratigraphic and
chronological control is an essential first stepdads the synchronisation of these
records to other palaeoclimatic sequences in arahgnvironments. A notable
feature of the ice-core framework is the dominasfogeposits, closely spaced in
time, that have similar major element compositiaating to single sources, e.g. the
Icelandic Grimsvétn volcanic system. Subtle majement differences can be used to
discriminate between some deposits, but others imajer element compositions

which are indistinguishable (e.g. Bourne et al130

This compositional similarity presents a challemgeen attempting to correlate tephra
horizons from sequences with limited chronologaadi/or stratigraphic control. In
these instances it has been widely advocated tiyai\zilable climatostratigraphic
evidence can be used alongside the compositiotaltdaarrow down potential
correlatives (e.g. Newnham and Lowe, 1999; Newnbtal., 2004; Pearce et al.,
2008; Housley et al., 2012; MacLeod et al., 201%) that trace element analysis of

the tephra deposits may provide a useful secormanpositional fingerprint for
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testing and assessing the robustness of corredafgog. Allan et al., 2008; Abbott et
al., 2012, 2014, Albert et al., 2012; Lane et2012; Bramham-Law et al., 2013;

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

Overall, there is an order of magnitude differebeaveen the number of tephra
horizons identified in the Greenland ice-cores Hodh Atlantic marine sequences
between 25-60 ka b2k. Only a few marine record teeen investigated for their
tephra content and there is a tendency to focugsiisie horizons or on the coarse-
grained components (>15%0n) (e.g. Lackschewitz and Wallrabe-Adams, 1997,
Wastegard and Rasmussen, 2014). As a result, wolice-marine tie-lines have been
defined within the last glacial period. Firstlyethhyolitic component of the
widespread North Atlantic Ash Zone (NAAZ) Il (553& 1184 a b2k; Svensson et
al., 2008) has been traced within multiple ice aradine cores (e.g. Kvamme et al.,
1989; Gronvold et al., 1995; Lacasse et al., 1988inski et al., 1997; Haflidason et
al., 2000; Austin et al., 2004). Secondly, FarogiMaAsh Zone (FMAZ) Il, a visible
horizon identified in a number of marine cores frtiva Faroe Islands region
(Wastegard et al., 2006), was traced into the NG&dRore by Davies et al. (2008)
(NGRIP 1848 m; 26,740 + 390 a b2k). A third ice-marcorrelation was also
proposed between the NGRIP 2066.95 m horizon (28£1223 a b2k) and FMAZ

[, a thick and relatively scattered zone of glakards traced between a number of
the Faroe Islands region cores (Wastegard et@G0g§;Davies et al., 2010). However,
Bourne et al. (2013) later highlighted the compieri this period and identified a
series of closely spaced tephra horizons with ainglass compositions in the NGRIP
and NEEM ice-cores. Their compositions all falllwiit the broad compositional

envelope of FMAZ Il and the marine deposit hasrbie¢erpreted as resulting from
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the amalgamation of primary tephra-fall from a nembf volcanic events as a
consequence of low sedimentation rates at the madre sites (Bourne et al., 2013;
Griggs et al., 2014). Therefore, the prior corielabetween FMAZ Ill and a single
tephra layer in the ice-cores is no longer valid ahould not be used as an ice-marine
tie-line. However, the tephra layers in the ice ra@ly act as tie-lines if individual
homogenous horizons from those single events cdoupel in marine records. This
particular example highlights some of the complegitnvolved with defining

correlations between the records.

In recent years, there has been a shift towardmestigation of the cryptotephra
record preserved within marine sediments. Densityraagnetic separation
techniques, previously applied to terrestrial seges, have recently been
successfully used to extract fine-grained cryptiotap, preserved as discrete deposits
of glass shards, from a number of cores aroundltreh Atlantic (e.g. Abbott et al.,
2011, 2013, 2014; Griggs et al., 2014; Davies.ekall4). Magnetic separation
techniques are particularly important for the idfes#tion of basaltic cryptotephras in
North Atlantic marine records because of the domieaof basaltic tephra deposits
within the Greenland tephra framework (Abbott aral/ies, 2012; Bourne et al.,
2013, 2015b). In addition to these methodologidakbaces, Griggs et al. (2014)
outlined a protocol which uses a range of indiGatordetermine the potential
influence of transportation and depositional preeson the stratigraphic and
temporal integrity of marine tephra deposits. Ttedthese methods and approaches
have not been utilised to isolate cryptotephrasorth Atlantic marine sequences

covering the 25-60 ka b2k period. The Greenlantreeframework in particular, now
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demonstrates the potential for tephrochronologgathronisation if common

horizons can be identified.

Here we report on tephrochronological investigaiohthe 25-60 ka b2k period
within a marine core retrieved from the Goban Spea in the eastern North Atlantic
(MDO04-2820CQ). Potential correlations to the Greedltephra framework are
explored with new high-resolution proxy data fronD@-2820CQ used to help
determine the stratigraphic position of the tegloazons and trace element analysis

Is utilised as a secondary compositional fingetprin

2. Materialsand M ethods

2.1 MD04-2820CQ

MDO04-2820CQ was retrieved from the Goban Spur &6205.29°N; 13°25.90"W;
Figure 1) and is a reoccupation of the OMEX-2K cgite (see Hall and McCave,
1998a,b; Scourse et al., 2000; Haapaniemi et@LQR A Ca XRF record and a low-
resolution record of the percentage abundanceegbdhar foraminiferal species
Neogloboquadrina pachyderngsinistral) Np(s)) have been used to define a
preliminary stratigraphy for the sequence betwed8 B42. A number of Dansgaard-
Oeschger events related to the Greenland Inteest@sli) events in the Greenland
ice-cores are recognised within this record (FigyrRasmussen et al., 2014).
Between 450-550 cm depth, high-resolution (up ¢on) records oNp(s) and ice

rafted debris (IRD) concentrations (150 um-1 mnotfoan) were generated to provide
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a more detailed stratigraphy between DO-12 and DOHIp constrain the tephra

deposits within a climatic framework (Figure 6).

FIGURE 1

The tephra content of the core was initially inigetied at a low-resolution (5 cm
contiguous samples) between 250-650 cm depthvhdtewith distinct peaks in glass
shard content above background levels were substyue-investigated at 1 cm

resolution to refine their stratigraphic positidhgure 2).

FIGURE 2

2.2 Extraction of tephra-derived glass shards froarine sequences

From the 5 and 1 cm samples, 0.5 g sub-samplesedd-dried marine sediments
were immersed in 10% HCI overnight to remove cadb@material. Samples were
then wet sieved using 125 and 80 pum test sieve2aupan nylon mesh. The 25-80
um fraction was then density separated using sognigtungstate prepared to the
specific gravities of 2.3 and 2.5 g/&to split the material into the density fractiorfs o
<2.3 g/cr, to remove biogenic material, 2.3-2.5 gfcio isolate rhyolitic material,
and >2.5 g/ctto isolate basaltic material (Turney, 1998). Tatar purify the >2.5
g/cnt fraction it was magnetically separated using a&résodynamic Magnetic
Separator. The methodology and conditions for m@agseparation are outlined in
Griggs et al. (2014) and allow the separation of-ntagnetic quartz material from

any paramagnetic basaltic material. The >125 pmB&nt25 um grain-size fractions,
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and the 2.3-2.5 g/cfrand magnetic >2.5 g/chdensity fractions, were mounted on
microscope slides in Canada Balsam for optical osimopy to quantify their glass

shard content.

2.3 Geochemical analysis of individual glass shards

Samples for geochemical analysis were prepared tisenprocedure outlined in
Section 2.2. The fraction of interest was then ntediin epoxy resin on a 28 x 48

mm frosted microscope slide to prepare thin sestadrthe glass shards. This was
achieved by grinding the material using decreagnagles of silicon carbide paper and

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

Major element compositions of individual shards evéetermined using electron-
probe micro-analysis (EPMA) at the Tephra Analytldait, University of Edinburgh,
using a Cameca SX100 with five wavelength disperspectrometers. The operating
conditions followed those outlined in Hayward (2R1Qalibration was carried out
using pure metals, synthetic oxides and silicatedards and the secondary standards
of Cannetto Lami Lava, Lipari and BCR2g were anadlyat regular intervals to
monitor for instrumental drift and assess the @ieai and accuracy of analysed
samples (see Table S18). For data comparisonalses were normalised to an
anhydrous basis, i.e. 100 % total oxides, butzall data analyses are provided in the
supplementary information (Tables S1-S17). Staasttomparisons between tephra
horizons have been made using the statisticalrtistaest (B) of Perkins et al. (1995,

1998) and the similarity coefficient function (S@f)Borchardt et al. (1972).
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Trace element compositions of single shards fromroarine and one ice-core
horizon were analysed using laser ablation indetticoupled plasma mass
spectrometry (LA-ICP-MS) at Aberystwyth Universify.Coherent GeoLas 193 nm
Excimer laser coupled with a Thermo Finnigan Elen2ehigh-resolution sector field
mass spectrometer was utilised (Pearce et al.,)2Die to the small grain size of the
shards making up the ice-core horizon, a laser avlteam diameter of 10 pm and a
fluence of 10 J/chwas pulsed at 5 Hz with a flash duration of ~10Despite the
larger grain size of shards in the marine horizohQ um laser beam diameter was
used for all analyses to limit any differential iagp of fractionation effects. As a
potential correlation was being tested, the sampte analysed ‘side-by-side’ to
limit any potential influence of instrumental difémces between analytical periods
(Pearce et al., 2014). Trace element concentratiens calculated using methods
outlined in Pearce et al. (2007), witlsi previously determined through EPMA used
as the internal standard and NIST 612 used asalliwation standard, taking
concentrations from Pearce et al. (1997). A cowadtactor was used to remove bias
in analyses caused by fractional effects (Pearaé,e2011). Trace element
concentrations for individual shards are providedable S19 and analyses of the

secondary standards BCR2g and BHVO-2g are providé&dble S20.

3. Results

Of the 80 intervals investigated at low-resolutidh,were selected for high-resolution
analysis resulting in the processing of 105 1 cmas. Figure 2 integrates low-
resolution counts from intervals that were not edgsed with the high-resolution

counts. These overall shard profiles were emplagestlect 17 samples for



224

225

226

227

228

229

230

231

232

233

234

235

236

237

238

239

240

241

242

243

244

245

246

247

248

geochemical analysis (Figure 2). Overall, the ré@mntains a number of distinct
concentrations of brown glass shards and this ¢§js@ard is also present as a low
background. There is a more consistent backgrotinayolitic shards throughout the
whole of the studied interval. Given the tephrdggraphical record, the deposits are
grouped into five periods and used as a basisa®epi results below. To determine
the source of the glass shards, compositions angaced to glass and whole rock
analyses to allow material to be assigned to lcktarock suites and specific volcanic

systems.

3.1 Period 1 - Post DO-3

Between 275-279 cm a dispersed zone of shardsawitv concentration of basaltic
shards and no discernible peak was identified. Bawoacal characterisation shows
that the glass in this zone has a highly heteragesheomposition with shards of both
transitional alkali and tholeiitic composition pees (Figure 3a). Similar
heterogeneity is observed in shards from bothabkge-than and greater-than 80 um
grain-size fractions (Figure 3). This character®ashows that the deposit is an
amalgamation of material from a number of volcaarigptions from multiple volcanic

centres.

FIGURE 3

According to the stratigraphy for MD04-2820CQ), thtne of ash was deposited

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

deposited within Greenland Stadial (GS) 3 approxetyel 000 years after the cooling



249 transition at the end of GI-3 (Davies et al., 2008)e composition of MD04-2820CQ
250 275-279 cm demonstrates that this deposit doediredttly relate to the homogenous
251 transitional alkali basaltic FMAZ Il horizon fourvdthin ice and marine sequences
252  (Figure 3b). Some shard analyses fall within thegositional envelopes of the

253 homogenous VZ 1x and the heterogeneous VZ 1 asksZoom cores on the

254 Reykjanes Ridge, but the greater heterogeneitgeoP75-279 cm deposit suggests
255 they are unrelated (Figure 3b).

256

257 The compositional heterogeneity and lack of aestpeak in the shard concentration
258 profile strongly suggests that this deposit repressa minor input of material,

259 potentially through iceberg rafting or secondaansiportation processes such as
260 bottom currents, and cannot be regarded as isostson

261

262 3.2 Period 2 — DO-5 to DO-3

263

264  The highest glass shard concentration peak in3H02.m fraction is observed

265 within period 2 at 342-343 cm (Figure 2). The maximpeak in the >125 um size
266 fraction is between 341-342 cm. Two narrow zoneastif below this high peak

267 between 355-360 cm and 370-375 cm depth were foulwdv-resolution counts, but
268 no distinct peaks in concentration were observeatierhigh-resolution counts.

269

270 Shards from the main peak and the two underlyilgzases have a basaltic

271 composition (Figure 4a). With the exception of arshpopulation >80 pm in size in
272 the 373-374 cm sample, and a few outlying analyfsstshave affinities to the

273 Icelandic transitional alkali rock suite, these afs have a tholeiitic composition
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sourced from the Kverkfjoll volcanic system (Figdi@). Although the analysed glass
shards are from four different depths, it is clivat the majority of shards from each
interval occupy the same compositional space oolgauical plots and hence are
related to one another. The relatively homogenamsinant population has S;O
concentrations between 48.5-51.0 %wt, CaO condemisabetween 8.9-9.9 %wt and
FeO concentrations of ~15 %wt (Figure 4). Slighdaaemical bimodality can be
observed, most notably within the TiGoncentrations and FeO/MgO ratios (Figure
4bi). This bimodality is present within the mairasth peak at 342-343 cm and the
underlying zones of low shard concentration. Howetree deposit at 373-374 cm has
proportionally more shards with high Ti®@alues than the other two deposits (Figure

4bi).

FIGURE 4

Determining potential correlatives, the isochronnasire and likely transport
mechanisms for these deposits is complex. Bouraé €015b) identified a number
of tholeiitic basaltic tephra horizons with a KvBdk source in the Greenland ice-
cores between GI-5.2 and GS-4. The compositioti &Deaof these ice-core horizons
fall within the compositional field of the main paption of the 342-343 cm and
underlying deposits (Figure 4b), hampering theiraation to individual ice-core
horizons. Some of these eruptives, however, hazatgr compositional
heterogeneity, such as GRIP 2064.35 m, NGRIP 1931.and NGRIP 1950.50 m,
and cover the full compositional range observeithémarine deposit (Figure 4c).
The peak input of ash at 342-343 cm may repressimigée primary tephra-fall event

related to one of these eruptions with the undeglgleposits, between 355-360 and
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370-375 cm, possibly representing downward moveroktgphra within the

sediment column via bioturbation. This scenariovseanlikely, however, due to the
lack of a distinct background of basaltic shardsveen the deposits. An alternative
scenario is that the geochemical similarities acerssequence of the marine deposits
being composed of an amalgamation of glass sheoasd number of eruptions.
Shards could be amalgamated during protracted wipuiaterial via primary fall and
post-depositional reworking, akin to the proposedasitional mechanism for FMAZ
[l (see Section 1). This proposition is, howevest supported by the relatively
discrete nature of the peak input of ash to thelstween 342-343 cm and the
underlying deposits, which implies that tephraaly occurred as short-lived pulses

of material.

Delivery via repeated iceberg rafting events cautshte deposits of this nature. The
greater heterogeneity of the material at 373-374lepth, with a transitional alkali
composition similar to those of Katla eruptiveghe Greenland tephra framework
between GI-5.2 and GS-4 (Figure 4ai), and an auitdititholeiitic population from
Grimsvotn (Figure 4aii), may indicate that this em&t, with a slightly different
compositional signature, is derived from a pri@bierg rafting event. We cannot fully
test this proposition because an IRD record ha®uwtly not been established over
this period. However, the high concentration ofrseggrained shards (>125 pum)
(Figure 2), in a relatively distal location to laat, supports iceberg rafting as the
transport process. Overall, this likelihood pregdhe deposits in period 2 from being
useful regional isochrons but they could be usedbimal core correlations

(Brendryen et al., 2010).



324 3.3 Period 3 — DO-9 to DO-8

325

326 Period 3 is characterised by an approximately 2@hsok zone of elevated basaltic
327 glass concentrations within which four small peimksoncentration can be observed.
328 Peaks at 456-457 cm, 460-461 cm, 464-465 cm andl43Zm depth are observed in
329 the 25-80 um and >125 pm grain size fractions hrektcan be clearly observed in
330 the 80-125um fraction. Each peak contains shards with af@sitio either the

331 transitional alkali or tholeiitic rock suites ofdiand, with the material from each of
332 these rock suites displaying distinct heterogeng@itgure 5a). Compositional

333 similarities between the deposits and the contisuwture of the ash deposition allow
334 the whole of the deposit between 455-475 cm tontepreted as a single entity.

335

336 FIGURE 5

337

338 According to the MD04-2820CQ stratigraphy, this @&pspans the warming

339 transition related to DO-8 (Figure 2 and 6), akirtite FMAZ 111 deposit identified in
340 other North Atlantic marine records. Distinct sianities are evident between the
341 heterogeneous Grimsvotn-sourced material of FMAZH&aracterised from a record
342 in the SE Norwegian Sea (Griggs et al., 2014) aedholeiitic material present in
343 this ash zone (Figure 5). Homogenous Grimsvitnesolpopulations identified in
344 the Greenland tephra framework between GI-8c an® G&not be identified at any
345 depth in MD04-2820CQ (Figure 7a). The geochemiaagie of the tholeiitic material
346 in MD04-2820CQ encompasses that of glass in aliag&e&ore horizons (Figure 7a).
347 Despite the failure to correlate to an ice-coreod@pthe MD04-2820CQ deposit can

348 be correlated to the marine FMAZ Il due to thasgraphic similarities and
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geochemical affinity of the tholeiitic basaltic reaal. None of the Faroes Islands
region occurrences of FMAZ Ill contain a populatmfrtransitional alkali material as
observed in the MD04-2820CQ deposit (Figure 5; \&gétd et al., 2006; Griggs et
al., 2014). Two transitional alkali basaltic homzsofrom Katla were identified in early
GS-9 by Bourne et al. (2013, 2015b) and also fahiw the range of the MD04-
2820CQ analyses, but the heterogeneity is far gré@athe marine deposits and no

potential correlations can be suggested (Figure 7b)

FIGURE 6 AND 7

Griggs et al. (2014) interpreted FMAZ Il in therBa Islands region as resulting from
the amalgamation of primary fall material from @bstimed Grimsvétn eruptions.
Sediment accumulation rates are considered tosudficient to allow the events to be
separated and secondary processes such as bimnréad bottom currents may have
caused mixing of shards between depths. An ic@aftansport and deposition
mechanism was ruled out by Griggs et al. (2014)tdwelack of a coeval IRD signal.
Within MD04-2820CQ), IRD concentrations are declmbetween 455-475 cm and
there is no direct co-variance with glass sharatentrations (Figure 6). This lack of
correlation could imply that the transport, depositand post-deposition mechanisms
are common between the MD04-2820CQ and JM11-FI-18®€ sites. The
incorporation of transitional alkali material aetMD04-2820CQ site could result
from more southerly transport of material from #hesuptions. This would also
account for the relative lack of transitional alleauptions in the Greenland tephra
framework during this interval. As highlighted ear] the FMAZ 11l cannot be used

as a precise ice-marine tie-line (Bourne et alL30However, the correlation of
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MDO04-2820CQ 455-475 cm to FMAZ IIl extends the gexquipical distribution of this

deposit and it can be used as a marine-marinege-|

A small peak in colourless shards occurs at 463ef64nd major element analysis
shows that the glass has a rhyolitic compositiahamaffinity to the Icelandic
transitional alkali rock suite (Figure 8a). Two pdgtions are apparent, one with
affinities to material from the rhyolitic componasftNAAZ Il and one with affinities
to a number of Katla-sourced rhyolitic horizons al&fed during the last glacial-
interglacial transition and an underlying horizarMD04-2820CQ at a depth of 497-
498 cm (Figure 8b and c). These compositional éfm and the low shard
concentration suggests that this material is rayhfa distinct volcanic event but may

relate to a background of reworked colourless sharthe sequence.

FIGURE 8

3.4 Period 4 — DO-12 to DO-9

During this period a series of three relativelycdie peaks (~1-3 cm) in brown glass
shards can be identified (Figure 2 and 6). The p@akrown shards at 487-488 cm
and 524-525 cm depth are distinct across all ggaiefractions, whereas the peak at
511-512 cm is only evident within the 25-80 and 5{2n grain-size fractions. A
broad increase in colourless shards between 49@#H0displays a double peak in

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

3.4.1 MD04-2820CQ 487-488 cm
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All shards in the 487-488 cm deposit are basaltimomposition with one dominant
and homogenous tholeiitic population (Figure 9)m8mutliers with a transitional
alkali composition are also observed, but are priigneestricted to the >80 pum
fraction (Figure 9a). The main population is chtgased by Si@concentrations of
~49.5 %wt, TiQ concentrations between 2.6-3.2 %wt, CaO concémtibetween
10.1 and 10.9 %wt and FeO concentrations of ~138 ¥howing affinities to the

Grimsvotn volcanic system (Figure 9).

FIGURE 9

A large number of Grimsvotn eruptives are foundhimithe Greenland tephra
framework between 25-45 ka b2k with several showmgpositional similarities to
the main population of MD04-2820CQ 487-488 cm (Bauet al., 2015b).
Stratigraphic information from MDO04-2820CQ is theraployed to provide a broad
constraint on the timing of this eruption relatteethe main climato-stratigraphic
framework for the North Atlantic. Further discussiaf this approach is provided in
Section 4. MD04-2820CQ 487-488 cm was depositetdojugr to Heinrich event 4
(Figure 6), which is widely regarded to have ocedrin GS-9 and between DO-9 and
DO-8 (Sanchez Gofii and Harrison, 2010). The higloitgionNp(s) record for this
interval shows that MD04-2820CQ 487-488 cm fallthim a cold period above two
distinct decreases Mp(s) percentages, between 490-510 cm depth, andhhtwube
related to warming over the DO-9 and DO-10 evehigufe 6iii)). These events were
not apparent within the original low resolutibip(s) record or the Ca XRF record

(Figure 2ii and 6iv). These stratigraphic constisuggest deposition during the cold
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period following DO-9, which is equivalent to GSx&hin the Greenland
stratigraphic framework (Rasmussen et al., 2014¢. GS-9 interval has been fully
sampled in all the ice-cores that contribute toGneenland tephra framework (see
Bourne et al., 2015b). In total, 10 Grimsvotn-sedrtephra horizons have been
identified in one or more of the Greenland coragyfe 6b). Geochemical
comparisons show that no horizons provide a clegonelement match to 487-488
cm. Therefore, a potential correlative to the mahiorizon cannot be proposed

(Figure 10a).

FIGURE 10

The transport mechanism for this deposit is unjikelbe iceberg rafting because of
the relatively homogenous geochemical signatutbefnaterial and a lack of co-
variance with IRD (Figure 6). Other potential mealsans, sea-ice rafting and
primary airfall, would not impart a temporal delayd the deposit can be assumed to
be isochronous. The relative proportion of largairgs in the 80-125 um and >125
um fractions compared to other deposits, e.g. 25lebn, could be indicative of
transportation via sea-ice rafting. This depostassidered to have strong
stratigraphic integrity as the peak in shard cotregion is relatively discrete with
only a restricted downward tail in concentratiomstlikely due to post-depositional
bioturbation. Although not present in Greenlandt, wWas widely dispersed over the
North Atlantic, this volcanic deposit may be a wséfochron 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, dtight increase in colourless
shards between 490-500 cm occurred during the-$itied cold period between DO-
10 and DO-9, based on an increasBs) percentages (Figure 2 and 6). Shards from
both peaks have a rhyolitic composition (FigureTdle material from the larger peak
at 497-498 cm has affinities to the transition&hélrock suite of Iceland and forms a
single homogenous population with Si€dncentrations between 70.5 and 71.5 %wt,
Al,0O3 concentrations of ~13.5 %wt,® concentrations of ~3.6 %wt and CaO
concentrations between 1.44 and 1.65 %wt (Figuré 8purce for these glass shards
could not be determined through comparisons toadarisations of proximal whole
rock rhyolites from Iceland, which may be due te inesence of other mineral phases
within whole rock analyses. However, compositicgiatiilarities to glass shards from
last glacial-interglacial transition rhyolitic tegghhorizons sourced from the Katla
volcanic system (Figure 8b) strongly indicate ting is the volcanic source. Shards

in the overlying smaller peak at 493-494 cm falbitwo populations, one with
affinities to the Katla material 4 cm below and evith strong overlap with shards
from 610-611 cm in the core from NAAZ Il (Figure 8hd c). No rhyolitic horizons
have been isolated within the Greenland ice-carerds between GI-9 and GI-11

(Bourne et al., 2015b).

The homogeneity of the 25 shards from the 497-49%eak and the predominance
of material in the 25-80 um grain size fractiongeggs that this represents primary
fall deposition. The upward tail in shard concetndras could be related to secondary
redistribution of material by bottom currents ahd tompositional bimodality in this

tail (493-494 cm sample) suggests reworking ofuhéerlying Katla-sourced material



474

475

476

477

478

479

480

481

482

483

484

485

486

487

488

489

490

491

492

493

494

495

496

497

498

and NAAZ |l input. Shards from NAAZ Il (see Secti8rb) are present within
overlying sediments and are the likely primary ¢busent 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 basalcomposition with both
tholeiitic and transitional alkali material preseDtstinct heterogeneity can be
observed in a number of components, e.gN&,O, TiO, and FeO, and the
analyses cannot be grouped into clear populatiigsi(e 9). The glass peak is
directly associated with a peak in IRD, which condadl with the geochemical
signature strongly suggests it is an ice-raftecbdeg@nd 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 periodust at 524-525 cm and exhibits a
broader rise in shard concentrations including allsshard peak 4 cm below the main
peak at 529-530 cm (Figure 2 and 6). The stratlgragp MD04-2820CQ shows that
the tephra horizon falls on the decreasHjs) percentage and increase in Ca content
of the sediment that has been related to warmitigeadbnset of DO-11 (Figure 2 and
6). Shards from both the main peak and underlysakmhave a tholeiitic basaltic
composition (Figure 9a). Shards from 524-525 cormfarhomogenous population
characterised by distinctly high FeO concentratiogisveen 14.5 and 16.7 %wt, low

CaO concentrations of ~9.25 %wt, BiGoncentrations of ~3.2 %wt and MgO
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concentrations between 4.5 and 5.5 %wt (Figur€8imparison with proximal
deposits highlights similarities to the productdoth the Kverkfjoll and Grimsvétn

volcanic systems (Figure 9b).

Four Grimsvdtn-sourced deposits are found withen@®$-12 climatic period and one
within GI-11 in the Greenland tephra framework (Bauet al., 2015b). Statistical
comparisons show that none of these horizons atiststally different from 524-525
cm and all SC values exceed 0.95, due to the conzsmarte (Table 1). There is a
clear affinity between the main population of MDB420CQ 524-525 cm and NGRIP
2162.05 m with a low Bvalue and the highest similarity coefficient 0807; this
assessment is corroborated by major element liploparisons (Table 1; Figure 9b).
To test this affinity, the trace element compositod both horizons was determined.
Distinct differences can be observed in these dbaraations, both in absolute
concentrations and trace element ratios (Figur¢. Tdese demonstrate that the two
horizons were not produced during the same voloaveat and cannot be correlated
between the archives. The differences in trace eh¢romposition could be due to a

number of factors, which will be discussed in Setd.2.

TABLE 1

Assessing this deposit according to the protoc@dgs et al. (2014) is problematic
as key indicators are contradictory. The homogemougposition of the deposit
suggests that this deposit was unlikely to be iagbafted, but it was deposited during
a period of increased IRD concentrations (Figurdt@$ possible that primary fall

deposition is superimposed on a period dominateiddiyerg rafting. What is more,



524 iceberg rafting is typically thought to transpoetérogeneous tephra deposits from an
525 amalgamation of tephra from a number of eruptidinacing this horizon in the same
526 stratigraphic position in another marine sequeneeldvprovide supporting evidence
527 for this interpretation.

528

529 Glass shards from the small peak at 529-530 cm adualgionally geochemically

530 analysed to assess its relationship to the mainyawg peak at 524-525 cm. All of
531 the shards have a tholeiitic basaltic compositkigyre 9a), with three distinct major
532 element populations present based on major oxiadsding FeO, CaO, MgO and
533  Al,O3 (Figure 8bii). Half of the shards from this depasake up the main population
534 and indicate a source from either the Veidivotned@unga or Reykjanes volcanic
535 systems (Figure 9b). One population is sourced fBrimsvotn or Kverkfjoll and has
536 compositional affinities to MD04-2820CQ 524-525 and the final population is
537 sourced from Grimsvétn and has affinities to MD@2@CQ 487-488 cm (Figure 9b).
538 The only known tephra horizon in the Greenlanddeee framework between 25-45
539 ka b2k with a composition similar to the dominaapplation was deposited during
540 GS-5 and thus is not a correlative to this depd$ie similarity in geochemistry

541  between the sub-population and MD04-2820CQ 487e48%s likely to be

542  coincidental, with the Greenland tephra framewdrvang that Grimsvétn produced
543  many eruptives with similar compositions throughitig period (Bourne et al.,

544  2015b). The heterogeneity of this material coulditieed to some iceberg rafting of
545 earlier events combined with downward reworkingnatterial from the 524-525 cm
546 peak.

547

548 3.5 Period 5 — DO-15 to DO-14
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The highest concentration of colourless shardsolkasrved at 610-611 cm with
~19,500 shards per 0.5 g dry weight sediment (dwi)e 25-80 um fraction and
~450 shards in the >125 um fraction in this crygpbta (Figure 2b). A peak in shards
80-125 um in diameter associated with this depmsitirs 1 cm above this depth
between 609-610 cm (Figure 2b). Within the propdd&@4-2820CQ stratigraphy,
the shard concentration peak falls on the cooliagsition at the end of DO-15 as

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

These colourless shards have a rhyolitic compaositibh affinities to the Icelandic
transitional alkali rock suite (Figure 8a) and eharacterised by Sg&oncentrations

of ~75.8 %wt, AJOs; concentrations of ~11.7 %wt, FeO concentratiotwéen 2.25
and 2.8 %wt and $O concentrations of ~4.2 %wt. Geochemical similesitire
highlighted between the MD04-2820CQ 610-611 cm deé@and other occurrences of
the rhyolitic component of NAAZ 11 (II-RHY-1) in Nwh Atlantic marine sequences
and the GRIP ice-core (Figure 8c). There are sdiglet ®ffsets between the MD04-
2820CQ characterisations and the older analysgsthe MD04-2820CQ shards have
higher NaO and lower AJO; and SiQ concentrations, and these differences can be
attributed to the effect of sodium loss during dieer analyses (Hunt and Hill, 2001;
Kuehn et al., 2011; Hayward, 2012). Therefore,dhe=sver analyses represent a more
up-to-date characterisation of the 1I-RHY-1 compauref NAAZ 1l and should be

utilised in future comparisons.

Identification of this horizon provides a direcéimarine tie-line, a basal stratigraphic

constraint for the core, and a test of the propasedigraphy for MD04-2820CQ
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because this horizon has been identified in theamd ice-cores and other marine
sequences on the cooling transition at the end-d53Gronvold et al., 1995; Austin

et al., 2004).

4. Discussion

4.1 Tephrostratigraphy of MD04-2820CQ between ~@%® b2k and implications

for the regional tephra framework

This work represents one of the first studies tplegndensity and magnetic
separation techniques to isolate and identify atgpthras within North Atlantic
marine sediments between 25-60 ka b2k. Here, #mifctation of basaltic tephra
deposits has been improved when compared withque\studies, e.g. Abbott et al.
(2014), as magnetic separation of basaltic shaoas the host sediment produced

purer samples for optical microscopy work and geaabal analysis preparation.

Overall, the tephrostratigraphy of MD04-2820CQasplex and differing transport
and deposition processes have given rise to a m@nggntrasting deposits. For
example, the geochemical heterogeneity of the MP&®20CQ 275-279 cm and 511-
512 cm deposits and to a certain extent the deplosttiveen 340-380 cm depth
suggests they were deposited via iceberg raftinglstthree of the deposits, the
basaltic 487-488 cm and 524-525 cm and the rhygalii7-498 cm, have isochronous
characteristics and have the potential to actealéntes between records, however
none of these horizons were found to have corvesatwithin the current Greenland

tephra framework (Table 2; see section 4.2 fohnrdiscussion).
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600 TABLE 2

601

602 Two of the deposits in MD04-2820CQ have been cateel to previously known

603 tephra horizons (Table 2). MD04-2820CQ 610-611 ometates to NAAZ Il and

604 permits a direct link to the Greenland ice-cores attver marine sequences while
605 MDO04-2820CQ 455-475 cm can be correlated to FMAZallbroad marine-marine
606 link around DO-8 to sequences in the Faroe Islagebn. The MD04-2820CQ 455-
607 475 cm deposit differs from FMAZ 11l occurrencestive Faroe Islands region as it
608 contains transitional alkali basaltic glass in &ddito the tholeiitic basaltic glass
609 characteristic of the original deposit (Griggslet2014). Further work on tracing the
610 FMAZ lll at sites between the Goban Spur area aed-aroe Islands region may help
611 isolate the transportation and depositional praessntrolling this contrast. At

612 present the MD04-2820CQ core site on the Goban Sghbe furthest south that

613 FMAZ lll has been identified; this increase in gemghical range of the deposit

614 suggests that it could be a key stratigraphic mdkethe DO-8 event in widespread
615 marine records.

616

617 The identification of horizons that do not at pradeave correlatives in other

618 palaeoarchives adds three further volcanic evemtstihe regional framework for the
619 25-60 ka b2k period (Table 2). Tracing these harsz@ithin other sequences would
620 test our assertion that these are atmosphericaliyetl and potentially validate their
621 use as isochronous tie-lines. This is most relef@rthe MD04-2820CQ 497-498 cm
622 deposit which has a broader shard count profilaiked to the two basaltic deposits.

623 The timing of emplacement of the three depositsheamferred from their
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relationship to the high-resolution stratigraphy ¥D04-2820CQ shown in Figure 6,

which can act as a guide for tracing these depwsdther records (Table 2).

The two basaltic deposits are thought to be sourosd the Grimsvotn and/or
Kverkfjoll volcanic systems, providing further sugrpfor the high productivity of
these systems during the last glacial period (ofirBe et al., 2015b). These results
also demonstrate that their eruptive products waresported south of Iceland, most
likely via direct atmospheric transport. Katlah®tight to be the most likely source of
MD04-2820CQ 497-498 cm and a correlative couldo®oidentified in the Greenland
ice-cores (Section 3.4.2; Bourne et al., 2015lgedd, no rhyolitic tephra horizons
from this source and very few Icelandic rhyolitmrizons are present throughout the
last glacial period in the Greenland ice-cores (Bset al., 2014; Bourne et al.,
2015b). The identification of this Katla horizontkn the cool interval between DO-
10 and DO-9 thus demonstrates that older rhyatiptions from this source did

occur prior to the last glacial-interglacial trare (Lane et al., 2012).

4.2 Testing correlations using stratigraphy andceaelement analysis

The stratigraphy of MD04-2820CQ and its likely tedaship to the Greenland
climatic record was used throughout to assesdrthieg of the emplacement of the
tephra deposits. This climatostratigraphic approaas particularly crucial for
assessing potential correlatives for the MD04-282@187-488 cm and 524-525 cm
horizons and high-resolution recordsNy(s)and IRD were available for these

purposes.
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The correlation of tephras solely based on geootedmmatches between horizons,
relies on every eruption having a unique geochdrsigaature. For the North
Atlantic region, however, the new Greenland tegramework demonstrates that
multiple basaltic horizons with overlapping geoclehsignatures were erupted
within relatively short time-intervals (Bourne ét, 2013, 2015b). Therefore, as is
required for many other tephrochronological studséitigraphic control was used
alongside the compositional data to guide thertgsif correlations. This approach
does introduce an element of circularity if thehtepcorrelations are to be used as
climatically independent tools to test stratigraptomparisons and the relative timing
of past climatic changes (see discussion in Matshetal., 2015). However, in this
instance the approach is valid as the overalligtegithy of MD04-2820CQ is
supported by distinct event markers such as Hdirifvent 4 and NAAZ Il and there
Is a strong relationship to the sequence of wdihdd Greenland Interstadial events
recorded in the ice-cores. This relationship isesly apparent over the section
where high-resolution proxy data has been acquireaddition, the stratigraphic
comparisons used to test correlations were broddara millennial-scale, and not
centennial or decadal-scale which is the potentagnitude of climatic phasing

between the environments.

The use of stratigraphy to guide correlations ballimited or problematic when
correlations are being assessed between the Gneer@eords and marine sequences
that have a less well-resolved stratigraphic franr&wdue to core location and/or
sedimentation rate differences. However, due tditgle frequency of Icelandic
basaltic eruptions, particularly from Grimsvotnpepform of stratigraphic constraint

is essential for exploring potential tie-lines. Véeommend that, when possible, high-
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resolution stratigraphic information is gained okey intervals of interest to aid

correlation testing.

The potential correlation between MD04-2820CQ a@RW° 2162.05 m was tested
using grain-specific trace element analysis, dugrtang major element similarities
(Figure 10b). This analysis showed that the twozlomis were not produced during
the same volcanic event (Figure 10c). The useagktelement analysis to test and
add robustness to correlations has been encoupngeidusly and its use is steadily
increasing within tephrochronological studies (Seetion 1). Our work provides
further support for the use of this technique &sting correlations and for providing a
key insight into geochemical variability betweerlémdic eruptions, specifically
those sourced from the Grimsvétn volcanic systesbdsaltic magmas have
undergone relatively limited compositional evolatiantra-eruption variability in
trace elements from a single evolving system cbeltimited as significant fractional
crystallisation may not have occurred, this belmgyprocess which dominantly
controls trace element evolution (see Pearce,62@08). Therefore, it is of interest to
see clear trace element differences between twosyiitn-sourced eruptions with
highly similar major element compositions. In tlmstance, the differences could
result from magmatic evolution within a single,dtianating magma chamber
between eruptions or the eruptions tapped magma ditferent fissures within the
overall Grimsvotn system with similar major elemiat differing trace element
compositions. Trace element analysis of proximalodés could provide an insight

into the intra-eruption variability of Grimsvotndadts.

5. Conclusions
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700 The potential for using density and magnetic sdmardaechniques to identify tephra
701 deposits within North Atlantic marine sequencesspag ~25-60 ka b2k has been
702 clearly demonstrated. Applying these techniqudd®4-2820CQ has unearthed a
703 complex tephrostratigraphical record with differingnsportation and depositional
704  processes operating at different times, but thetifieation of isochronous deposits
705 highlights the potential for using tephrochronolagyink marine sequences. One of
706 the biggest challenges for establishing correlatisrihe high number of

707 compositionally similar eruptives preserved inite2cores within short time-

708 intervals. We have outlined how stratigraphic caaists can help reduce the number
709 of potential candidates and the need for high-teswi proxy data to constrain key
710 intervals. The use of stratigraphic constraintsnffgroxy data could ultimately be
711  limited by the resolution of marine records. In &dd, it has been shown that trace
712 element comparisons provide a secondary fingergrattcan test the robustness of
713 correlations suggested by major element geochemiwdarities. Exploration of

714  further records in this region will help assessiioehronous nature of the key

715 deposits in MD04-2820CQ and represent a majortst@prds synchronisation of
716 regional marine archives using cryptotephra deposit

717
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Figures

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

within the text.

Figure 2: (a) Climate and tephrostratigraphy of the lastiglgperiod within the
MD04-2820CQ core. (i) XRF (ITRAX core scanning) Gaunt rates (ii) percentage
abundance dfleogloboquadrina pachyderngsinistral) (iii) tephrostratigraphy
incorporating 5 and 1 cm resolution shard coumislrn(set of climate and
tephrostratigraphy of colourless shards betweer@®0cm depth. This figure is an
expansion of the colourless shard counts that wweneated on Figure 2a. Red bars
denote depth intervals from which glass shards wet@cted for geochemical

analysis.

Figure 3: Comparison of glass compositions from MD04-282078-279 cm to that
from FMAZ Il, VZ 1x and VZ 1 characterisations fradavies et al. (2008), Griggs et
al. (2014) and Lackschewitz and Wallrabe-Adams 7)9@) Inset of total alkalis
versus silica plot. Division line to separate alkaland sub-alkaline material from
MacDonald and Katsura (1964). Chemical classificaind nomenclature after Le
Maitre et al. (1989). (b) (i) CaO vs FeO and KipO vs TiQ, biplot comparisons.
NGRIP data from Davies et al. (2008), IM11-19P @ diadxm Griggs et al. (2014) and
VZ 1x and VZ 1 data from Lackschewitz and Wallrakaams (1997). All plots on a

normalised anhydrous basis.
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Figure 4: Compositional characterisation of MD04-2820CQ glsisard deposits
between 340-380 cm depth, comparisons to proxiceihdic deposits and
comparisons with horizons with a Kverkfjoll volcargource in the Greenland tephra
framework. (a) (i) inset of total alkalis versubcsi plot. Division line to separate
alkaline and sub-alkaline material from MacDonatd &atsura (1964). Chemical
classification and nomenclature after Le Maitrale{1989). (ii and iii)
Compositional variation diagrams comparing analyseteposits proximal to four
tholeiitic Icelandic volcanic systems. Compositibirelds defined using glass and
whole rock analyses from Jakobsson et al. (2008yKRnes), Hoskuldsson et al.
(2006) and Oladéttir et al. (2011) (Kverkfjoll) addkobsson (1979), Haflidason et al.
(2000) and Oladottir et al. (2011) (Grimsvotn areldiwotn-Bardabunga). (b) (i)
Compositional variation diagram of glass betwee®380 cm depth in MD0O4-
2820CQ (ii) Compositional variation diagram of gldsom ice-core horizons from
the framework of Bourne et al. (2015b). (c) Composal variation diagram of glass
from MDO04-2820CQ 342-343 cm and glass from thraerogeneous Kverkfjoll
eruptives identifed between GI-5.2 and GS-4 inGineenland tephra framework of
Bourne et al. (2015b). Ice-core horizons in boklidentified in multiple cores. All

plots on a normalised anhydrous basis.

Figure5: Compositional characterisation of glass from MB20CQ tephra
deposits between 455-475 cm depth and comparisthre tglass characterised for
FMAZ 11l. (a) inset of total alkali vs. silica ploDivision line to separate alkaline and
sub-alkaline material from MacDonald and Katsui@6d). Chemical classification

and nomenclature after Le Maitre et al. (1989).Gbmmpositional variation diagrams
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for tholeiitic glass. FMAZ 1l data from JM11-19R0re outlined in Griggs et al.

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

Figure 6: (a) High-resolution stratigraphy of the 450-550 icterval within MDO4-
2820CQ. (i) Stratigraphy of colourless glass sltamcentrations. (ii) Stratigraphy of
brown glass shard concentrations. Red bars deaotplas from which shards were
extracted for compositional analysis. (iii) Highsodution percentage abundance of
Neogloboquadrina pachyderngsinistral). (iv) XRF (ITRAX core scanning) Ca cdun
rates. (v) High-resolution IRD counts. Light grdgars highlight glass shard peaks
with homogenous compositions. (b) Greenland teplaraework between GI-8 and
GI-12 (Bourne et al., 2015b and references witplojted on the NGRIP oxygen
isotope stratigraphy (NGRIP Members, 2004). Graesldenote horizons that can be
traced in multiple cores. Other horizons are omgspnt in NGRIP (red), NEEM

(purple), GRIP (yellow) and DYE-3 (blue).

Figure 7: (a) Compositional comparisons of tholeiitic gléssn MD04-2820CQ
Period 3 deposits and GI-8c and GS-9 tephras iGtkenland tephra framework of
Bourne et al. (2013, 2015b). (b) Compositional cangons of transitional alkali
glass from MD04-2820CQ Period 3 deposits and G&sBras in the Greenland
tephra framework. Ice-core data from Bourne et28l15b). Ice-core horizons in bold
can be traced in multiple cores and only data ftloenNGRIP occurrence have been
used for those horizons. All plots on a normaligedydrous basis. The key for

analyses from MD04-2820CQ is the same as Figure 5.
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Figure 8: (a) Inset of total alkali vs. silica plot focusing rhyolitic material from the
MD04-2820CQ core. Normalised compositional fieldsthe Icelandic rock suites
derived from whole rock analyses in Jakobsson.€2808). Chemical classification
and nomenclature after Le Maitre et al. (1989).Gbjnpositional variation diagrams
comparing low Si@rhyolitic glass from MD04-2820CQ to geochemicaldss for a
number of Katla-derived tephra horizons. Glass amsitjpns from Lane et al. (2012)
(Vedde Ash and Dimna Ash), Matthews et al. (20BB5555; Abernethy Tephra
(MacLeod et al., 2015)) and Pilcher et al. (20@)duroy). (c) Compositional
variation diagrams comparing high Siyolitic glass from MD04-2820CQ to fields
for marine and ice occurrences of the NAAZ Il rhijolcomponent. Glass data from
Austin et al. (2004) (MD95-2006), Wastegard e{2006) (ENAM93-20, ENAM33,
EW9302-2JPC), Brendryen et al. (2011) (SO82-05, PH2289) and Gronvold et al.

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

Figure 9: Compositional characterisation of basaltic glasmfdeposits between 485
and 530 cm in MD04-2820CQ and comparisons withalegiic proximal material. (a)
inset of inset of total alkali vs. silica plot. swon line to separate alkaline and sub-
alkaline material from MacDonald and Katsura (19&%emical classification and
nomenclature after Le Maitre et al. (1989). (b) @aositional variation diagrams
comparing analyses with material proximal to fdwleiitic Icelandic volcanic
systems. Compositional fields defined using glaskwahole rock analyses from
Jakobsson et al. (2008) (Reykjanes), Hoskuldssah €006) and Oladottir et al.
(2011) (Kverkfjoll) and Jakobsson (1979), Haflidasa al. (2000) and Oladéttir et all.
(2011) (Grimsvotn and Veidivotn-Bardabunga). Athtslon a normalised anhydrous

basis.
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Figure 10: (a) Comparison of the main tholeiitic glass popalaof MD04-2820CQ
487-488 cm with glass compositional fields for G&phra horizons sourced from
Grimsvotn in the Greenland tephra framework of Bewst al. (2015b). Horizons in
bold have been identified in multiple ice-core9. @@mparison of MD04-2820CQ
524-525 cm glass with characterisations of glams flrephra horizons in the
Greenland tephra framework of Bourne et al. (201&))Comparison of trace
element characterisations of individual shards fMB04-2820CQ 524-525 cm and

NGRIP 2162.05 m. All plots on a normalised anhydrbasis.

Table 1: Statistical comparisons of the main tholeiitipptation of glass from
MDO04-2820CQ 524-525 cm with glass from GI-11 and IZSephra horizons within
the Greenland tephra framework. Some outliers wesreved from the ice-core
characterisations. Critical value of 23.21 foristatal distance comparisons (10

degrees of freedom; 99 % confidence interval).

Table 2: Summary of tephra horizons in MD04-2820CQ with plogential to act as
widespread tie-lines to other palaeoclimatic seqasin the North Atlantic region.
The timing of events is based on the stratigrapinyife MD04-2820CQ record.

*Only to be used as a marine-marine tie-point.
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Table1:

| 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

456-473cm  DO-8 warming ., crerogenous Grimsvétn, Iceland FMAZ I1I*
Tholeiitic Basaltic
487-488 cm Between DO-10 Tholeiitic Basaltic Grimsvotn, Iceland New horizon
and DO-9
497-498 cm DO-11 Tran5|t|0n_a_l alkali Katla, Iceland New horizon
Rhyolitic

524-525 cm DO-11 warming Tholeiitic Basaltic Griragy, Iceland New horizon
610-611cm  DO-15cooling | ansitonal alkali o 6o aiskull, Iceland NAAZ Il

Rhyolitic
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