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Abstract

Developing chronologies for sediments in the Arclicean and its continental margins is an
important but challenging task. Tephrochronologyaigpromising tool for independent age
control for Arctic marine sediments and here wesene the results of a cryptotephra study of a
Holocene sedimentary record from the Chukchi Sedcanic glass shards were identified and
quantified in sediment core HLY0501-01 and geocleaity characterized with single-shard
electron microprobe and laser ablation-inductiveypled plasma-mass spectrometry (LA-ICP-
MS). This enabled us to reveal a continuous presehglass shards with identifiable chemical
compositions throughout the core. The major inptdit glasses into the sediments is
geochemically fingerprinted to the ~3.6 ka Aniakchzaldera Il eruption (Alaska), which
provides an important chronostratigraphic constrdor Holocene marine deposits in the
Chukchi-Alaskan region and, potentially, fartheragwin the western Arctic Ocean. New
findings of the Aniakchak Il tephra permit a reaxalon of the eruption size and highlight the
importance of this tephra as a hemispheric lateoétie marker. Other identified glasses likely
originate from the late Pleistocene Dawson and Otdw tephras while some cannot be
correlated to certain eruptions. These are prasentost of the analyzed samples, and form a
continuous low-concentration background througlbatinvestigated record. A large proportion
of these glasses are likely to have been reworkddeought to the depositional site by currents
or other transportation agents, such as sea iceraldvour results demonstrate the potential for
tephrochronology for improving and developing clulogies for Arctic Ocean marine records,
however, at some sites reworking and redistribugbtephra may have a strong impact on the

record of primary tephra deposition.

Keywords: Arctic Ocean; Chukchi Sea; marine sediments; otgpihra; Holocene; volcanic

eruption; Aniakchak caldera
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1. I'ntroduction

The Chukchi and Beaufort Seas, which extend from Hast Siberian to North American
continental margin, are experiencing the highetst of Arctic sea-ice retreat (e.g., Walsh et al.,
2016), and thus represent a key area for investgaelated processes under both present and
past climatic conditions. Several paleoceanographidies have recently been undertaken on
Holocene deposits that accumulated at the Chukdrgim since the last deglaciation and
inundation of the shallow shelf (e.g., Keigwin ét 2006; Darby et al., 2009; Polyak et al.,
2016). While at some sites these deposits reaabnsiderable thickness and provide a fairly
high centennial to multidecadal-scale temporal Iggm for paleoclimatic proxy
reconstructions, this advantage cannot be fullylatqul due to problems with developing
adequate age constraints. For example, biogenibooates suitable for radiocarbon age
determination are scarce in these sediments dueidespread dissolution, the total organic
matter has a high content of terrestrial mater@kptially having a wide age range, and the
reservoir age in different water masses of the @vasArctic is poorly understood (e.g., Faux et
al., 2011; Darby et al., 2012; Polyak et al., 20X®B)rrent age models for regional sediment
records benefit from the analysis of paleomagrsitular variations, but the usefulness of this
approach varies depending on sedimentation ratdslitiology (Barletta et al., 2008; Lisé-
Pronovost et al., 2009; Lund et al., 2016).

A promising tool for independent age control ofiseghts in the Chukchi Sea, and in the
Arctic Ocean in general, could be tephrochronologlye Chukchi Sea could be especially
promising for tephrochronology as this margin isali@d close to the volcanically active North
Pacific region, which includes the prominent Alagdautian and Kuril-Kamchatka volcanic
arcs. Furthermore, the prevailing direction of vandnd currents controls an efficient
transportation of suspended sediment and aeraswis this region into and across the Chukchi
Sea (e.g., Weingartner et al., 2005; Danielsonl.et2814). As most of the large Holocene
tephras from the North Pacific volcanoes have lpmathemically fingerprinted andC-dated
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(e.g., Kyle et al., 2011; Kaufman et al., 2012; ®oareva et al., 2015, 2017; Davies et al.,
2016), their identification in the Arctic sedimentdl enable accurate correlation to well-dated
terrestrial and marine records. Such correlatioils provide independent age constraints for
Arctic sediment cores and an insight into the mareservoir effect that impactC dating.

Tephra and cryptotephra occurrences are known froamy terrestrial Arctic sites,
including Greenland, Svalbard, and northeast Asig.( Abbott and Davies, 2012; Ponomareva
et al., 2013a; van den Bogaard et al., 2014; varBdeet al., 2017). Visible tephra layers have
not been found in Arctic marine sediments, butghesence of cryptotephra in sediments from
the Fram Strait connecting the Arctic and Nordi@aSé&amelczyk et al., 2012), highlights the
possibility of finding volcanic deposits in the AicOcean.

Indeed, the first ever studies of tephra in Arctiarine sediments, performed recently at
two sites in the Chukchi Sea (Fig. 1), both idesdifabundant cryptotephra related to the ~3.6 ka
Aniakchak Il caldera-forming eruption (Ponomarevale 2014; Pearce et al., 2017). However,
these data also highlighted the complexity of tbé&eanic signal in the investigated sediments.
For example, Pearce et al. (2017) reported a >tbich zone of high glass shard
concentrations with numerous irregular peaks andimd, rather than a distinct glass shard
concentration peak. These results make it diffitoltise this cryptotephra as an isochron and
pose questions regarding the mechanisms of glasgbdtion and deposition.

In order to further evaluate the potential of temronology for constraining the age of the
western Arctic marine sediments and to investigepdira transport and deposition patterns, we
performed a detailed investigation of cryptotephracore HLY0501-01 from the sediment
accumulation area at the Chukchi-Alaskan margieligpinary results reported in Ponomareva
et al., 2014). The research approach included tlamtdication of the distribution of tephra in
the upper (Holocene) sedimentary unit, determimatd the chemical composition of glass
shards, especially from tephra occurrence peaks$,na@iching the fingerprints of identified

compositions to known eruptions from the Aleutiard &uril-Kamchatka volcanic arcs. This
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study confirms the presence of tephra with ideatti® chemical composition throughout the
investigated sediment and provides chronostratigcaponstraints on Holocene marine deposits

in the Chukchi-Alaskan region.

2. Study area

The geographic setting of the Chukchi Sea combitseeg\rctic location with an immediate
connection to the Bering Sea via the Bering Stemit] thus defines the important role of this
shelf region for water, air-mass, and sediment amgh between the Arctic and North-Pacific
realms. Regional hydrographic circulation is dortedaby currents originating in the Bering Sea
that cross the Chukchi shelf in several brancheg. (E; Weingartner et al., 2005). This
circulation controls sedimentation largely by renmgvfine sediment from the shallow areas of
the Chukchi and Bering Seas, and depositing it lea riorthern Chukchi slope, which is
characterized by calmer hydrodynamic conditions tdugreater water depths and higher sea-ice
coverage (e.g., Darby et al., 2009; Polyak et2416). Paleoceanographic studies of sediment
cores from the Chukchi margin indicate that thislisentary regime operated since the
stabilization of sea level after the last transgj@s ca. 8-9 ka, with some variability primarily
attributed to changes in the strength of the BeS8tgit Inflow and wind-driven circulation in
the Arctic Ocean (Ortiz et al., 2009; Darby et 2012; Polyak et al., 2016).

The closest late Quaternary volcanoes to the Chukeh area are monogenetic basaltic
lava fields and maars at the Bering Sea margin . (Rig Wood and Kienle, 1990;
www.avo.alaska.edu). However, as such fields rgsedguce widely dispersed tephra our search
for tephra markers in the study area focused oadcsifjlasses derived from the North Pacific
island arc volcanoes located300 km from the Chukchi margin (Fig. 1). The Ndethcific arcs
(Kurile-Kkamchatka, Alaska-Aleutian and Cascadiarg highly explosive and their glass has
been found as cryptotephra over 8000 km from tleceo(e.g., Pearce et al., 2004; Jensen et al.,
2014; Mackay et al., 2016; Bourne et al., 2016; daenBilt et al., 2017). The closest sites to the
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Chukchi margin (=750 km away) where Holocene vestigiphra layers have been described, are
located on the Seward Peninsula, southwestern Algsk. 1; Blackford et al., 2014; Davies et

al., 2016).

3. Materials and methods

3.1. Coredescription and sample processing

Sediment core HLY0501-01, composed of a triggemgive{TC) and a jumbo piston (JPC) cores
and supplemented by a nearby multi-core (MC), wakeated in 2005 from the northeastern
(Alaskan) margin of the Chukchi shelf (Fig. 1; Darbkt al., 2005). The coring area is
characterized by sediment focusing on the outelf slmel slope, as indicated by subbottom
profiling and data from adjacent cores (e.g., Balet al., 2008; Darby et al., 2009, 2012; Lisé-
Pronovost et al., 2009). The upper sedimentaryrenivered in these cores is composed of fine-
grained mud, inferred to represent Holocene matamositional conditions established after the
last deglaciation and concomitant sea-level risairGsize data show a rise in coarse fractions
(coarser silt and sand) towards the top of therce¢®iriwandana, 2014; C.-E. Deschamps, pers.
comm.). No visible tephra layers were observedny af these cores. Core HLY0501-01 was
selected for tephra investigation based on thenmadiate thickness of the upper unit (slightly
over 300 cm), which provides a combination of disigitly high temporal resolution with a
manageable number of samples for downcore tepheatifitation. The paleomagnetic
stratigraphy of the same core (TC/JPC) has alsa beestigated, an6*®Pb was measured in
the MC for evaluating very recent sedimentatioresgiDeschamps et al., 2017). No carbonate
material for*’C dating has been found in the core, probably dyetvasive dissolution which is
common for sediments from the study area (e.g.byat al., 2009; Lisé-Pronovost et al., 2009).
The TC and JPC were combined into a single setiased on the correlation of logged physical
properties, such as sediment density, magnetieptibdity, and color spectral reflectance; akin
to TC-JPC correlations for nearby cores (Darbyl.e2809; Ortiz et al., 2009). The HLY0501-

6



166

167

168

169

170

171

172

173

174

175

176

177

178

179

180

181

182

183

184

185

186

187

188

189

190

191

01 correlation indicates a top of JPC to TC offestimated 112 cm), which reflects a common
JPC overpenetration in soft sediments. Hereafteamgeusing a composite core depth (in cm)
based on the actual TC depth and the offset JPth d€jy. 2). We note, however, that the offset
may not be consistent downcore because of potntdferent stretching or compression of

sediment. Based on preliminary paleomagnetic dagacombined record most likely spans the
time from ca. 1 to 6 ka (Deschamps et al., 201 He Joungest part of the section was
presumably captured by the MC, which collects undied topmost sediments, however, it
cannot be accurately correlated to the TC, antiasetore plotted separately from the TC-JPC
record (Fig. 2).

Samples were taken in two modes: the upper pathefcomposite TC/JPC core where
high glass concentrations were revealed duringnmgigsance research (Ponomareva et al.,
2014) was sampled in 2-cm slices while the MC anweker part of JPC were first sampled in 10-
cm slabs and then intervals with elevated tephnatecds were subsampled in 2-cm slices.
Overall, 159 2-cm samples and twenty 10-cm samplese collected along the Holocene
sedimentary unit, with a focus on the upper ~20hoost enriched in tephra. Sample processing
was based on methods adopted in marine tephrgsgliy for extraction of Si-rich glasses
(e.g., Abbott et al., 2011, 2013). Freeze-driedam (0.5 g) were treated consecutively with
10% HCI for four hours and cold 10% NaOH for 1 hdor remove carbonates and to
disaggregate clay clumps, respectively, then wetesl to obtain the >80 and 25-8fh size
fractions. The latter fraction was then separatdgua heavy liquid with a specific gravity of
2.5 glcm. A 2.3 glcni separation was not required as limited biogeniteria was present in
the samples following NaOH treatment. It has bagggsested that NaOH treatment can affect
the geochemical composition of shards (e.g. Blocldeal., 2005), however, experimentation
with control samples from Dawson tephra (Alaskapdiected alongside this work found that
geochemical analyses were unaffected (Electronpp®ment Table S1 and plots therein). The

subfraction lighter than 2.5 g/érfrom the 25-8Qum fraction and non-separated >3® fraction



192

193

194

195

196

197

198

199

200

201

202

203

204

205

206

207

208

209

210

211

212

213

214

215

216

217

were mounted in Canada balsam for glass shard £otiatfacilitate the counting of abundant
glass shards, samples from the 25480 fraction were spiked with Lycopodium spores amel t
approach for tephra quantification of Gehrels e{2006) was used. Glass concentrations can be

found in the Electronic Supplement Tables S2 and S3

3.2. Volcanic glass analysis

3.2.1. Electron microprobe analysis (EMPA)

Volcanic glass was analyzed in 25 samples fron2880um fraction using a JEOL JXA 8200
electron microprobe equipped with five wavelengi$pdrsive spectrometers including 3 high-
sensitivity ones (2 PETH and TAPH) at GEOMAR (Kielhe analytical conditions for glasses
were a 15 kV accelerating voltage, 6 nA current &ndn electron beam size. Analyses were
performed in profiles along each slide where ewvglgss shard was analyzed to obtain and
guantify a representative set of compositions (Ebec Supplement Tables S4 and S5).
Conditions for the electron microprobe analyses dath on reproducibility of reference
materials can be found in the Electronic suppleniatile S6. More details of the analytical
conditions and data reduction can be found in teet®nic supplement to Ponomareva et al.

(2017).

3.2.2. Laser ablation inductively-coupled plasma mass-spectrometry (LA-ICP-MS) analysis
One of the EMPA-investigated samples was additlgraaialyzed by single-shard LA-ICP-MS
for trace elements in glasses. The analyses weferped using a 193-nm ArF excimer laser
system (GeolLas Pro, Coherent) with a large volublatian cell (ETH Zurich, Switzerland)
coupled with a quadrupole-based ICP-MS (Agilent0&(at the Institute of Geosciences, Kiel
University, Germany). Analyses were performed Vdhum spots, 5 Hz pulse frequency, and 10
Jlent laser density. Carrier gas was He (~1 I/min) vaitlition of H2 (14 ml/min), which were

mixed with Ar (0.85 |/min) before introduction intepectrometer. Oxide production rate,
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estimated as ThO+/Th+, was <0.3%. Analyses weréopeed in time-resolved mode and
included 20 s background measurement followed by s2@ample ablation and signal
measurement. Dwell time was 10 ms for all elemedtse isotope per element was measured.
The duration of one full mass scan was 0.65 sew &#a reduction was performed in Glitter
software (Van Achtenbergh et al., 2001) and inalludebtraction of background from sample
signal and selection of time intervals for signategration, which varied from 3 to 10 s
depending on glass shard size and also aimed tao @ozasional contamination of crystal
phases. Averaged arftCa normalized ion intensities were converted togiveconcentrations
by using a conventional approach (Longerich et #096), utilizing a sensitivity factor
determined on reference material (ATHO-G in thisdg) and CaO measured by EMPA in the
same glass shards or in compositionally similasgga (rhyodacitic glasses only with average
Ca0=1.8%) as internal standard. Calibration anitl clsrrection were performed against ATHO-
G reference glass and verified using StHs6/80-G lWh#-G glasses (Jochum et al., 2006),
which were analyzed as unknown. Concentrationsi @h8 Ti were analyzed as unknowns and
used to screen out analyses contaminated by cpfséales, when their concentrations disagreed
with EMPA data by more than 20 rel. %. Single sHa#dICP-MS analyses, data on reference

materials and isotope measured are listed in thetiBinic Supplement Table S7.

4. Results

4.1. Glass concentrations

Volcanic glass shards were present in all 179 emadchsamples, however, significant variation
in the concentrations was observed (Fig. 2; Eleatr&upplement Tables S2 and S3). The glass
counts show a >60 cm thick layer of high glass eotrations in the middle part of the core and
a low-concentration background below and abovelétysr. While the 25-8Qm fraction in the
upper and lower parts of the core has a backgrtavad of <20000 glass shards per 0.5 g of dry
sediment, the middle part between 174 and 110 drnibigx a sharp increase in glass abundances

9
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with values exceeding 80,000 shards between 154 &accm (Fig. 2a). A similar profile with
glass shard concentrations of up to 140 shardannilie same depth interval and background
values 0f<10 shards is observed in the >8® fraction. The overlapping parts of the TC and
JPC both show an increase in glass abundancesugtttihe depth of the peaks does not match
exactly. The TC glass bulge continues to the bottdnthis core, while the JPC peak ends
abruptly at 174 cm (composite depth).

Detailed 2-cm samples demonstrate a complex steictithe glass peaks with irregular
glass-rich and glass-poor samples (Fig. 2a). In thileGnajor peak in glass contents in both 25-
80 and >8um fractions is observed around ~146-166 cm, withaximum at 162-166 cm. In
the >80 um fraction this peak is rather narrow with the nmaxim concentration of glass
occurring in three consecutive samples (between d@%8 164 cm) with a short (<10 cm)
downward tail and a long (~40 cm) upward tail ofvéw but above-background glass
concentrations (Fig. 2a). In the 25-8@ fraction, the pattern is quite similar with theception
of one more sharp peak above the background valt&38 cm. The bottom of the TC record
exhibits a more complex pattern with multiple peaksl a major peak in both fractions at 174-
176 cm. The pattern of glass shard concentratioried peak zone suggests that the estimated
JPC to TC offset may not be consistent downcoréghesctual position of the tephra peak in the

JPC is ~12 cm lower in the composite depth scate @a).

4.2. Glass compositions

4.2.1. Electron microprobe analysis

Microprobe analysis was performed on 25488 glass shards from two 10 cm-samples and
twenty three 2 cm-samples (Fig. 2), with a totabd0 individual analyses obtained; an average
of 24 analyses per sample (Electronic SupplemebkeTa4). Analyzed samples cover both glass

concentration peaks and the low concentration rackgl signal.
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The majority of the HLY0501-01 glass shards formvide trend in the medium-to high-K
field extending from andesite (~56% $)@o rhyolite (~80% Si@) (Fig. 3). In addition, there is
a small but distinct population of low-to mediumrKyolitic glasses and a scatter in the high-K
rhyolitic field. No low-K glass populations were s#yved. All the glasses fit into both the
Kurile-Kamchatka and Alaskan fields for all analgzdements (Fig. 3, E Supplement Table S4).
Tephras from these volcanic arcs are widely knawmthé North Pacific-Arctic region (e.g., Elias
et al.,, 1999; Ponomareva et al., 2013a; van dera&dget al., 2014; Davies et al., 2016). A
comparison to the Kurile-Kamchatka compositionsyéwer, shows that only a few glasses can
be matched to known Kamchatka eruptions (see dismudelow). In contrast, a comparison to
the Alaskan field has allowed us to attribute ngdasses to known Alaskan eruptions (Fig. 4).

Most glasses within the medium-to high-K trend emsenpositionally close to those from
the ~3.6 ka Aniakchak Il caldera-forming eruptioNaska) (Fig. 1) (Kaufman et al., 2012;
Davies et al., 2016). These glasses form a nanmendtbetween 55.89% and 71.5% &i®hich
in some samples splits into separate andesite 4-@B% SiQ) and dacite-rhyolite (~70-71.5%
SiO,) populations. The andesite part of the trend dxacatches that of the reference Aniakchak
glasses while the dacite-rhyolite part additionaliyntains glasses with higheg® and FeO and
lower Al,Os; (Figs. 4 and 5). The Aniakchak Il glass composititosely matches that of bulk-
rock samples from the Aniakchak-1l eruption (Fig: the basaltic andesite-andesite bulk rock
trend exactly falls into the glass compositiondielhile bulk rhyolites are slightly lower in S§O
contents. Aniakchak Il shards are composed of dkess with very rare crystals (Fig. 6).

The high-Si part of the medium-to-high-K trend conds glasses compositionally close to
those from the late Pleistocene Dawson and Old Gephras, most likely associated with the
Emmons Lake caldera in Alaska (Figs. 1 and 4; re¢al., 2011; Davies et al., 2016). Tephras
of a similar composition have never been reportedHolocene deposits (e.g., Davies et al.,
2016). Low-medium-K rhyolitic glasses are closetose from the early Holocene Kurile Lake

caldera (South Kamchatka) (KO in Fig. 4). In aduitisome HLY0501-01 glasses match those

11
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found by Riehle et al. (1999), however, most ofirtiggasses have CaO contents higher than in
HLYO0501-01 (Fig. 4c). Some glasses in the high8t pf the medium-to-high-K trend are close
to the White River ash (WRA in Fig. 4a-h; Jensenlgt2014; Davies et al., 2016), but lack the

distinct higher CI contents of the latter (Fig.. 4i)

4.2.2. LA-ICP-M S analysis

Trace elements were analyzed in glass shards fiem34-156 cm interval, where all the EMP
analyses showed a distinct Aniakchak Il composjtinrorder to further support identification of
this tephra (Fig. 7, Table 1, Electronic Supplem&able S7). Trace elements contents show
coherent systematics and correlate well with thgoma&lement glass composition. The
concentration of most elements, except for Srnti Bu, increases by ~1.5 times with increasing
SIiO, from ~55% in andesitic glasses to ~70% in rhyaditaglasses. Sr and Ti exhibit an inverse
correlation with Si@ and decrease by ~2.5-3 times from andesitic todagitic compositions.
Eu concentration remains nearly constant in abgga.

The patterns of trace elements normalized to pumitnantle are shown in Fig. 7a, where
elements are ordered according to their relatigenmpatibility with crystal phases in the basaltic
system, with the least compatible (“melt-lovinglgments placed on the left side of the x-axis
and the most compatible (“crystal-loving”) on thght. Trace element patterns have a typical
shape for intermediate and silicic island-arc magnfdoe characteristic island-arc signature is
expressed in overall decreasing normalized conatmtis from the less to more compatible
elements and in a strong selective enrichment jrRBbBa, Th, and U, and depletion in Nb, Ta,
and Ti relative to REE of similar incompatibilitfhe patterns of glasses with contrasting ;SiO
are subparallel for the most incompatible elemantsicating their likely origin from the same
parental magma. An overall increase in concentratiof trace elements from andesitic to
rhyodacitic composition reflects predominant crijgation of trace-element-poor minerals,

such as pyroxenes, plagioclase, and Fe-Ti oxides.ahomalous behavior of Ti, Sr, and Eu is
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explained by their strong selective partitioningpimagnetite, ilmenite (Ti) and plagioclase (Sr,
Eu).

As illustrated in Fig. 7b and c, the average tralmment compositions of andesitic and
rhyodacitic glasses are very similar to the wholekrcompositions of crystal-poor andesites and
rhyodacites from the 3.6 ka Aniakchak Il calderaxfmg eruption (e.g., Dreher et al., 2005).
The rhyodacitic glasses also have a nearly indjstghable composition with the clear glass
separate from the Aniakchak Il pumice, which wasduas a reference to identify glass shards

from this eruption in the Greenland ice cores (Peat al., 2004).

4.3. Distribution of compositionally different glassesin the HL Y 0501-01 sediments
The down-core distribution of glasses with diffdrenmpositions is presented in Fig. 2b and ¢
based on the data from Electronic Supplement Tabfesand S5. The majority of glasses are
compositionally close to those from the Aniakchaleduption. Most of those belong to the
rhyolitic population, while andesitic glasses p&gubordinate role (Fig. 2b). The appearance of
Aniakchak Il glasses in HLY0501-01 correlates watlsharp increase in glass concentrations at
~165 cm (JPC). Aniakchak Il glasses form a majangonent of all the samples in the glass
concentration zone and are still present in sedisnabove, up to the top of the core, well after
the glass concentrations have returned to the lbagkd level. Only two samples above ~165
cm contain exclusively Aniakchak Il glasses, whid#l others have an admixture of
compositionally different glasses, from 5 to 52%itNer 10- nor 2-cm samples taken below the
major glass peak contain typical Aniakchak Il géssqexcept for 3 shards close to the
Aniakchak andesite in a sample from 306-308 cm. Fidclectronic Supplement Table S5).

The proportion of non-Aniakchak Il shards is mogdiglow 20% within the major glass
concentration zone and increases up to ~50% alio\r@gi 2b, Electronic Supplement Table
S5). The set of compositions of non-Aniakchak Hrsls remains broadly similar along the core,

including (1) glasses close to Aniakchak Il but ingvhigher K and Fe, and/or lower Al
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contents, (2) Dawson-like, (3) Old Crow-like, art) Kurile lake caldera (KO)-like glasses
(Figs. 4 and 2c). In addition, two levels of thaecdiave a significant admixture of glasses
resembling those from the White River ash (Davieslg 2016); however, this attribution is
tentative and only points at the geochemical typsecto the White River ash. Some of the non-

Aniakchak-II glasses remain unidentified.

5. Discussion

5.1. Aniakchak |1 tephra

5.1.1. Aniakchak Il caldera-forming eruption

Our research demonstrates that the Holocene depaisthe Chukchi-Alaskan margin contain
abundant shards of volcanic glass throughout thestigated section. A major input of glasses
into sediments of HLY0501-01 is clearly fingerpadtto the ~3.6 ka Aniakchak caldera Il
eruption (Alaska), akin to the results presentedPearce et al. (2017) for a core from the
western Chukchi Sea.

The Aniakchak Il eruption was globally one of tlegest Holocene explosive events:
visible tephra was found at the distances of ~118@0 km from the source along the western
Alaskan coast and in the Bering Sea (Kaufman g2@ll2; Blackford et al., 2014; Derkachev et
al., 2015; Graham et al., 2016), and cryptoteplaslbeen reported in northwestern and eastern
Canada (Pyne-O"Donnell et al., 2012; Zdanowicz.e2814), the Greenland Ice Sheet (Pearce
et al., 2004; Coulter et al., 2012) and SE Greehkhelf sediments (Jennings et al., 2014) up to
distances of >4500 km from the source (Fig. 1). @hgtion produced widespread pumice fall
and an extensive ignimbrite sheet (Bacon et all4P20Pyroclastic density currents of the
eruption entered the Bering Sea and likely gendratésunami (Waythomas and Neal, 1998).
The minimum total volume of bulk material from tAaiakchak Il eruption was estimated at
>50 knT, based on considerations of the caldera areathilbkness and distribution of the
associated ignimbrite, and comparison with oth&tezas (Miller and Smith, 1987).
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The initial pumice fall had a rhyodacitic bulk coasgttion, while the composition of
subsequent ignimbrites varied from rhyodacite tdesite (Bacon et al., 2014). Kaufman et al.
(2012) reported both rhyolitic and andesitic glasse visible tephra layers in Alaska, which
suggests that the co-ignimbrite ash could haveeplaaome role in the distal tephra fall. Based
on the distribution of visible Aniakchak tephra terrestrial sections from Alaska and in the

Bering Sea core (Fig. 1), the ashfall axis wasoti®@ northwestwards.

5.1.2. Aniakchak Il tephrain core HL Y0501-01

The areal distribution of the visible Aniakchak heg layer, along with the presence of distinct
glass concentration peaks in the Chukchi corescates that this peak is a result of a primary
tephra fall rather than post-fall redeposition,. ey currents, winds, or sea ice. The major peak
at ~165 cm in HLY0501-01 (JPC) contains only riyolAniakchak glasses, while many of the
younger intervals also contain andesitic glassdshardicating input from the co-ignimbrite ash
(Fig. 2b). The high concentration of the Aniakchidkglasses in both SWERUS-L2-2-PC1
(Pearce et al.,, 2017) and HLY0501-01 cores (Figindlicates that this cryptotephra may be
found still farther afield and is likely to playraajor role in the Holocene stratigraphy of the
Arctic Ocean.

We identify the initial rhyolitic Aniakchak Il puroe fall, with the newly refined age of
357244 cal BP (Pearce et al., 2017), by a sharpase in the glass contents with entirely
Aniakchak Il rhyolitic composition in both >80 arzb-80 um fractions at 164-166 cm in
HLY0501-01JPC (Fig. 2a-b). The respective peakathtottom of the TC appears to occur 12
cm lower in the composite record, which is not si8ipg, considering inevitable and currently
unresolvable inaccuracies of the TC-JPC correlafidre pattern of glass shard concentrations
and compositions in the peak zone suggests thagléisses at JPC 164-166 cm and TC 176-178
cm both represent the same initial Aniakchak Ilhtepfall deposit, which permits further

refinement of the relative position of the JPC © (Fig. 2a). A less distinct pattern in the TC
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tephra distribution below the maximum peak in congmm with the JPC is observed near the
core end, where sediment disturbances are probsbléhis part of the TC record should be
treated with caution.

A rise in coarse fractions towards the top of tleeord (Siriwandana, 2014; C.-E.
Deschamps, pers. comm.) suggests a possible iecheasther sea-ice rafting or down-slope
sediment transport in the late Holocene. Howevematiceable change occurs around the main
tephra peak, indicating that these processes dithange a considerable effect on tephra inputs,

and thus confirming the primary fallout signal bétmain peak

5.1.3. HLY0501-1 glasses compositionally similar to Aniakchak 11
Smaller peaks of Aniakchak Il glasses at the imlsnaround 120 and 140 cm in HLY0501-
01JPC (between 142 and 150 cm in the TC) as watl 4ee upper part of the TC and in the MC
may represent either redeposited tephra from thie e@ption or additional primary ashfall
deposits from younger eruptions. Proximal pyroatasieposits suggest several post-caldera
eruptions with ages ranging from ca. 2.3 ka to 1G@&L(Bacon et al., 2014). At the same time,
Kaufman et al. (2012) report two tephras with cosifians identical to Aniakchak Il and ages
of 3.1 and 0.4 ka from lake deposits in southwest¢aska. As the 3.1 ka eruption is not known
in the proximal stratigraphy (Bacon et al., 20aufman et al. (2012) admitted that this tephra
might have been reworked. The same interpretatias suggested for the 0.4 ka tephra as its
composition was not found to be identical to thé Ka eruption (Half Cone) from the proximal
record. Kaufman et al. (2012), however, mentioneat both ca. 3.1 and 0.4 ka tephras in
southwestern Alaska lakes "comprise relatively pgiass, appear to be conformable in the
sedimentary sequence and are of indistinguishapée ia different lakes" (p. 357), which
suggests that they could also be primary ashfaibsiés.

The Aniakchak Il proximal pyroclastic package adlwas the corresponding sequence at

the Bering Sea coast, both include several unitsh(R et al., 1999; Bacon et al., 2014). As
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revegetation of the pyroclastic sheet and subsecgsmh formation on its surface may take
hundreds of years (e.g., Grishin and del Moral,6)9¢he chronostratigraphy of the proximal
record can be hardly resolved on the centenniblgirer time scales. This means that the 3.1 ka
tephra could have been derived from a separatdi@enugnd form a visible layer in southwest
Alaska and a cryptotephra farther north including Chukchi Sea area. The youngest ~0.4 ka
Aniakchak tephra in Kaufman et al. (2012), composdilly identical to the Aniakchak Il and
~3.1 ka tephras, might correspond to a small caratton peak in the MC at 36-38 cm, which
contains both rhyolitic and andesitic Aniakchaksglkes (Fig. 2).

In addition to the major and minor peaks discusgsal/e, background glasses of distinctly
Aniakchak Il composition are present in the HLYOSII sediments starting from ~168 cm and
up to the MC top (Fig. 2b). These glasses may trdsuin a continuous transport of tephra
particles with sediment load carried by the Alasl@astal Current from the western Alaskan
shores, where Aniakchak Il eruptive products crapalong the coastline (Fig. 1; Riehle et al.,

1999; Bacon et al., 2014).

5.2. Other glasses

Glasses of non-Aniakchak 1l compositions are presemost of the analyzed samples forming a
continuous background throughout the HLY0501-Obreé¢Fig. 2b and c). Most of them can be
identified as being related to known Alaskan teph@ne glass population is compositionally
close to Aniakchak Il, but differs from the latter K and Fe contents (Figs. 4 and 5). This
population may have originated from some older Relek eruptions like Black Nose or from
other volcanic centers, e.g., Veniaminof eruptigater, where tephras are compositionally close
to the Aniakchak (Bacon et al., 2014; Riehle et 2999). Other Alaskan glass populations in
HLY0501-01 are similar to those from the late Rtsene Dawson and Old Crow tephras, most
likely sourced from the Emmons Lake caldera (Pread., 2011; Davies et al., 2016). Because

these glasses do not form distinct concentrati@kgeout are present at background levels along
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the entire record, we infer that they were reddpdsby sediment transport via the Alaska
Coastal Current, as discussed above for the Anaktilglasses in the upper part of the core.

One of the non-Aniakchak Il glass populations cosmpanally resembles glasses from the
~8.4 ka tephra related to the Kurile Lake calderaafng eruption in South Kamchatka (coded
KO; Ponomareva et al., 2004; Kyle et al., 2011)thBQO airfall deposits and ignimbrites were
deposited in the Pacific Ocean and are currentposad in the coastal cliffs along the Pacific
shoreline east of the Kurile Lake (Ponomareva et 2004). The presence of these glasses
throughout the HLY0501-01 record and the lack #fGx glass concentration peak suggests that
these glasses are also products of distal tran$mornt the ash exposures. While depositional
conditions at the study site are primarily contrdllby the Alaska Coastal Current, other
branches of Pacific waters entering the Chukchir8ag also affect this area, depending on the
atmospheric circulation (e.g., Weingartner et 2005). The KO-like glass population could
alternatively be related to unidentified tephranirthe Alaska-Aleutian arc.

We did not find any other Kamchatkan tephras, widohld be expected in the Chukchi
Sea based on their common dispersal axes (Fig.TH¢. largest Holocene tephras from
Kamchatka, known to make it to eastern Canada, doonethe Ksudach volcano: K&nd KS,
dated to ~1.7 and ~7 ka, respectively (Fig. 1; Mgockt al., 2016; Pyne-O'Donnell, pers.comm).
These tephras, low-K in composition, do not mateh @ the HLY0501-01 glasses (Fig. 3; Kyle
et al., 2011; Ponomareva et al., 2017). Anothegeld€amchatkan tephra spread to the north is
~1.5 ka OP from the Opala volcano (Fig. 1; Braitésetal., 1997; Kyle et al., 2011). OP glasses
have high Si@ and KO contents (~77 and 4%, respectively, Kyle et2011), which do not
match any of the glass populations found in HLY0BQ1(Fig. 3). The absence of Kamchatkan
tephras, except for glasses probably related toKilmde Lake caldera, in the middle to late
Holocene sediments at the Chukchi-Alaskan margmotssurprising, considering the paucity of
prominent Kamchatka eruptions at this time and ghevailing current system. However, we

would expect to find them in older Holocene seditaes most of the largest explosive eruptions
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in Kamchatka, including KSthat reached as far as Svalbard (van der Bilt e2@17), occurred
prior to ~ 6.5 ka BP (Braitseva et al., 1997). Thwominent absence indirectly corroborates a
preliminary age model for HLY0501-01 that impliediatus in the early Holocene, potentially
caused by sediment erosion by currents or downglopeesses (Deschamps et al., 2017). Some
of the pre-Holocene Kamchatka eruptions were everemowerful and deposited at least seven
visible tephra layers in the El'gygytgyn Lake arealy ~270 km from the Arctic coast (Fig. 1;

van den Bogaard et al., 2014).

5.3 Comparison of our trace element data to other measurements for the Aniakchak |1
tephra
Fig. 7b and ¢ compares compositions of glass shaods this study to proximal whole-rock
samples and glasses from visible tephra foundka Eediments from the Ahklun Mountains,
southwestern Alaska, which were identified as aagjing from the Aniakchak caldera I
eruption on the basis of their major element syaters (Kaufman et al.,, 2012). The lake
sediment glasses were also analyzed for trace atemiey LA-ICP-MS. Unlike glass
compositions obtained in this study, rhyodaciticl @mdesitic glass compositions published by
Kaufman et al. (2012) have up to 50% higher comeéinhs for all trace elements, except for Rb
and Cs, as compared to previously published cortiposi of rocks from the Aniakchak II
eruption (Dreher et al., 2015) and also to solutiGP-MS and LA-ICP-MS data generated
previously in Aberystwyth (Pearce et al.,, 2004, DOQFig. 7; Table 1). The difference is
particularly large for rhyodacitic glasses. As #86 ka Aniakchak Il tephra is a very prominent
Holocene regional marker in Alaska and neighbommgas, and LA-ICP-MS is increasingly
being used in tephrochronology, the discrepancirane element data is worth evaluating in
more detail.

A similar discrepancy between very recent LA-ICP-M&a sets produced in Kiel and

Aberystwyth (e.g., Kaufman et al., 2012) was idedifor tephra T1 from the El'gygytgyn Lake
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(Pearce, 2014; Ponomareva et al.,, 2013). Pearcé4)2@ttributed the discrepancy to
contamination of analyses in Kiel by crystal phasesnely plagioclase and pyroxene, trapped
during laser ablation. However, this does not drplae persistent difference between the two
laboratories, especially as the samples measuresl ipresented by pure glass with very rare
crystals in both T1 (Pearce, 2014; Ponomareva.e2@13) and the 3.6 ka Aniakchak Il tephras
(Kaufman et al., 2012; this study) (Fig. 6). In éida, the spot size applied in the present study
was sufficiently small (24 um), as recommended learBe (2014), to avoid entrapment of
crystal phases. Such entrapment was effectivelggrazed by comparing the microprobe and
LA-ICP-MS data (see Methods), and the data werduded from further consideration.
Comparisons of this nature are not possible for #ieerystwyth LA-ICP-MS data as
concentrations for major elements (e.g. Ti, Ca)natereported.

The 3.6 ka Aniakchak andesitic and rhyodacitic tapltontain less than 5% of crystals in
the glassy matrix (Fig. 6), and therefore wholeksomust have very close compositions with
matrix glasses. A remarkably good agreement ofgbass compositions with whole rocks as
well as with ICP-MS analyses of bulk glass sepaffaig 7b,c) makes us confident that the trace
element data obtained in Kiel are correct and tahigracterize the 3.6 ka Aniakchak glasses, in
contrast to the poor agreement of Kaufman et L2 glass analyses with the whole rock data.
Moreover, data for the 3.6 ka Aniakchak tephra dbreport crystal phases able to efficiently
fractionate Rb/Th or Cs/Th ratios, which are systecally higher in glass analyses of Kaufman
et al. (2012) in comparison with host rocks. Theref we argue that the previously published
data on Aniakchak glass (Kaufman et al., 2012) lamhksistency with electron probe glass data,
whole rock compositions and previously publishethdan the trace element composition of
Aniakchak glasses. The difference between the #dboes as well as inconsistency of data
generated in Aberystwyth cannot be attributed totamination by crystal phases, therefore an

alternative explanation for the analytical dispashould be sought.
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5.4. Application of tephrostratigraphy to Arctic Ocean sediments

Tephra/cryptotephra layers are widely used fomgg#ind synchronizing disparate terrestrial and
marine depositional sequences (e.g., Lowe, 2011jeBa2015). New terrestrial and marine

areas are continuously being explored for theiptotephra records, which remarkably expands
the geography of tephrochronological applicatiaag.( China, Sun et al., 2015; Zhao and Hall,
2015; Australia, Coulter et al., 2009; Amazonia,t¥da et al., 2015). Our study and the recent
research by Pearce et al. (2017) are the firstscakeryptotephra research in the Arctic Ocean,
where sedimentary environments are especiallyamgithg for developing reliable age control.

Crytotephra studies of a ~20 ka old sediment coithe Fram Strait connecting the Arctic
Ocean with the Nordic seas permitted the identificaof three tephras and demonstrated the
usefulness of tephrochronology for this area (Zamyd et al., 2012). At the same time, glass
concentrations in this core, located ~1700 km fthenlceland source volcanoes, were very low,
commonly single shards per gram of dry sedimentdntrast, our and Pearce et al.’'s (2017)
studies in the Western Arctic at distances>®800 km from the closest explosive volcanoes
demonstrate high (hundreds or even thousands sparadgam) background glass concentrations
reaching greater than 100,000s of shards withinptrek of the Aniakchak Il glasses (Fig. 2).
This pattern attests to the high explosivity of M@th Pacific volcanic arcs and to a significant
input of volcanic material into marine sedimentsha Pacific sector of the Arctic.

The high glass concentrations in the investigatee< are promising for developing a
tephrochronological framework for sediments in f@hukchi-Alaskan region. However, as
shown by both studies, a large proportion of gladeeming a background signal was likely
reworked and brought to the depositional sitesyents or other transportation agents, such as
sea ice, and forms a background signal in the dscdrarge amount of redeposited glasses may
obscure the signal of primary, especially minor htep falls, thus complicating

tephrochronological studies.
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Volcanic glasses deemed as redeposited in HLY030la0e a mostly mixed composition
(Fig. 2b and c), which is expected for a long-disedrift averaging over a number of tephra
exposures. In contrast, the identification of omltyyolitic Aniakchak Il glasses in core
SWERUS-L2-2-PC1 from the western Chukchi Sea (EjgPearce et al., 2017) is surprising,
especially in view of their interpretation that thmajority of glasses was transported to the core
site from distal primary deposits. In this case arwild also expect the sediments to contain
andesitic Aniakchak Il shards as well as an admextaf other glass populations, as observed in
HLY0501-01 except for the major Aniakchak Il pealenovhelmed by silicic shards. A possible
explanation for the presence of only rhyolitic gisan the western Chukchi Sea is that this area
was hit by a rhyolitic fall at the first stage dfet Aniakchak 1l eruption, after which the ashfall
axis shifted eastwards ensuring deposition of bbyolitic and andesitic glasses from the later
eruptive stages in HLY0501-01.

Pearce et al. (2017) infer sea ice as the majosp@ting agent for redeposited sediment,
but do not elaborate on the potential sources dépesition. Their study site in the western
Chukchi Sea is primarily affected by the westeranich of the Pacific water flowing via the
Bering Strait and carrying material from the westside of the Bering Sea (Fig. 1), which limits
the possibilities for sediment delivery from theagkan coasts. In contrast, the HLY0501-01 site
can be affected by both the Alaskan Coastal Cumadtthe eastward-steering continuation of
the western branch (Fig. 1). This location is beaffor sediment delivery from both sides of
the northern Bering Sea, however, the Alaskan compbclearly predominates, as indicated by
HLY0501-01 cryptotephra composition that contaihe tmajority of Alaskan tephras with
occasional contributions from the Kurile-Kamchat&gion.

We note that Pearce et al. (2017) have geochemiaallyzed only four tephra samples,
covering a limited time interval of less than 5@€axs following the Aniakchak Il eruption. It is
possible that tephra deposited at their site duhigtime was overwhelmed by the Aniakchak I

glass from the primary ashfall and the immediat®ljowing redeposition, while older and
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younger intervals might contain detectable amouwit®ther tephras, more in line with the

pattern identified in HLY0501-01.

5.5. Aniakchak |1 tephravolume

The identification of distal tephra brings new imf@mtion on large eruptions including
reappraisal of their volumes and magnitudes. Eséisnaf eruption magnitudes rely heavily on
the knowledge of volumes of air-borne tephra. Théestmg estimates, however, are very
approximate and based mostly on proximal depds#tsause their medial and distal counterparts
often are poorly mapped and quantified. This iseesly true for the Aleutian Islands, where
many volcanoes and calderas are located close tshibreline.

The Aniakchak Il tephra is one of the major Holaedephra markers for the Alaska
Peninsula (Davies et al., 2016). Recently obtaigda on visible Aniakchak Il tephra
occurrences in the Bering Sea (Derkachev et al52Graham et al., 2016) permit significant
enlargement of the dispersal area for the Aniakdha&phra and indicate that it may also be
found on the Chukotka Peninsula, the northeastetreraity of Asia (Fig. 1). The wide areal
distribution of the Aniakchak Il cryptotephra (Fify inset) in the Chukchi Sea, eastern Canada
and Greenland (Pyne-O"Donnell et al., 2012; Peatred., 2004; Coulter et al., 2012; Jennings et
al., 2014) permits its use as a hemispheric mddighe Holocene deposits.

The new findings of the Aniakchak Il tephra layerpit a reassessment of the eruption
volume and magnitude. Visible tephra thickness4rsites (Kaufman et al., 2012; Blackford et
al., 2014; Derkachev et al., 2015; Davies et 81,62 Graham et al., 2016; Electronic supplement
Google Earth file) provide data for isopachs obland 15 cm. Most of the terrestrial tephra
findings form two clusters on the Seward Peninsuld in the Ahklun Mountains (SW Alaska)
with thickness in adjacent sites varying up to tiemes. We use the median thickness of each
cluster when constructing isopachs to avoid oveneston of thickness due to tephra

redeposition. Furthermore, we exclude the Zagokkike site with a 20-cm thick tephra from
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the 15 cm isopach as it is possibly redepositethky sedimentation. As only a few sites with
Aniakchak II tephra have been mapped, the mosihigliisopach shape for conservative tephra
volume assessment is a convex envelope. The tetnane is calculated using Weibull fit
strategy of thickness-versus-distance semilog ({@ohadonna and Costa, 2012) and amounts to
99 kn? which is twice larger than previous estimates I@iand Smith, 1987).

There is no common approach to cryptotephra volassessment as the thickness of
deposits is hard to constrain. At the same time,csyptotephra sites permit to assess the
minimal cryptotephra extent. Considering this ektas an isopach of 3pm (which is the
minimal grain size among these sites) and usingséme Weibull fitting method (Bonadonna
and Costa, 2012) we assess the total tephra volimé4 kni adding another 15 ko the
volume estimate based on the visible tephra depbsé addition of ignimbrite and caldera fill
volumes will permit the Aniakchak Il eruption ramknong the largest Holocene eruptions on
Earth, like the Kurile Lake (Kamchatka) (Ponomareval., 2004) and Kikai (Japan) (Machida

and Arai, 1992) calderas.

6. Conclusions

This study of the Holocene marine sedimentary kebithe Chukchi-Alaska margin reveals the
continuous presence of volcanic glass shards. A eBBGthick zone of elevated glass
concentrations with a distinct peak in the middlartpof the record was geochemically
fingerprinted to the 3.6 ka Aniakchak Il calderanfiing eruption (Alaska), which provides
much needed chronological constraints on Holocerein® deposits at the western Arctic
continental margins. The high concentration ofAlnéakchak Il glasses suggests that this tephra
can be found still farther afield and serve as gom@aarker for the late Holocene sediments in
the western Arctic Ocean.

Non-Aniakchak Il glasses have mixed compositiora temain broadly similar along the
core and include glasses from known late Pleis®dephras (Dawson and Old Crow). This
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pattern suggests that most of the glasses wer@asited, most likely brought to the eastern
Chukchi Sea by the Alaskan Coastal Current. Langeust of redeposited glasses might obscure
the signal of primary, especially minor tephra dalthus complicating tephrochronological
applications in the Chukchi Sea.

Single shard trace element on tephra from the ngegak in the Artic core further confirms
its origin from the Aniakchak Il eruption testifiday its close match to the proximal glass
(Pearce et al., 2004, 2007) and whole-rock comiposit(Dreher et al., 2005). Our data confirm
previously published results (e.g., Ponomareval.et2813b, 2015) that comparison of trace
element composition of distal glasses and whol&sag informative of the tephra provenance,
provided the mass-balance of trace elements betwegnx glass and mineral phases in whole
rocks is taken into account. Aphyric and sparsélyrigc rocks containing no more than a few
percent crystals, like those from Aniakchak Il grap, have composition approaching that of
matrix glass and are particularly useful in tephroaology. Even minor amount of mineral
phases in whole rocks should be, however, ackn@melgas they are able to concentrate certain
trace elements and thus cause their coherent oeplet glass relative to the whole rock
composition (e.g., Sr and Eu partitions stronglplagioclase, Zr and Hf in zircon, Ti, Nb, Ta in
rutile, REE in apatite).

We note some discrepancies exist between our awbopssly published LA-ICP-MS data
sets on Aniakchak glasses. To facilitate a coentparison of different sets of data, we point to
the necessity of using common reference materiads adso reporting data for at least some
elements independently analyzed in glasses byretegrobe. LA-ICP-MS and electron probe
data should be compared to demonstrate their densis and appropriate analytical setup,
which will allow the minimization of potential matreffects in LA-ICP-MS analyses, arising
from unavoidable mismatch between analyzed andereée materials.

Further cryptotephra studies in the North Pacifid @Arctic seas will have critical

implications for the volcanic history of North P#civolcanic arcs, especially with the
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development of new methods of tephra volume quaatibn that would incorporate
cryptotephra into their models. These efforts widarly result in a reappraisal of the power of
past explosive eruptions and their temporal pastenmich will bring a better understanding of

future volcanic events and their impact on humaahkin
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Table 1.

Average trace element compositions of glasses fample HLY0501-JPC_42-44 (154-156 cm

composite depth) and reference compositions of kaiak Il rocks and glasses

Figure captions

Fig. 1. Map showing locations of the Chukchi Sea sedimerescHLY0501-01 (this paper) and
SWERUS-L2-2-PC1 (Pearce et al., 2017), sites wglble Aniakchak Il tephra, and axes or
dispersal areas of major ash falls in the areaalahak Il sites according to Kaufman et al.
(2012), Blackford et al. (2014), Derkachev et aDX5), Davies et al. (2016), and Graham et
al. (2016). Dispersal areas and ashfall axes diréespmentioned in the text - Kamchatka: KO
- Kurile Lake caldera, ~8.4 ka (Ponomareva et24lQ4); Rauchua - supposedly Karymsky
volcanic center, ~177 ka (Ponomareva et al., 2008); - Barany Amphitheater, Opala
volcano, ~1.5 ka; KSand KS - Ksudach calderas, ~1.7 and 6.8 ka, respect{Balgitseva
et al., 1997; Kyle et al., 2011); Alaska: Old Cramd Dawson tephras supposedly from the
Emmons Lake calderas, ~124 and 30 ka, respect{(®lyece et al.,, 2011; Davies et al.,
2016). Aniakchak Il dispersal area is based orblasiephra sites. Blue and green arrows
show major Pacific water currents in the Chukcha:S&askan Coastal Current (green) and
other branches carrying Bering Sea waters (blua¥hed arrows show pathways of the

western branch continuation (from Weingartner et ., al 2005;
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http://psc.apl.washington.edu/HLD/Chukchi/Chukctmb). Inset shows Aniakchak Il (red

circles), and Kg and K$S (yellow circles) cryptotephra sites (Pearce et 2004; Pyne-
O’Donnell et al., 2012, pers. comm; Coulter et 2012; Zdanowicz et al., 2014; Mackay et

al., 2016, van der Bilt et al., 2017).

Fig. 2. Concentration and composition of volcanic glassntbin core HLY0501-01 (TC —
trigger core, JPC — jumbo piston core, MC — muttier).

a - Amount of glass shards per 0.5 g of dry sediment80 and 25-80 um fractions. Gray
outline shows glass concentration in 10-cm sampesfilled curve and red outline - in 2-
cm samples in the upper and lower part of the €§pectively; turquoise filled curve - in 2-
cm JPC samples. Analyzed samples are marked wikhhiiae dots (2-cm samples) or bars
(10-cm samplesh and c - Distribution of compositionally different glassa the 25-80 um
fraction: b - Proportion of the Aniakchak Il andhet shards (rhyolitic and andesitic
Aniakchak Il shards are shown separately with rad pink colors, respectively; other
glasses are shown in dark blue). Amount of glassdshper 0.5 g of dry sediment for the
upper part of the TC and JPC is shown with graydeha - Proportion of compositionally
different shards within the non-Aniakchak-1l glass&lasses compositionally close to the
Aniakchak Il ones are shown in orange and pinks¢hdose to Dawson ones - in green, Old
Crow - in purple, Kurile Lake (KO) - in turquois#/hite River ash (WRA?) - in yellow,

non-identified glasses - in dark blue.

Fig. 3. Compositions of HLY0501-01 volcanic glasses cormagato those from the Kurile-
Kamchatka and Alaska tephras. Kurile-Kamchatka amsitjpnal field based on Ponomareva
et al., 2013a,b; 2015; 2017; Portnyagin and Ponewaarunpublished data. Alaska field
based on Riehle et al., 1999; Bindeman et al., 260&ece et al., 2011; Kaufman et al.,

2012; Bacon et al., 2014; Carson et al., 2002; &aet al., 2016. All analyses used here and
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in the following bi-plots are normalized on unhydsobasis. Low-, medium- and high-K

fields are shown after Gill (1981).

Fig. 4. Compositions of HLY0501-01 volcanic glasses coragato known large Alaska and
Kamchatka tephras. Aniakchak 1l (~3.6 ka) tephoanfithe Aniakchak Il caldera (Kaufman
et al., 2012; Bacon et al., 2014; Davies et all,6}0late Pleistocene Dawson and Old Crow
tephras supposedly from the Emmons Lake calderaskal) (Preece et al., 2011; Davies et
al., 2016); KO - tephra from the Kurile Lake calméKamchatka); WRA - White River ash
from the Bona-Churchill volcanic massif (Jenseralet 2014; Davies et al., 2016). Alaska
high-K medium-to low-K glasses based on Riehlel¢t1®99, Bindeman et al., 2001; and
Carson et al., 1999) shows all the range of Cl contents in the WRA taphwhile other

plots show only glasses with Cl<0.32 - the limit @ in the HLY0501-01 glasses.

Fig. 5. Geochemical diagrams showing details of glass asitipns falling into the Aniakchak
Il trend. Aniakchak Il trend is illustrated by thieyolitic glass population (JPC sample from
the major glass concentration peak at 162-164 cmposite depth) and andesite-rhyolite
trend observed in the younger JPC samples (150ai62120-122 cm composite depth,
respectively). Pre-Aniakchak Il glasses are fror@ Hamples from 260-262, 240-242, and
234-244 cm composite depth). Reference compositibtise Aniakchak Il glasses are from
Kaufman et al. (2012), bulk rock - from Bacon et(@014). Pre-Aniakchak Il glasses have
dacitic to high-Si rhyolitic compositions characted by higher K and Fe, and lower Al

contents.

Fig. 6. Microscopic images of ca. 3.6 ka Aniakchak Il glahards from core HLY0501-01

(depth 158-160 cm, sample HLY0501-JPC_46-48).
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962  Fig. 7. Trace element composition of the Aniakchak |I'glakardsa. Major groups of glasses

963 identified on the basis of their major element cosifion: andesitic (A) - Sigx57-54%,
964 dacitic (D) - SiQ=60-65%, rhyodacitic (RD) - Si368%; b. Comparison of average
965 composition of the Aniakchak Il andesitic glasseent core HLY0501-01 with the
966 Aniakchak Il andesite pumice (Dreher et a., 200f) andesitic glasses from the Alaska lake
967 sediments (Kaufman et al., 2012); c. Comparisoawarage composition of Aniakchak II
968 rhyodacitic glasses from core HLY0501-01 with theiakchak Il rhyodacite pumice (Dreher
969 et a., 2005), clear glass separate from rhyodaciteice (Pearce et al., 2004), rhyodacitic
970 glasses (Pearce et al., 2007), and rhyodaciticsggagrom the Alaska lake sediments
971 (Kaufman et al., 2012).

972
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Table 1. Average trace element compositions of glasses from sample HL Y 0501-JPC_42-44 (154-156 cm composite depth) and
refer ence compositions of Aniakchak |1 rocks and glasses

Average Aniakchak |1 Average Aniakchak |1 Aniakchak 11 Aniakchak 11
Andesitic glasses wholerock andesite Dacitic glasses Rhyodacitic glasses wholerock rhyodacite  rhyodacitic glass rhyodacitic glass
this study* Ref. 1** this study* this study* Ref. 1** Ref . 2** Ref.3*
Mean Mean Mean Mean

Element (n=3) 2s (n=2) 2s (n=3) 2s Mean (n=12) 2s (n=3) 2s
Li 17.9 (1.6) 22.6 (8.4) 27.7 (5.2)
Ti 8761 (282) 8100 (848) 5701 (2640) 2896 (268) B18  (208)
Rb 37.3 (7.4) 33.3 (8.2) 53.1 (16.2) 68.9 (10.0) 665 (2.2) 66.5 72.3
Sr 504 (78) 456 (42) 312 (114) 195 (28) 225 (6) 199 235
Y 37.0 (2.6) 36.0 (4.2) 455 (4.4) 49.4 (8.6) 492  (1.6) 46.3 43.9
zr 148 (13) 137 (28) 246 (28) 295 (54) 239 (6) 267 233
Nb 9.32 (1.0) 8.75 (2.04) 10.9 (6.4) 16.6 (2.8) 015. (0.4) 15.5 13.3
Cs 1.93 (0.50) 1.53 (0.42) 2.68 (1.30) 3.48 (0.84) 2.96 (0.1) 3.11
Ba 531 (16) 511 (62) 745 (200) 880 (170) 843 (30) 618 721
La 19.0 (0.8) 18.8 (3.2) 23.4 (3.4) 27.3 (6.0) 26.8  (0.4) 26.4 30.3
Ce 39.8 (4.2) 38.9 (3.2) 49.9 (4.4) 57.1 (11.4) 054. (1.0) 57.4 56.5
Pr 5.74 (0.38) 5.10 (0.72) 6.92 (0.68) 7.39 (1.42) 6.82 (0.22) 6.96 8.07
Nd 26.9 (3.9) 23.6 (2.6) 30.6 (2.0) 32.5 (5.8) 301 (0.4) 30.6 31.1
Sm 6.18 (0.60) 6.46 (0.74) 7.29 (1.18) 7.61 (1.34 877 (0.08) 7.66 8.17
Eu 2.27 (0.48) 2.03 (0.16) 2.02 (0.14) 2.09 (0.42) 2.07 (0.04) 1.71 2.12
Gd 6.96 (1.43) 6.59 (0.62) 7.49 (0.84) 8.30 (1.46)  7.99 (0.16) 6.54 8.88
Tb 1.04 (0.04) 1.10 (0.10) 1.39 (0.34) 1.29 (0.24) 1.34 (0.02) 1.27 1.43
Dy 6.27 (1.32) 6.60 (0.42) 7.73 (1.48) 8.27 (1.54) 8.28 (0.24) 7.74 8.72
Ho 1.28 (0.18) 1.36 (0.16) 1.67 (0.12) 1.72 (0.32) 1.74 (0.04) 1.82 1.84
Er 3.87 (0.46) 3.65 (0.32) 4.68 (0.46) 5.25 (1.32)  4.90 (0.10) 4.84 5.01
m 0.58 (0.14) 0.53 (0.08) 0.80 (0.06) 0.80 (0.26) 0.74 (0.04) 0.73 0.77
Yb 3.62 (1.14) 3.26 (0.28) 5.12 (1.02) 5.45 (1.86)  4.67 (0.04) 4.78 5.45
Lu 0.60 (0.22) 0.53 (0.08) 0.73 (0.18) 0.76 (0.12) 0.77 (0.02) 0.74 0.84
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974
975

976

977

Hf 4.06 (0.68) 3.71 (0.68) 6.87 (1.06) 7.43 (1.34)  6.89 (0.10) 7.12 5.84
Ta 0.67 (0.14) 0.61 (0.16) 0.77 (0.46) 1.01 (0.26) 1.01 (0.04) 1.03 0.71
Pb 7.32 (1.70) 6.14 (1.32) 10.8 (4.4) 12.2 (2.4) 011 (0.6)

Th 3.52 (0.48) 3.11 (0.02) 5.50 (1.32) 6.85 (1.48) 5.48 (0.18) 6.13 6.55
U 1.47 (0.44) 1.44 (0.56) 2.34 (1.34) 3.11 (0.68) .63 (0.10) 2.84 2.64

Note. * LA-ICP-MS; **solution ICP-MS. References: 1 —&her et al. (2015), 2- Pearce et al. (2004), 3ardeeat al. (2007). 2s — two standard

deviations.
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Ponomareva et al. "Holocene tephra from the Chuktdskan margin, Arctic Ocean:
Implications for sediment chronostratigraphy antt&oic history"

Highlights:

. Cryptotephra study of a Holocene sedimentary refrord the Chukchi Sea

. Major tephra concentration peak fingerprinted ®#3.6 ka Aniakchak eruption

. New electron microprobe and LA-ICP-MS glass dataliapble for the Western Arctic
. Re-evaluation of the Aniakchak tephra volume

. Redeposited tephra shards map pathways of sediraesport



