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Previous studies of marine sequences from the Faroe Islands region have identi�ed a series of coarse-grained
tephra horizons deposited during Marine Isotope Stage (MIS) 5. Here we reassess the MIS 5 tephrostratigraphy
of the Faroe Islands region and focus on the cryptotephra deposits preserved within the �ne-grained fraction of
marine core LINK 16. We also extend the record to encompass the late MIS 6 and early MIS 4 periods. A density
separation technique, commonly used for tephra investigations in lacustrine settings but rarely applied to marine
sediments, is utilised to explore the �ne-grained material and EPMA and LA-ICP-MS are employed to determine
the major and trace element composition of individual tephra shards. In total, 3 basaltic and 3 rhyolitic Icelandic
cryptotephra deposits with homogeneous geochemical compositions are identi�ed � all of which have the
potential to act as isochronous tie-lines. Geochemical results highlight that the Grímsvötn volcanic system of
Iceland is the predominant source of the basaltic horizons and the Öraefajökull or Torfajökull systems are the
likely sources of the rhyolitic deposits. Three of the horizons have been previously recognised in Faroe Islands re-
gion marine sequences, with two of these deposits traceable into a Norwegian Sea sequence. An early MIS 4 rhy-
olitic horizon is the most widespread deposit as it can be traced into the Norwegian Sea and to the south into a
record from the Rockall Trough. Basaltic and rhyolitic horizons deposited during late MIS 6 have not been
recognised in other sequences and represent new additions to the regional tephrostratigraphy.

© 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/3.0/).
1. Introduction

1.1. Tephrochronology and the synchronisation of palaeoclimatic sequences

Tephrochronology provides a powerful technique for the correlation
and synchronisation of palaeoclimatic sequences through the tracing of
common volcanic ash horizons that represent isochronous tie-lines.
This is especially valuable for marine sequences that fall beyond the
radiocarbon window as independent time-scales cannot be constructed
(Austin and Hibbert, 2012). Moreover, tephras have the potential to
resolve the relative timing of rapid atmospheric and oceanic climate
changes preserved within ice and marine cores. During Marine Isotope
Stages (MIS) 6�4 signi�cant climatic re-organisations occurred in asso-
ciation with the transitions into and out of the last interglacial period
(MIS 5e, Eemian). In addition, there is increasing evidence that
.
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pronounced millennial-scale, climatic changes occurred during this pe-
riod of changing climatic boundary conditions (e.g. Oppo et al., 1997;
Rasmussen et al., 1999; Oppo et al., 2001; McManus et al., 2002; North
Greenland Ice Core Project Members, 2004; Capron et al., 2010).
New tephrostratigraphical frameworks for the Greenland ice-cores
(e.g. Abbott et al., 2012) and existing frameworks for the marine
realm (e.g. Fronval et al., 1998; Wastegård and Rasmussen, 2001;
Brendryen et al., 2010; Abbott et al., 2013; Table 1) demonstrate the
considerable potential of utilising tephrochronology as a correlation
tool for the synchronisation of marine and ice-core sequences spanning
MIS 6�4 (see Davies et al., in press). To date, however, very few studies
have utilised a density separation technique, commonly applied to
mineral-rich lacustrine sediments, to extract cryptotephra deposits
from marine deposits. Here we apply this technique to isolate �ne-
grained tephra deposits within a marine core from the Faroe Islands
region. LINK 16 has a high temporal resolution record for MIS 6�4
and we re-evaluate and extend the Faroe Islands tephrostratigraphy
outlined in Wastegård and Rasmussen (2001). In addition we assess
the CC BY license (http://creativecommons.org/licenses/by/3.0/).
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Table 1
Summary of MIS 6 …4 tephra horizons previously identi � ed within marine sequences from the North Atlantic. T = Horizons with an af � nity to the tholeiitic rock suite of Iceland.
TA = Horizons with an af � nity to the transitional alkali rock suite of Icel and. All horizons sourced from Iceland apart from 5d-DO26s/TRACHY-I sourced from Jan Mayen. Core
locations are shown in Fig. 1. References: (1) Brendryen et al. (2010) (2) Abbott et al. (2011) (3) Wastegård and Rasmussen (2001) (4) Abbott et al. (2013) (5) Sjøholm et al.
(1991) (6) Fronval et al. (1998) (7) Sejrup et al. (1989) (8) Lacasse and Garbe-Schönberg (2001).

Tephra name Timing (MIS) Composition Core(s) Location(s) Ref.

4-DO19s/RHY-I, MD04-2822 2327 …2328 cm 4 Rhyolitic (TA) MD99-2289, MD04-2822 Norwegian Sea, Rockall Trough 1, 2
4-DO19i/BAS-I 4 Basaltic (T) MD99-2289 Norwegian Sea 1
MD04-2822 2359 …2366 cm 5a Rhyolitic (T) MD04-2822 Rockall Trough 2
5a-Top/BAS-I, 5a-DO21i/BAS-I, II, III 5a Basaltic (T) MD95-2009, MD99-2289 SE Norwegian Sea, Norwegian Sea 3, 1
MD04-2822 2385 …2386 cm 5a Rhyolitic (TA) MD04-2822 Rockall Trough 4
5a-Low/BAS-I 5a Basaltic (T) MD95-2009 SE Norwegian Sea 3
5b-DO23s/BAS-I 5b Basaltic (T) MD99-2289 Norwegian Sea 1
MD04-2822 2424 …2425 cm 5c Rhyolitic (TA) MD04-2822 Rockall Trough 4
5c-DO23i/BAS-I 5c Basaltic (T) MD99-2289 Norwegian Sea 1
5c-Midt/BAS-I, 5c-DO24s/BAS-I 5c Basaltic (T) MD95-2009, MD99-2289 SE Norwegian Sea, Norwegian Sea 3, 1
5d-Low/RHY-I, II, III, 5d-DO25i/RHY-I 5d Rhyolitic (TA) ENAM33, MD99-2289 NE Atlantic, Norwegian Sea 3, 1
MD04-2822 2490 …2491 cm 5d Rhyolitic (TA) MD04-2822 Rockall Trough 4
5d-DO26s/TRACHY-I 5d Trachybasalt MD99-2289 Norwegian Sea 1
5e-Top/RHY 5e Rhyolitic ENAM33 NE Atlantic 3
5e-Top/BAS 5e Basaltic ENAM33 NE Atlantic 3
5e-Midt/RHY (5e-Eem/RHY-I) 5e Rhyolitic (T) ENAM33, MD99-2289, HM57-7, HM71-19,

HM79-31, ODP 644, ODP 907
NE Atlantic, Norwegian Sea, Nordic Seas,
Iceland Sea

3, 1, 5, 6, 7, 8

5e-Eem/TAB-I 5e Basaltic (TA) MD99-2289 Norwegian Sea 1
5e-Low/BAS-IV 5e Basaltic (T) ENAM33 MD95-2009 NE Atlantic SE Norwegian Sea 3
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which tephra horizons are most valuable as isochronous markers and
provide trace element characterisations of all identi � ed horizons.

1.2. MIS 5 tephrostratigraphy of the Faroe Islands region

Previous studies of North Atlantic marine cores covering MIS 5 have
identi � ed tephra horizons and ash zones within the coarse sediment
fraction ( N150 � m diameter) (e.g. Sejrup et al., 1989; Sjøholm et al.,
1991; Fronval et al., 1998; Wastegård and Rasmussen, 2001 ; Table 1),
which may result in a bias towards the identi � cation of iceberg-rafted
and sea-ice rafted material (see Section 1.3). However, recent studies
such as Brendryen et al. (2010) and Abbott et al. (2011, 2013) have
demonstrated the potential to identify additional horizons if � ner-
sediment fractions (down to 25 � m diameter) are inspected for tephra
content. This work has considerably increased the number of horizons
that could act as isochronous tie-lines between MIS 5 North Atlantic
marine sequences and the Greenland ice-core records.

Wastegård and Rasmussen (2001) identi � ed a series of coarse-
grained tephra horizons across the sub-stages of MIS 5 within two
cores from the Faroe Islands region ( Table 1). Six basaltic and 3 rhyolitic
horizons were identi � ed with a basaltic horizon at the base of MIS 5e
traced between the cores. The most widespread tephra horizon during
this period, the 5e-Midt/RHY � rst identi � ed in the Nordic Seas (e.g.
Sjøholm et al., 1991; Fronval and Jansen, 1997; Fronval et al., 1998;
Ha� idason et al., 2000; Lacasse and Garbe-Schönberg, 2001), was
identi � ed in MD95-2009 by Wastegård and Rasmussen (2001) and
was subsequently traced into the Klaksvík terrestrial sequence on the
Faroe Islands (Wastegård et al., 2005) and into the Norwegian Sea by
Brendryen et al. (2010) (Fig. 1). A number of other horizons identi � ed
by Wastegård and Rasmussen (2001) have subsequently been traced
within other marine records, for example Brendryen et al. (2010)
suggested that the 5a-Top/BAS-I, 5c-Midt/BAS-I and 5d-Low/RHY-II
deposits can be correlated to horizons in the Norwegian Sea ( Table 1).

1.3. Challenges of utilising tephrochronology in the marine environment

One of the key principles of tephrochronology is that individual
tephra horizons were deposited coevally in all sequences and that
their stratigraphic position in different sequences is representative of
the time of the eruption. However, within the marine environment a
range of processes operate that can affect the transportation and
deposition of material and thus, in some instances, impart temporal de-
lays and affect the stratigraphic integrity of horizons.

As discussed byBrendryen et al. (2010, 2011) and Abbott et al. (2011)
a consideration of transport processes is especially important in the high-
northern latitudes of the Atlantic Ocean due to the potential operation of
three transport pathways: primary airfall, sea-ice rafting and iceberg
rafting. Primary airfall deposits are the most suitable deposits to act as
chronostratigraphic markers and these typically display a homogenous
chemical composition and are composed of � ne-grained shards with a
well-sorted size distribution (Abbott et al., 2011; Gudmundsdóttir et al.,
2011). Sea-ice rafted deposits are charac terised by similar features, how-
ever, tephra shards transported by this mechanism tend to be larger than
those dispersed solely by atmospheri c processes. Iceberg-rafted deposits
are typically characterised by a hete rogeneous geochemical composition
and poor-size sorting ( Brendryen et al, 2010; Abbott et al., 2011; Kuhs
et al., 2014). These features are thought to result from the retention and
amalgamation of tephra shards from a number of different eruptions
within ice-sheets prior to the calving of icebergs and subsequent trans-
port to the depositional site ( Brendryen et al., 2010, 2011 ). Pinpointing
iceberg-rafted deposits is crucial as this process can delay the deposition
of material by centuries to millennia, and while they could be utilised in
local core correlations they are inappropriate for the correlation of dispa-
rate sequences (Brendryen et al., 2010). Sea-ice rafted deposits are also
prone to delayed deposition, however the potential lag of months to
years is less than can be resolved in most marine sequences. As such,
they can still be utilised for correlating widely-spaced records ( Austin
et al., 2004; Brendryen et al., 2010 ).

Secondary depositional processes, e.g. bioturbation, bottom-current
reworking and mass movements, such as gravity induced sediment
� ows can affect tephra in the marine environment ( Brendryen et al.,
2010; Abbott et al., 2011; Todd et al., 2014 ). All of these processes can
affect the vertical distribution of shards within a sequence and hamper
the de� nition of the position of isochrons. This can occur either through
the upward or downward movement of shards within the sediment
column or prolonged delivery of material through redeposition in over-
lying sediments at the core site.

To assess the integrity of marine cryptotephra deposits, we under-
took a systematic high-resolution down-core investigation of the differ-
ent grain-size fractions to pinpoint distinct cryptotephra peaks relative
to background shard levels along with a comprehensive geochemical
characterisation of each horizon. Gudmundsdóttir et al. (2011) identi � ed
these as key factors for isolating tephra layers in the marine environment
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and assessing if deposits were primary or reworked through the study of
sequences proximal to Iceland. A stepped protocol for the assessment of
marine tephra deposits and depositional transport pathways in glacial
age distal sequences is outlined in Griggs et al. (in press) .

2. Materials and methods

2.1. LINK 16

The LINK 16 core was retrieved from a water depth of 773 m from the
Fugloyar Ridge, northeast of the Faeroe…Shetland Channel during a cruise
of the RV Dana in August 2000 (62°36 �N 3°31�W; Nielsen et al., 2007;
Rasmussen and Thomsen, 2009). The period of interest for this study is
between 420 and 800 cm depth as this relates to MIS 6 …4 (Fig. 2).

The last interglacial period, MIS 5e, can be identi � ed by low percent-
age abundance of the polar foraminiferal species Neogloboquadrina
pachyderma (sinistral) preserved at the LINK 16 core site. Between
~660 and 700 cm depth this species drops dramatically while through-
out the rest of the period it consistently exceeds 90% ( Fig. 2ii; Rasmussen,
unpublished; see also Rasmussen et al., 1999). This indicates that during
the peak warmth of the interglacial the polar front migrated north over
the core site, but was consistently south of the core site throughout the
remainder of the study period. The substages of MIS 5 can be identi � ed
within the total number of planktonic foraminifera record, with high
numbers deposited during the warm substages (5a, 5c, 5e) and low
numbers during the cold substages (5b and 5d) ( Fig. 2iii; Rasmussen
et al., 1999). Akin to previous studies of cores from the region, peaks in
the magnetic susceptibility record have been correlated to the North
Atlantic Dansgaard …Oeschger (DO) events that relate to the warm
Greenland Interstadial (GI) events recorded in the Greenland ice-core
records ( Fig. 2i; e.g. Rasmussen et al., 1996; North Greenland Ice Core
Project Members, 2004 ). The reduction in magnetic susceptibility during
the MIS 5e warm period may result from dilution of the magnetic min-
erals by carbonate ( Brendryen et al., 2010 ). The percentage abundance
of grains larger than 100 � m in diameter can act as a proxy for ice-
rafting at this site and Fig. 2v shows that ice-rafting at the site peaked
during MIS 6, which coincides with the maximal ice-sheet extent during
the MIS 6…4 period (Rasmussen, unpublished). Ice-rafting was variable
throughout MIS 5 but general increases occurred at the transitions to
the warm substages of MIS 5.

2.2. Identi� cation of tephra shards in marine sediments

Sediment samples were initially investigated for tephra content at a
low 5 cm contiguous resolution to ensure that all of the core sequence
was inspected. Distinct peaks in shard concentration and peaks with
similar stratigraphic contexts to previously identi � ed horizons were
reassessed at a higher 1 cm resolution. Samples were selected and pre-
pared for geochemical analysis based on concentration pro � les shown
in Fig. 2iv. Tephra shards were isolated from the host sediment using a
procedure modi � ed from those outlined in Turney (1998) , Davies
et al. (2005) and Blockley et al. (2005) and previously applied to the
study of marine sediments by Abbott et al. (2011, 2013) . The samples
were freeze dried and 0.5 g of dry weight sediment (gdw) was proc-
essed for tephra investigation. Carbonate material was removed
through immersion overnight in dilute (10%) hydrochloric acid before
the sediment was sieved into the grain-size fractions of N125, 80…125
and 25…80 � m and material b25 � m in diameter was discarded. The
25…80 � m grain-size fraction was then separated using sodium
polytungstate at speci � c densities of 2.3 g/cm 3 (to remove biogenic ma-
terial b2.3 g/cm3) and 2.5 g/cm 3 (to isolate glass shards of rhyolitic
composition 2.3 …2.5 g/cm3). Material with a density N2.5 g/cm3 was
retained to assess the presence of glass shards of basaltic composition.
The N125 and 80…125 � m grain-size fractions and the material from
the 25…80 � m fraction with densities between 2.3 and 2.5 g/cm 3 and
N2.5 g/cm3 were mounted in Canada Balsam for optical microscopic in-
vestigation. The same procedure was followed for samples selected for
geochemical characterisation except material was mounted in epoxy
resin on 28 by 48 mm microprobe slides to produce thin sections of
individual shards for electron-probe micro-analysis (EPMA) and laser
ablation inductively coupled plasma mass spectrometry (LA-ICP-MS).
Sections were achieved by grinding and polishing the resin surfaces
using silicon carbide paper and 6 and 1 � m diamond suspension,
respectively.

2.3. Geochemical analysis of individual tephra shards

The major element composition of individual shards was determined
by EPMA at the NERC Tephrochronological Analytical Unit, University of
Edinburgh during two analytical periods. A Cameca SX100 electron mi-
croprobe with � ve vertical wavelength dispersive spectrometers was
utilised using the operating conditions of Hayward (2012) summarised
in Table 2. Calibration was achieved using pure metals, synthetic oxides
and silicate standards. Secondary standards of Cannetto Lami Lava, Lipari
(Periods 1 and 2), BHVO-2g (Period 1) and BCR2g (Period 2) were
analysed at regular intervals to monitor for instrumental drift and to
assess the precision and accuracy of analysed samples (Tables S1…3).
For data comparison samples were normalised to an anhydrous basis
(i.e. 100% total oxides), however, all the raw data values are provided in
the supplementary information (Tables S5 …S17).

Trace element characterisations of the individual shards were ob-
tained using an LA-ICP-MS system at the Institute for Geography and
Earth Sciences, Aberystwyth University during two analytical periods.
This system couples a Coherent GeoLas 193 nm Excimer laser with a
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Thermo Finnigan Element 2 high-resolution sector � eld mass spectrom-
eter ( Pearce et al., 2007, 2011). The operating conditions for this system
are outlined in Table 2. Trace element concentrations were calculated
using methods outlined in Pearce et al. (2007) with 29Si, previously
analysed for each shard during EPMA, utilised as the internal standard
and the NIST 612 silicate glass used as the calibration standard. Analyses
of reference glasses show that there is a consistent bias between
determined and accepted concentrations due to fractionation effects,
therefore a correction factor was applied to all analyses (see Pearce
et al., 2011 for further details). Secondary standards analyses of BCR2g
and BHVO-2g gained during the two analytical periods are provided in
Table S4.

Geochemical heterogeneity is a key indicator of the operation of
some processes in the marine environment, however, some heteroge-
neity in shard analyses can be introduced by the presence of crystal
inclusions in the glass shards. As such, some outliers were discarded if
trace element analyses indicated that the major element analyses
were affected by the presence of microphenocryst/microlite inclusions
(see Abbott et al., 2013 for further details) to prevent them from affect-
ing the interpretation of depositional and transport processes.

3. Results

Fig. 2iv illustrates the tephrostratigraphy of LINK 16 and integrates
the low-resolution shard counts (5 cm) with the high-resolution
shard counts (1 cm) from selected sections. For most depth intervals
major element analyses were obtained from shards in the 25 …80 � m
and N80 � m grain-size fractions, however, no distinct chemical differ-
ences between the two size ranges could be identi � ed. Analyses from
the different grain-size fractions were therefore grouped for data exam-
ination. All of the brown shards that were analysed were found to have a
basaltic composition ( Fig. 3bi) with af � nities to the tholeiitic rock suite
of Iceland. The colourless shards have a rhyolitic composition with com-
positional similarities to the Icelandic tholeiitic and transitional alkali
rock suites ( Fig. 3bii). In contrast to the � ndings of Abbott et al.
(2012) and Brendryen et al. (2010) there is no evidence of material
from the Jan Mayen volcanic system. The following sections describe
the LINK 16 tephrostratigraphy, geochemical characterisations and po-
tential transport processes responsible for tephra deposition within
four climatic intervals. Potential correlations to tephra horizons in
other MIS 6 …4 palaeoclimatic sequences are also investigated.

3.1. MIS 6 deposits

Within the late MIS 6 period just prior to the transition into the MIS
5e period, peaks in both brown and clear tephra shards were identi � ed
at depths of 738 …739 cm and 735 …737 cm, respectively.

3.1.1. 738–739 cm
Major element analyses of brown shards from this peak, most appar-

ent in the 25 …80 � m grain-size fraction, demonstrate that the deposit
has a homogeneous basaltic tholeiitic composition with SiO 2 values
between 48.8 and 50.2 wt%, CaO values of ~10.1 wt%, FeO values of
~14.25 wt% and TiO2 values between 3.08 and 3.5 wt% ( Table 2). Com-
parison with material proximal to Icelandic tholeiitic systems demon-
strates that this deposit has a Grímsvötn-like composition ( Fig. 3c).

3.1.2. 735–737 cm
This colourless shard peak is only observed in the 25 …80 � m fraction

with a maximum shard count of 900 shards per 0.5 gdw. However, it
does stand out from background tephra levels during this interval.
Major element analyses show a homogenous rhyolitic deposit with an
af� nity to the Icelandic transitional alkali rock suite ( Fig. 3bii). SiO2

values range between 73.8 and 74.6 wt%, Al 2O3 concentrations are
~12.5 wt%, FeO concentrations are between 2.75 and 3.42 wt% and the
total alkalis range between 8.8 and 9.2 wt%. A comparison to proximal
Icelandic rhyolitic material suggests an origin from either the Öraefajokull
or Torfajökull volcanic system ( Fig. 3d).

Both horizons were deposited during a period of decreasing IRD
levels following a period of unstable IRD deposition, possibly related
to the advance and retreat of ice sheets during MIS 6 ( Fig. 2v). Both ho-
rizons are not directly related to distinct peaks in IRD levels and the
small grain-size of the material may indicate that deposition occurred
through primary airfall processes. Wastegård and Rasmussen (2001)
identi � ed a small peak in basaltic grains within the MIS 6 section of
the MD95-2009 core which may relate to LINK 16 738 …739 cm, howev-
er, the material was not geochemically characterised. A potential late
MIS 6 rhyolitic horizon (133 ka) which may correlate to LINK 16 735 …
737 cm was identi � ed by Lacasse and Garbe-Schönberg (2001) in ODP
985 from the Norwegian Basin. However, as only average and standard
deviation values were presented a direct geochemical comparison is not
possible. Consequently, these horizons are considered to represent new
marker horizons for the late MIS 6 period.

3.2. MIS 5e (Eemian) deposits

Throughout MIS 5e elevated levels of both brown and colourless
tephra shards are observed ( Fig. 2iv). Three core sections were investi-
gated at high-resolution (695 …700 cm, 675…680 cm and 655 …665 cm),
showing a very distinct brown shard peak between 695 and 698 cm
and a colourless shard peak at 675 …680 cm with shard counts in excess
of 10,000 shards per 0.5 gdw in all � ve samples (Fig. 2iv). Background
levels of shards were identi � ed in the other sections. In addition to geo-
chemically analysing material from the main peaks brown shards from
the 675…680 cm interval and both brown and colourless shards from the
660…665 cm interval were analysed to assess whether the background
shard levels throughout MIS 5e relate to the main peaks.

3.2.1. 695–698 cm
Shards from this peak have a relatively homogeneous composition

with a dominant population of basaltic tholeiitic material (population
a) ( Fig. 3bi). This population has SiO 2 concentrations between 49.3
and 50.6 wt%, TiO2 values of ~2.60 wt%, FeO concentrations of
~14.1 wt% and CaO values ranging between 9.7 and 10.3 wt% indicating
strong af � nities to the products of the Grímsvötn system ( Fig. 3c). Glass
shards with this af � nity are also present at 675 …680 cm and 660 …
665 cm depth, however, both have a signi � cant sub-population with
~30% of shards characterised by higher TiO2 compositions of ~3.1 …
3.3 wt% (population b; Fig. 4ai). Two (10%) of the shards analysed
from the 695 …698 cm horizon have af � nities to population b ( Fig. 4a).

Deposition of the LINK 16 695 …698 cm horizon is not directly related
to a peak in the IRD proxy ( Fig. 2) and the prevalence of small tephra
shards in this deposit suggests that LINK 16 695 …698 cm can be
regarded as an isochronous deposit most likely deposited via airfall pro-
cesses. The overall pro� le of basaltic tephra within the MIS 5e period re-
veals a sharp lower contact, a distinct peak in shard concentrations and
an upward tail of deposition. Glass shards of identical composition are
observed at least 25 cm above the main peak. The upward tail could
be due to the input of material from subsequent eruptions and/or the
operation of secondary transport processes. The later may relate to bio-
turbation of material in the sediment column and resedimentation of
tephra shards due to bottom current transport, which would be elevated
due to increased bottom current speeds during MIS 5e, and contribute to
the elevated background tephra shard counts and particles N100 � m
deposited at the site. The geochemical evidence suggests that both sce-
narios are possible. The elevated dominance of population b in the
675…680 cm and 660 …665 cm samples indicates the input of material
from a subsequent volcanic eruption while the persistence of material
related to the main population of 695 …698 cm suggests that secondary
transport processes were operating. However, as the peak in material
between 695 and 698 cm is so high relative to the background levels



Table 2
Mean and 1� standard deviation major, minor and trace element values for homogenous MIS 6 …4 tephra horizons within the LINK 16 core with the potential to act as widespread
isochrons. Total oxide values are raw values before normalisation. All major and minor elements are expressed as weight percentage and have been normalised to 100% total oxides.
Trace elements expressed as parts per million (ppm). Total iron is expressed as FeO. n = number of shards analysed. EPMA operation conditions: Two sets of column conditions were
utilised within the EPMA analysis. Firstly Na, Al, Si, K, Ca, Mg and Fe were determined using an accelerating voltage of 15 kV and a beam current of 2 nA. F, Cl, P, S, Ti and Mn were
then determined using an accelerating voltage of 15 kV and a beam current of 80 nA. A 5 � m electron beam diameter was used throughout. Counting times were 20 s at the peak position
and 10 s for background for all elements except F (50 s and 40 s), Ti (30 s and 15 s), Mn (50 s and 40 s) and Fe (40 s and 20 s). SO 2, F and Cl were not measured during analytical period 2.
LA-ICP-MS Operating Conditions: For these analyses a laser beam diameter of 10 or 20 � m (depending on the size of shard sections) pulsed at a frequency of 5 Hz with a � uence of 10 J/cm2

and a � ash duration of ~10 ns was utilised. Analyses took ~30 s and argon was used as the carrier gas.

LINK 16 425…427 cm LINK 16 456…457 cm LINK 16 675…680 cm LINK 16 695…698 cm LINK 16 735…737 cm LINK 16 738…739 cm

n 10 27 8 14 12 14
SiO2 74.86 (0.26) 49.74 (0.35) 77.47 (0.26) 50.18 (0.31) 74.26 (0.27) 49.73 (0.31)
TiO2 0.15 (0.01) 3.09 (0.13) 0.21 (0.01) 2.60 (0.03) 0.23 (0.00) 3.17 (0.13)
Al2O3 13.06 (0.14) 13.05 (0.23) 11.43 (0.20) 13.48 (0.28) 12.52 (0.10) 13.01 (0.24)
FeO 2.16 (0.15) 14.55 (0.38) 3.06 (0.17) 14.08 (0.19) 3.14 (0.19) 14.26 (0.39)
MnO 0.07 (0.01) 0.25 (0.01) 0.10 (0.01) 0.24 (0.01) 0.11 (0.01) 0.24 (0.01)
MgO 0.08 (0.03) 5.52 (0.26) 0.02 (0.01) 5.46 (0.13) 0.01 (0.02) 5.71 (0.14)
CaO 0.75 (0.07) 10.36 (0.27) 1.56 (0.09) 10.11 (0.17) 0.74 (0.02) 10.08 (0.17)
Na2O 4.75 (0.11) 2.73 (0.13) 4.26 (0.08) 2.83 (0.18) 4.94 (0.11) 2.76 (0.15)
K2O 4.10 (0.12) 0.40 (0.04) 1.88 (0.08) 0.52 (0.04) 4.05 (0.08) 0.45 (0.02)
P2O5 0.01 (0.01) 0.30 (0.02) 0.01 (0.01) 0.26 (0.01) 0.01 (0.00) 0.33 (0.02)
SO2 N/A N/A N/A 0.16 (0.04) N/A 0.21 (0.04)
F N/A N/A N/A 0.05 (0.01) N/A 0.04 (0.01)
Cl N/A N/A N/A 0.03 (0.00) N/A 0.02 (0.00)
Total Oxides 96.03 (0.73) 98.31 (0.93) 95.65 (1.37) 98.90 (0.80) 95.70 (0.56) 98.72 (0.65)
Rb 81.24 (9.49) 7.38 (2.96) 28.85 (1.78) 11.17 (4.51) 65.49 (5.84) 6.21 (3.54)
Sr 39.77 (4.85) 175.90 (20.99) 59.46 (6.44) 237.53 (39.52) 31.14 (11.82) 199.24 (22.29)
Y 105.18 (15.95) 36.74 (6.32) 133.22 (14.26) 41.08 (6.22) 104.26 (12.22) 45.15 (8.24)
Zr 545.90 (49.19) 205.22 (33.51) 618.35 (44.98) 186.72 (40.62) 1096.53 (153.53) 196.23 (47.96)
Nb 90.55 (8.47) 18.76 (1.89) 81.94 (3.89) 21.04 (3.97) 182.97 (11.87) 19.80 (2.90)
Ba 909.06 (123.23) 86.23 (15.99) 358.36 (29.60) 110.57 (36.45) 680.55 (63.68) 90.92 (11.67)
La 95.93 (8.54) 14.58 (2.31) 73.87 (4.43) 16.87 (4.18) 140.40 (17.66) 16.98 (2.70)
Ce 202.95 (19.03) 34.07 (4.27) 151.72 (4.13) 37.84 (4.26) 261.16 (21.99) 37.71 (3.84)
Pr 22.68 (2.20) 5.07 (0.79) 18.96 (1.09) 5.76 (0.89) 30.38 (3.14) 5.14 (0.75)
Nd 87.44 (12.48) 23.09 (3.90) 77.38 (7.63) 26.68 (5.15) 111.62 (10.94) 25.24 (3.95)
Sm 17.32 (3.57) 6.33 (1.58) 17.95 (1.06) 8.23 (2.78) 22.11 (2.42) 7.84 (3.19)
Eu 2.36 (1.27) 2.46 (0.95) 3.33 (0.36) 2.05 (1.13) 3.81 (1.08) 2.55 (1.02)
Gd 15.20 (4.27) 5.57 (1.64) 15.38 (2.18) 7.05 (1.58) 16.76 (2.25) 8.33 (2.71)
Tb 3.22 (0.52) 1.18 (0.32) 3.52 (0.77) 1.34 (0.77) 3.46 (0.70) 1.19 (0.40)
Dy 15.95 (2.93) 7.44 (1.72) 22.17 (3.15) 7.16 (3.39) 20.34 (2.33) 9.92 (2.40)
Ho 3.09 (0.76) 1.30 (0.26) 4.68 (0.67) 1.58 (0.55) 3.71 (0.53) 1.85 (0.31)
Er 9.80 (2.04) 3.21 (0.84) 13.14 (0.76) 4.74 (2.00) 10.44 (1.10) 4.62 (1.08)
Tm 1.39 (0.33) 0.45 (0.22) 1.92 (0.35) 0.46 (0.59) 1.57 (0.33) 0.40 (0.60)
Yb 10.96 (1.94) 4.06 (0.60) 17.83 (1.53) 4.62 (1.30) 12.48 (1.73) 4.90 (1.58)
Lu 1.77 (0.44) 0.56 (0.16) 2.70 (0.37) 0.68 (0.67) 1.71 (0.38) 0.94 (0.59)
Hf 17.26 (2.79) 4.82 (1.03) 19.13 (3.23) 5.63 (1.65) 29.72 (4.84) 5.71 (1.08)
Ta 7.11 (1.14) 1.35 (0.24) 5.17 (0.48) 1.53 (0.41) 10.82 (1.05) 1.56 (0.82)
Pb 9.28 (1.55) 1.64 (0.78) 3.57 (0.52) 2.47 (1.13) 6.98 (1.11) 1.77 (0.58)
Th 16.85 (2.22) 1.34 (0.36) 8.57 (0.67) 2.02 (0.63) 18.85 (2.20) 1.77 (0.31)
U 3.77 (0.40) 0.38 (0.11) 2.01 (0.23) 0.54 (0.17) 4.34 (0.44) 0.58 (0.35)
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the potential operation of these processes does not affect the use of this
peak as the position of the isochronous horizon.

The basaltic shard concentration pro � le in LINK 16 throughout MIS
5e is akin to the one observed by Wastegård and Rasmussen (2001)
within MD95-2009 and de � ned as the 5e-Low/BAS-IV horizon. This
was traced into ENAM33, however in this record the shard pro � le
does not have a clear shard peak but a wide zone of elevated concentra-
tions, with the base de � ned as the 5e-Low/BAS-IV and shards from the
top of this zone de � ned as 5e-Top/BAS. These horizons shows a strong
compositional relationship to population a of the LINK 16 695 …698 cm
deposit ( Fig. 4b). It is thus, highly likely that the large peak in basaltic
material at 695 …698 cm depth correlates to the 5e-Low/BAS-IV.

3.2.2. 675–680 cm
The colourless shards from this interval are rhyolitic in composition,

with a dominant population with af � nities to the tholeiitic rock suite of
Iceland ( Fig. 3bii). This material has SiO 2 concentrations between 77
and 77.9 wt%, Al2O3 values of ~11.4 wt%, FeO concentrations of
~3 wt% and CaO values between 1.4 and 1.65 wt%. A secondary popula-
tion of three analyses is present, this material has lower CaO and SiO 2

concentrations, but higher K 2O and Al2O3 concentrations and is related
to the transitional alkali rock suite of Iceland. Shards from the
background levels between 655 and 665 cm have a composition similar
to the main population of LINK 16 675 …680 cm ( Fig. 4c).

The main population of LINK 16 675 …680 cm can be correlated to the
widespread 5e-Midt/RHY (5e-Eem/RHY-I in Brendryen et al. (2010) )
(Fig. 4c; Table 1). The presence of shards of the same composition as
LINK 16 675…680 cm further up the sequence at 660 …665 cm depth pro-
vides further supporting evidence for the operation of secondary trans-
port processes, described earlier, during the MIS 5e period. However,
the high shard counts, distinctness of the peak in concentration and
lack of coincident peak in the IRD proxy suggests that LINK 16 675 …
680 cm can be regarded as an isochronous horizon.
3.3. MIS 5c deposit

There is a general increase in the number of brown tephra shards de-
posited during MIS 5c, which may result from increased bottom current
resedimentation during this warm interval. However, a distinct peak in
shards of all grain-sizes is observed in the low-resolution record of teph-
ra content between 600 and 605 cm. Within high-resolution analyses a
distinct peak was apparent within the 25 …80 � m grain-size fraction,
with the highest shard counts in the 604 …605 cm sample ( Fig. 2iv).
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3.3.1. 604–605 cm
Brown tephra shards from this peak show af � nities to the Icelandic

tholeiitic rock suite, however, the overall composition of the deposit is
heterogeneous, with three distinct populations apparent ( Fig. 5a). The
populations can be distinguished most clearly by differences in the
TiO2 concentrations of individual shards ( Fig. 5ai). Population a has
456-457 cm

604-605 cm

660-665 cm - Basaltic

675-680 cm - Basaltic

695-69

738-73

425-427 cm

735-73

485-486 cm

660-665 cm - Rhyolitic

675-680 cm - Rhyolitic

SiO2 (%wt)

N
a 2

O
 +

 K
2O

 (
%

w
t)

0

2

4

6

8

10

12

14

16

40 45 50 55 60 65 70 75

(a)

(b(i))

(b(ii))

K2O (%wt)

4

3

2

1

0
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

Ti
O

2 
(%

w
t)

(i)

F
eO

 (
%

w
t)

6

8

10

12

14

16

8 9

(ii)

(c)

(ii)(i)
(d)

11 12

N
a 2

O
 (

%
w

t)

4

5

6

6.5

5.5

4.5

3

3.5

F
eO

 (
%

w
t)

5

4

3

2

1

CaO (%wt)
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8

Fig. 3. (a) Total alkali versus silica plot for tephra deposits identi � ed in LINK 16. (b) (i) Inset of
alkaline and subalkaline (tholeiitic) material from MacDonald and Katsura (1964) . (ii) Inset of t
the Icelandic rock suites derived from Jakobsson et al. (2008). Chemical classi� cation and no
FeO compositional variation diagrams comparing analyses from three homogenous tholeiitic b
Icelandic volcanic systems. Geochemical � elds de� ned using analyses from Jakobsson et al. (2
Jakobsson (1979), Ha� idason et al. (2000) and Óladóttir et al. (2011) (Grímsvötn and Veidivötn
comparing analyses from two homogenous transitional alkali rhyolitic LINK 16 horizons to charac
systems. Geochemical � elds de� ned using individual silicic rock analyses reported by Jónasso
af� nities to material produced both by the Grímsvötn and Kverkfjöll
systems, population b has a Grímsvötn-like composition and population
c has the strongest af � nity to material from the Kverkfjöll system
(Fig. 5a).

The three clear geochemical populations of LINK 16 604 …605 cm
indicates that this deposit is composed of material from a number of
Basaltic

43 45 47 49 51 53
0

1

2

3

4

5

6

Tholeiitic series

Alkaline series

SiO2 (%wt)

N
a 2

O
 +

 K
2O

 (
%

w
t)

SiO2 (%wt)

N
a 2

O
 +

 K
2O

 (
%

w
t)

12

11

10

9

8

7

6

5

4
68 70 72 74 76 78 80

Tr
ac

hy
te

Dacite Rhyolite

8 cm

9 cm

7 cm

(b)
(i)

(ii)

80 Tholeiitic

Transitional alkalic

Alkalic

Reykjanes

Veidivštn-B‡rdarbunga

Gr’msvštn

Kverkfjšll

Tholeiitic Volcanic Systems:

CaO (%wt)
1410 11 12 13 15

Katla

…r¾fajškull

Torfajškull

Sn¾fell

Transitional Alkali 
Volcanic Systems:

Al2O3 (%wt)
13 14 15 16

the total alkali versus silica plot focusing on the basaltic material. Division line between
he total alkali versus silica plot focusing on the rhyolitic material. Geochemical � elds for
menclature on all plots after Le Maitre et al. (1989) . (c) (i) K 2O vs. TiO2 and (ii) CaO vs.
asaltic LINK 16 horizons to characterisations of material proximal to four tholeiitic
008) (Reykjanes), Höskuldsson et al. (2006) and Óladóttir et al. (2011) (Kverkfjöll) and
-Bardabunga). (d) (i) CaO vs. FeO (ii) Al 2O3 vs. Na2O compositional variation diagrams
terisations of rhyolitic material proximal to four transitional alkali Icelandic volcanic
n (2007, unpublished) .



1 2 3 4
2

2.5

3

3.5

4

Ti
O

2 
(%

w
t)

FeO/MgO

(i)

8 10 12
11

13

15

F
eO

 (
%

w
t)

CaO (%wt)

12

14

16

119

(ii)

5e-Top/BAS 5e-Low/BAS-IV 

Reykjanes

Veidivštn-B‡rdarbunga

Gr’msvštn

Kverkfjšll

Tholeiitic Volcanic Systems:

695-698 cm:

675-680 cm:

660-665 cm: Pop. a

Pop. a

Pop. a

Pop. b

Pop. b

Pop. b

Outliers

Outliers

Outliers

(a)

(b)
F

eO
 (

%
w

t)

CaO (%wt)

6

8

10

12

14

16

1410 11 12 13 158 9

(ii)

K2O (%wt)

4

3

2

1

0
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

Ti
O

2 
(%

w
t)

(i)

0 0.5 1 1.5 2 2.5
2

2.5

3

3.5

F
eO

 (
%

w
t)

CaO (%wt)

(i)

0 0.1 0.2 0.3
1

2

3

4

5

K
2O

 (
%

w
t)

TiO2 (%wt)

(ii)

5e-Top/RHY 5e-Midt/RHY 5e-Eem/RHY-I
675-680 cm

660-665 cm

(c)

Fig. 4. (a) (i) K 2O vs. TiO2 and (ii) CaO vs. FeO compositional variation diagrams comparing MIS 5e tholeiitic basaltic material to characterisations of material proximal to fo ur tholeiitic
Icelandic volcanic systems. Geochemical � elds de� ned using analyses from Jakobsson et al. (2008) (Reykjanes), Höskuldsson et al. (2006) and Óladóttir et al. (2011) (Kverkfjöll) and
Jakobsson (1979), Ha� idason et al. (2000) and Óladóttir et al. (2011) (Grímsvötn and Veidivötn-Bardabunga). (b) Geochemical comparisons between MIS 5e basaltic material in LINK
16 and the 5e-Top/BAS and 5e-Low/BAS-IV horizons de � ned by Wastegård and Rasmussen (2001) . (c) (i) CaO vs. FeO (ii) TiO 2 vs. K2O compositional variation diagrams comparing rhy-
olitic material from 660 …665 cm and 675 …680 cm depth in LINK 16 to MIS 5e deposits identi � ed in other sequences. 5e-Top/RHY and 5e-Midt/RHY from Wastegård and Rasmussen (2001)
and 5e-Eem/RHY-I from Brendryen et al. (2010) .

160 P.M. Abbott et al. / Palaeogeography, Palaeoclimatology, Palaeoecology 409 (2014) 153–168



161P.M. Abbott et al. / Palaeogeography, Palaeoclimatology, Palaeoecology 409 (2014) 153–168
volcanic eruptions. The relatively discrete nature of the deposit and
clear peak in shard deposition suggests a rapid input of material rather
than the mixing of material from three closely-timed eruptions by bio-
turbation within the sediment column. Deposition via iceberg rafting
can create such geochemical heterogeneity and a small peak in the
IRD proxy can be observed around this depth. Fine-grained material
(25…80 � m) dominates this deposit which may indicate that the glass
shards were deposited onto an ice-sheet surface downwind from the
eruption source prior to rafting.

Wastegård and Rasmussen (2001) identi � ed a MIS 5c Grímsvötn
sourced basaltic horizon, 5c-Midt/BAS-I, and Brendryen et al. (2010)
subsequently correlated 5c-DO24s/BAS-I to this deposit ( Table 1). In ad-
dition, Brendryen et al. (2010) identi � ed another MIS 5c Grímsvötn-
sourced horizon, 5c-DO23i/BAS-I, in the Norwegian Sea record. Fig. 5b
demonstrates that the composition of population b of LINK 16 604 …
605 cm has strong compositional similarities to the 5c-Midt/BAS-I
(5c-DO24s/BAS-I) horizon. However, neither of these latter horizons
have any associated chemical sub-populations. The higher degree of
heterogeneity within the LINK 16 deposit might be due to the analysis
of signi � cantly more shards within this study or that these sub-
populations are only preserved in the � ne-grained material analysed
in this study.

Deposition of 5c-Midt/BAS-I and 5c-DO24s/BAS-I in the two cores
can be directly related to spikes in IRD concentration ( Rasmussen
et al., 2003; Brendryen et al., 2010 ). In addition, LINK 16 604 …605 cm
falls in a stadial phase following a magnetic susceptibility peak thought
to relate to DO-24, which is highly similar to the stratigraphic position of
5c-DO24s/BAS-I in MD99-2289 ( Brendryen et al., 2010 ). Therefore,
these horizons can be correlated as a regional marine …marine core
tie-line for the middle of MIS 5c. However, the ice-rafted nature of
this horizon may have signi� cantly delayed deposition following
the eruptive events preventing it from acting as an isochronous tie-
line to more disparate palaeoclimatic records, speci � cally the Greenland
ice-cores.

3.4. MIS 5a and 4 deposits

Based on the low-resolution shard counts four depth intervals from
this period were re-assessed for high-resolution tephra content. Distinct
peaks in colourless shards were identi � ed between 485 and 486 cm and
425 and 427 cm and a peak in brown shards between 456 and 457 cm
(Fig. 2iv).

3.4.1. 485–486 cm
High-resolution tephra counts show a peak in colourless shards 25 …

80 � m in diameter at this depth ( Fig. 2iv). Shard concentrations are low
compared to those observed in the MIS 5e period, but the peak is
distinct from background levels during MIS 5a. Geochemical results dis-
play a heterogeneous composition with four sub-populations apparent
within the overall characterisation ( Fig. 3bii). The heterogeneity of
this deposit indicates that it could have been deposited by iceberg
rafting or resulted from mixing of material in the sediment column.
Therefore, this deposit was not investigated further for use as an
isochronous marker horizon.

3.4.2. 456–457 cm
A distinct peak of brown tephra shards in the 80 …125 � m grain-size

fraction with a shard concentration of ~900 shards per 0.5 gdw was ob-
served at 456…457 cm. Geochemical analyses reveal a relatively homog-
enous composition with af � nities to the Icelandic tholeiitic rock suite
(Fig. 3bi). The individual shards have SiO 2 values ranging between
48.9 and 50.5 wt%, Al2O3 values of ~13 wt%, FeO concentrations be-
tween 13.9 and 15.3 wt% and Na 2O concentrations of ~2.7 wt% typical
of Grímsvötn products ( Table 2; Fig. 3c).

Wastegård and Rasmussen (2001) identi � ed a distinct peak in basal-
tic material, 5a-Top/BAS-I, in a similar stratigraphic position at the top of
MIS 5a in the MD95-2009 core. In MD99-2289 Brendryen et al. (2010)
identi � ed a zone of basaltic material at the top of MIS 5a with three dis-
tinct shard peaks (5a-DO21i/BAS-I, II and III). They are all geochemically
homogenous, with indistinguishable major element � ngerprints and all
a potential match to the 5a-Top/BAS-I ( Fig. 6a; Table 1). These three de-
posits have been interpreted as the products of three closely-timed
eruptions ( Brendryen et al., 2010 ). Shards from 5a-DO21i/BAS-I, II and
III have been reanalysed to permit trace element comparisons (see
Section 3.6; Table S16). The new major element analyses are used for
comparisons to LINK 16 as they have been determined on the same mi-
croprobe under the same analytical conditions. Major element compar-
isons demonstrate similarities between LINK 16 456 …457 cm and all
three peaks in MD99-2289 ( Fig. 6a). It is therefore not possible to sug-
gest a speci� c correlation between LINK 16 and MD99-2289 and some
subtle differences in average values will be discussed further in
Section 3.6.1. The homogeneity of this deposit and deposition during a
period of low IRD deposition suggests that the material was not depos-
ited via iceberg rafting. The occurrence of the main peak in shards in the
80…125 � m grain-size fraction, without signi � cant numbers in the
25…80 � m or N125 � m fractions, could indicate that the material
was sea-ice rafted to the site or that the main atmospheric dispersal
pathway was towards the LINK 16 site. Neither of these processes
would impart a signi � cant temporal delay on deposition, therefore,
LINK 16 456…457 cm can be considered an isochronous marker
horizon.
3.4.3. 425–427 cm
A distinct peak in colourless tephra shards is identi � ed at 425…

427 cm within all three grain-size fractions. Exceeding 10,000 shards
per 0.5 gdw the peak in the 25 …80 � m fraction falls 1 cm above the
peaks in the coarser fractions ( Fig. 2iv). This horizon has a homogenous
transitional alkali rhyolitic composition ( Fig. 3bii) with SiO 2 concentra-
tions between 74.0 and 75.3 wt%, Al 2O3 values of ~13.1 wt%, FeO con-
centrations ranging between 2.0 and 2.4 wt% and total alkali values
between 8.6 and 9.5 wt% ( Table 2). This horizon has af � nities to material
sourced from the Öraefajökull and Torfajökull volcanic systems
(Fig. 3d).

LINK 16 425…427 cm occurs shortly after a peak in the IRD proxy
(Fig. 2), however, the homogenous composition of the material and
the small shard size within this deposit suggests that the material was
deposited via primary airfall and represents an isochronous horizon. It
was deposited during the early part of MIS 4 close to the transition
from MIS 5a ( Fig. 2). Two rhyolitic horizons of a similar age and compo-
sition have been identi � ed in other North Atlantic marine records
(Fig. 7). Abbott et al. (2011) identi � ed MD04-2822 2327 …2328 cm with-
in the MIS 4 section of a Rockall Trough core and Brendryen et al. (2010)
described the identi � cation of the 4-DO19s/RHY-I horizon in the
Norwegian Sea (Table 1). Abbott et al. (2011) previously explored the
potential correlation of one population of MD04-2822 2327 …2328 cm
to the 4-DO19s/RHY-I, but ruled out a link based on slight geochemical
offsets between the deposits (see Fig. 7 of Abbott et al., 2011 ). Re-
analysis of shards from 4-DO19s/RHY-I on the same microprobe and
operating conditions as the MD04-2822 and LINK 16 horizons strongly
indicates that the three horizons relate to the same volcanic event and
can be used as an isochronous tie-line between the records ( Fig. 7a).
Brendryen et al. (2010) and Owen et al. (2013) propose that this erup-
tion could relate to an event that produced two tuyas in the Torfajökull
area of Iceland dated by Ar/Ar to 67 ± 9 and 72 ± 7 ka BP ( McGarvie
et al., 2006). This dating is comparable to the ages of 70.1 ka BP and
68.45 ± 1.5 ka BP assigned to the marine occurrences by Brendryen
et al. (2010) and Abbott et al. (2013) respectively. Geochemical compar-
isons between proximal and distal material by Brendryen et al. (2010)
and Abbott et al. (2013) did not directly support a match, however,
this may relate to the use of different analytical techniques to geochem-
ically characterise the proximal and distal material.
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3.5. Trace element characterisation of tephra horizons

Glass shards from all deposits described above were analysed for their
trace element composition to provide a secondary � ngerprint and to help
test two proposed correlations. In the two deposits with a heterogeneous
major element composition (LINK 16 485 …486 cm and 604 …605 cm) het-
erogeneity was also observed in the trace element characterisations and
the trace element populations are consistent with those de � ned by
major element analysis (see Supplementary Information). For the de-
posits classi� ed as isochronous marker horizons (LINK 16 425 …426 cm,
456…457 cm, 675…680 cm, 695…697 cm, 735…737 cm and 738 …739 cm)
rare earth element (REE) pro � les demonstrate the relative homogeneity
of the trace element characterisations providing a secondary geochemical
� ngerprint for each horizon ( Fig. 8a and b). An increase in variability be-
tween the lighter and heavier REEs is due to reduced precision in the
determination of less abundant elements, which is more pronounced
for the basaltic horizons as trace element concentrations are lower in
these shards compared to the rhyolitic horizons.

Average REE pro� les for the rhyolitic horizons have broadly compara-
ble patterns with a steep gradient for the LREEs (La …Nd), a distinct neg-
ative Eu anomaly and a relatively � at pro � le for the HREEs (Sm…Lu)
(Fig. 8a). They all fall within the end-member characterisations envelope
for Icelandic material (Fig. 8 c). The Rb/Sr ratios for the rhyolitic horizons
are comparable to those found in proximal Icelandic material ( Fig. 8d),
however, concentrations are lower for the distal material. The pro � le
for LINK 16 675 …680 cm differs slightly from the other two pro � les
with concentrations lower for the LREEs and higher for the HREEs
(Fig. 8c). This can be attributed to LINK 16 675 …680 cm deriving from
an eruption in the Icelandic Rift Zone compared to the off-rift source of
the other horizons (Table 3 ).
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The average REE pro� les for the three basaltic horizons are highly
similar with all displaying a gentle gradient between La and Lu
(Fig. 8c). The overall concentrations of the REEs exceed those of the
proximal end-member characterisations for tholeiitic material present-
ed in Óskarsson et al. (1982) . However, it is unlikely that this is due to a
source mis-attribution based on the major element analyses as the REE
pro� les are not as steep as those observed for more alkaline material
(Fig. 8c) and the Rb and Sr concentrations for these tholeiitic deposits
are highly similar to the characterisations of proximal tholeiitic material
(Fig. 8d). The lower REE concentrations in the proximal deposits may be
due to the bulk analyses used to gain these characterisations incorporat-
ing phenocrysts and lithic phases with lower REE concentrations than
the juvenile glass analysed here using LA-ICP-MS.
3.6. Testing correlations using trace element compositions

In order to test two potential tephra correlations, new trace element
data are presented from the Norwegian Sea core MD99-2289.
3.6.1. LINK 16 456–457 cm —MD99-2289 5a-DO21i-I, -II, -III
Trace element characterisation of the late MIS 5a basaltic horizons

5a-DO21i/BAS-I, -II, and -III from MD99-2289 re-af � rms the major
element results and con � rms that they are geochemically indistinguish-
able (Fig. 6b). This may suggest that the ash zone represents reworking
of material from a single eruptive episode or three closely spaced
events, as suggested byBrendryen et al. (2010) . In Section 3.4 a correla-
tion between this deposit and LINK 16 456 …457 cm was suggested,
however, there are contrasts in trace element composition between
the horizons, with overlapping but not consistent geochemical � elds
(Fig. 6b). These trace element differences can be attributed to differing
levels of geochemical evolution, with fractional crystallisation occurring
during evolution and between the eruption of the MD99-2289 deposit
and the LINK 16 deposit. Fig. 6bi and ii shows that incompatible ele-
ments generally have higher concentrations in the LINK 16 deposit.
These elements are not partitioned during evolution by fractional
crystallisation so will have higher concentrations in more evolved
magma, however, consistency in incompatible element ratios between
the deposits suggests a genetic link between them. The lower Sr
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concentrations ( Fig. 6biii) and lower Y and Ho concentrations ( Fig. 6bv
and vi) in the LINK 16 material suggests that crystallisation of plagio-
clase and clinopyroxene has occurred as these compatible elements re-
spectively partition into these minerals. Using the most abundant
compatible and incompatible elements (Sr, Ba, Zr, Nb, Ce, Th) and the
fractional crystallisation (FC) modelling spreadsheet •Petromodeller Ž
from Ersoy (2013) it is possible to model the difference between the
two average compositions by extracting approximately a 16% mixture
of 65% plagioclase (using a Kd of Sr for plagioclase of 3, see GERM,
2013) and 35% clinopyroxene. This is consistent with subtle differences
in the average major element chemistry between these samples. The
MD99-2289 material has higher CaO, MgO, and Al 2O3 and lower SiO 2,
FeO, Na2O, and K2O concentrations than the LINK 16 material, which
would be expected if the two were linked by fractionation of a cotectic
mixture of plagioclase and pyroxene. Additionally a small decrease in
P2O5 between MD99-2289 and LINK 16 implies a trace of apatite may
have been removed, but an increase in TiO 2 implies that ilmenite
crystallisation is not signi � cant. Overall, this evolution could mean
that the deposits were produced by two eruptions during DO-21 of
the same volcanic system or two phases of the same eruption, the latter
implying a negligible temporal separation in the deposition of both of
these horizons.

3.6.2. LINK 16 425–427 cm —MD99-2289 4-DO19s/RHY-I—MD04-2822
2327–2328 cm (population 2)

Trace element analysis of shards from the 4-DO19s/RHY-I horizon
permitted a secondary comparison to LINK 16 425 …427 cm and
MD04-2822 2327 …2328 cm (population 2) ( Fig. 7b). Trace element
data for MD04-2822 2327 …2328 cm (population 2) from Abbott et al.
(2011) was obtained prior to improved monitoring of gas blanks during
the analysis of small shards using LA-ICP-MS (see Pearce et al., 2011),
however as trace element ratios were unaffected by this methodological
problem ratio/ratio comparisons can be made ( Fig. 7bv and vi).

Bimodality is displayed in the trace element characterisations of the
4-DO19s/RHY-I material with three analyses plotting consistently
within the envelope of the LINK 16 425 …427 cm characterisation. The
remaining three analyses, while falling outside the envelope for this
material display similar ratio trends when both compatible and incom-
patible elements are compared ( Fig. 7bi…iv). This could be due to the
low number of shards analysed and thus the full compositional range
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is not captured. Comparison of trace element ratios between the three
deposits ( Fig. 7bv and vi) demonstrates high consistency between the
characterisations. Overall, the strong similarities and absence of evi-
dence for fractional crystallisation demonstrates that the trace element
results support and thus strengthen this correlation.

4. Discussion

4.1. Re� ning the Faroe Islands region tephrostratigraphy

Six tephra horizons have been identi � ed in LINK 16 that have the
potential to act as isochronous marker horizons ( Table 3; Fig. 9). Three
deposits (LINK 16 456 …457 cm, 675…680 cm and 695 …697 cm) have
been identi � ed previously by Wastegård and Rasmussen (2001) . The
three cryptotephras added to the regional tephrostratigraphy (LINK 16
425…427 cm, 735…737 cm and 738 …739 cm) resulted from extending
investigations beyond MIS 5 into late MIS 6 and early MIS 4. The
tephrostratigraphy of LINK 16 closely resembles the nearby MD95-
2009 record with both displaying clear tephra shard peaks in contrast
to the broad ash zones apparent within the ENAM33 record. Tracing
these three common horizons between LINK 16 and MD95-2009 and
their consistent stratigraphic positions helps to demonstrate that local,
site-speci � c factors have not in � uenced deposition and stratigraphic
integrity.



Table 3
Summary of MIS 6 …4 tephra deposits identi � ed in the LINK 16 sequence and correlations to previously identi � ed MIS 6…4 tephra horizons.

Depth interval Timing Composition Potential source Transport pathway Correlations Potential widespread
isochron?

425…427 cm MIS 4 Transitional alkali rhyolitic Öraefajökull or Torfajökull, Iceland Primary airfall MD04-2822 2327 …2328 cm „ pop. 2
4-DO19s/RHY-I

Yes

456…457 cm MIS 5a Tholeiitic basaltic Grímsvötn, Iceland Sea-ice rafting 5a-Top/BAS-I
5a-DO21i/BAS-I, II, III

Yes

485…486 cm MIS 5a Heterogeneous rhyolitic Multiple Icelandic systems Iceberg rafting N/A No
604…605 cm MIS 5c Heterogeneous tholeiitic basaltic Multiple Icelandic Rift Zone systems Iceberg rafting 5c-Midt/BAS-I

5c-DO24/BAS-I
No

675…680 cm MIS 5e Tholeiitic rhyolitic Icelandic Rift Zone Primary airfall 5e-Midt/RHY
5e-Eem/RHY-I

Yes

695…697 cm MIS 5e Tholeiitic basaltic Grímsvötn, Iceland Primary airfall 5e-Low/BAS-IV Yes
735…737 cm MIS 6 Transitional alkali rhyolitic Öraefajökull or Torfajökull, Iceland Primary airfall New horizon Yes
738…739 cm MIS 6 Tholeiitic basaltic Grímsvötn, Iceland Primary airfall New horizon Yes
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Thorough analysis of variations in tephra content between different
grain-size fractions, co-variance with the IRD proxy and comprehensive
geochemical characterisations permitted an assessment of depositional
processes, thus aiding our classi � cation of horizons as valuable iso-
chrons. For example, a dominance of � ne-grained material and lack of
coeval IRD peaks indicates that � ve of the horizons were most likely de-
posited by primary airfall. In contrast, the identi � cation of geochemical
heterogeneity of shards from 485 …486 cm and 604 …605 cm indicates
that these deposits were iceberg-rafted in origin and cannot be consid-
ered to be isochronous horizons. The comprehensive nature of the
geochemical characterisations and the use of a proxy record for IRD
demonstrates that LINK 16 604 …605 cm was most likely deposited via
iceberg rafting and thus cannot be used as a widespread isochronous
horizon.

Few horizons deposited during this period have previously been
analysed for trace elements, however, the secondary � ngerprints
presented in this study are a � rst step towards future comparisons
and the testing of correlations as demonstrated in Section 3.6.

4.2. Synchronisation and correlation of palaeoclimatic archives
during MIS 6–4

In addition to tracing horizons between the Faroe sequences tie-
lines between more disparate archives have been de � ned and they
have characteristics which could permit their use as key horizons for
correlating records from this period ( Fig. 9; Davies et al., in press).
For instance, the correlation of LINK 16 675 …680 cm to the 5e-Midt/
RHY, the most widespread tephra horizon within this period (see
Section 3.2), permits the correlation of this core to numerous records
from the North Atlantic and the Klaksvík terrestrial sequence on the
Faroe Islands (Wastegård et al., 2005 ; Table 1). Moreover, this study
has also demonstrated the widespread nature of another rhyolitic hori-
zon, the 4-DO19s/RHY-I, which can now be traced between the Norwe-
gian Sea, the Faroe Islands region and the Rockall Trough and potentially
has a proximal correlative in Iceland ( Section 3.4). Based on the tuning
of records to the Greenland ice-cores this provides a useful tie point for
the initiation of cold conditions following DO(GI)-19 ( Brendryen et al.,
2010; Abbott et al., 2011; Davies et al., in press ). This correlation, how-
ever, only became apparent after re-analysis of MD99-2289 material
under the same microprobe conditions. The •side-by-side • or repetition
of analyses utilising the same conditions when testing potential correla-
tions has been advocated previously, for example by Lowe (2011) ,
Bourne et al. (2013) and Pearce et al. (2014) . We also encourage that,
when feasible, this approach be followed and recommend the impor-
tance of archiving samples for reanalysis.

The correlation of LINK 16 456 …457 cm, to the 5a-Top/BAS-I of
Wastegård and Rasmussen (2001) , also represents a marker for the
transition between MIS 5a and 4 ( Fig. 2). The correlation of this deposit
to the MD99-2289 sequence, however, highlights a complex scenario
whereby it is dif � cult to determine whether the deposits are the
products of two phases of one eruption or separate eruptive events
(see Section 3.6.1). It is therefore recommended that any future tracing
of this deposit acknowledges these differences and if possible trace ele-
ment characterisations should be obtained from any potential correla-
tive horizons and from multiple depths in dispersed deposits. This
would allow the distribution of the different phases/eruptions to
be mapped and the potential identi � cation of material with both
characterisations at a single site may help to resolve the temporal
phasing of the eruptive processes.

The 5c-Midt/BAS-I horizon of Wastegård and Rasmussen (2001)
was previously traced into the Norwegian Sea by Brendryen et al.
(2010) , 5c-DO24/BAS-I, and a population of LINK 16 604 …605 cm relates
to these deposits ( Figs. 2 and 9). We have shown that it was most likely
deposited at all the sites via iceberg rafting, which precludes its use as a
widespread isochronous horizon but it is useful as a regional marine …
marine tie-line and may help in the reconstruction of past ocean surface
circulation (e.g. Kuhs et al., 2014). The heterogeneous geochemistry of
LINK 16 604…605 cm provided strong support for transport via iceberg
rafting, however, this characteristic was not identi � ed in the earlier
studies. It is possible that the acquisition of a larger number of major el-
ement analyses and the study of material down to 25 � m diameter in
this study highlighted this complexity.

LINK 16 695…698 cm, correlated to the 5e-Low/BAS-IV in ENAM33
and MD95-2009, falls close to the start of the MIS 5e period and could
be a key marker for this transition if it can be traced into other se-
quences. This deposit displayed the highest basaltic shard counts in all
grain-size fractions throughout this core. Neither of the MIS 6 horizons
identi � ed in LINK 16 can be traced into other records, however, this
could be attributed to a lack of focus on this period within previous
tephrostratigraphical studies and both could provide tie-lines for the
penultimate glacial period.

5. Conclusions

The application of density separation methods to the study of LINK
16 has demonstrated how the assessment of � ne-grained material is
useful for tracing cryptotephras within the marine realm. The high-
resolution tephra shard concentration pro � les, IRD proxy comparisons
and comprehensive geochemical characterisations of deposits permit-
ted an exploration of the transport and depositional processes responsi-
ble for their emplacement and six isochronous horizons have been
de� ned. Such assessments are crucial for the use of tephra horizons as
isochronous tie-lines for climatic correlation and synchronisation
(Griggs et al., in press). The use of trace element characterisations to
test potential correlations of widespread deposits demonstrated that,
in some instances, this can strengthen correlations while in others
chemical differences add complexity to assessing correlations as they
could represent two different eruptions or may relate to magmatic pro-
cesses. Increased integration of trace element characterisation within
studies of Icelandic tephra is required to fully assess the wider
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