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Abstract
Tephrochronology is a powerful method for correlating geological and archeological
sequences by utilizing geochemically fingerprinted tephra layers (volcanic ash). Tephra of
Icelandic origin is often dispersed to Europe and by studying minor amounts of fine-grained
volcanic glass, cryptotephra, it is possible to link and date geological archives located
thousands of kilometers away from volcanic source.
European Arctic is a key area for understanding postglacial development due to its sensitivity
to climate change. It is important to date climate changes precisely and acquire knowledge
on their frequency and how rapid they occur. Tephrochronology is the best tool to reach that
goal. So far, relatively few studies on (crypto)tephrochronology have been performed, thus
the motivation and aim of this project was to improve knowledge on geographical
distribution of tephra fall-out and discover cryptotephra layers, which could provide timemarkers to date Holocene environmental evolution in the Arctic.
Three peat cores from Kola peninsula, Russia, and one lake core from Finnish Lapland were
examined for the presence of cryptotephra. The study revealed cryptotephra deposits from
six Icelandic volcanic systems: Hekla, Veiðivötn-Bárðarbunga, Grímsvötn, Öræfajökull,
Askja and Katla. Tentative correlations to dated tephra marker-layers are suggested, that
indicate the presence of the Glen Garry/A-2000 tephra, CLA-L1 tephra, Öræfajökull 1362
and SILK YN. However, other dating methods such as 14C are needed for a robust
correlation. Discovery of at least four basaltic tephras highlights that basaltic shards can
travel further than previously thought. This study demonstrates a great potential for
tephrochronology in the Arctic.

Útdráttur
Gjóskulagatímatal er öflug aðferð þar sem gjóskulög (eldfjallaaska) með einkennandi
efnasamsetningu er notuð til að tímasetja og tengja saman jarðlög. Gjóska sem myndast í
eldstöðvakerfum á Íslandi hefur dreifst víða t.a.m. til Evrópu. Með því að rannsaka smásæja
gjósku (cryptotephra) er mögulegt að tengja saman jarðlög sem eru staðsett þúsundir
kílómetra frá myndunarstað gjóskunnar.
Norðurheimsskautssvæðið er næmt fyrir loftslagsbreytingum og er því lykilsvæði í
rannsóknum á umhverfis-og loftslagsbreytingum. Mikilvægt er að geta tímasett þessar
breytingar nákvæmlega, afla upplýsinga um tíðni þeirra og hversu hratt breytingar eiga sér
stað. Gjóskulagatímatal er með bestu aðferðum til þess að tímasetja loftslagsbreytingar.
Tiltölulega fáar rannsóknir hafa verið gerðar á gjósku á norðurheimskautsvæði Evrópu fram
að þessu. Markmiðið með þessu verkefni var því að auka þekkingu á landfræðilegri dreifingu
gjósku á norðurslóðum Evrópu sem hægt væri að nýta til að tímasetja umhverfisbreytingar
með mikilli nákvæmni.
Þrír mókjarnar frá Kola-skaga í Rússlandi og setkjarni frá finnska Lapplandi voru skoðaðir
með tilliti til smásæjar gjósku. Rannsóknin leiddi í ljós að gjóska frá sex íslenskum
eldstöðvakerfum hefur borist til norður Finnlands og Rússlands. Kerfin sem um ræðir eru
Hekla, Veiðivötn-Bárðarbunga, Grímsvötn, Öræfajökull, Askja og Katla. Til þess að gera
áreiðanlegar tengingar við tímasett gjóskuleiðarlög þarf fleiri efnagreiningar og 14C
aldursgreiningar en möguleg súr gjóskuleiðarlög eru; Glen Garry, CLA-L1, Öræfajökull
1362 og SILK YN. Niðurstöður þessarar rannsóknar sýna einnig að basísk gjóskukorn, sem
hafa almennt minni útbreiðslu en súr, geta borist langar vegalendir, í þessu tilfelli til
norðurheimsskautsvæðisins. Þessi rannsókn endurspeglar góða möguleika á nýtingu
gjóskulagatímatals á norðurslóðum Evrópu.
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1 Introduction
Tephrochronology is the utilization of geochemically fingerprinted and dated volcanic ash
(tephra) horizons. The use of tephra layers possesses a great potential for correlating and
synchronizing various geological and archeological archives. If a tephra layer can be
assigned a numerical age, it becomes an age-equivalent dating method and a powerful
chronostratigraphic tool.
Recent advances in analytical methods have extended the possibility of extracting and
identifying fine glass shards in regions located thousands of kilometers away from their
source. These advances have led to the utilization of cryptotephra layers, ash horizons
invisible to the naked eye, to construct tephrochronological frameworks in distal areas for
dating and correlating geological records. Tephra from Icelandic volcanoes is often
transported to continental Europe as observed in recent eruptions of Eyjafjallajökull in 2010
(Schumann et al., 2011; Davies et al., 2010) and Grímsvötn in 2011 (Tesche et al., 2012;
Kerminen et al., 2011). In the past 30 years, there has been a significant increase in tephra
research in Europe and North Atlantic region (Newton et al., 2007; Lowe et al., 2015).
Cryptotephra was first geochemically identified in 1989 in the British Isles (Dugmore, 1989)
and since then cryptotephra layers have been successfully identified and utilized in Northern
Europe (Wastegård and Davies, 2009; Balascio et al., 2011; Hang et al., 2006; Zillén et al.,
2002). Today cryptotephra is routinely used as a geochronological tool in Quaternary studies
(e.g Lowe, 2011).
The majority of the cryptotephra studies in Northern Europe have been conducted south of
the Polar Circle, for example in the British Isles, southern Sweden and Norway. In this work,
the goal is to extend the Holocene tephrostratigraphical framework further in the region north
of the Polar Circle by using the cryptotephra method on peat cores from Northern Finland
(Lapland) and Northwest Russia (Kola peninsula). Cryptotephra research in the European
part of Russia is in its infancy with only two studies reporting tephra in the subarctic
(Haflidason et al., 2018; Vakhrameeva et al., 2020). Recent studies of Kalliokoski et al.
(2019; 2020) have documented cryptotephra layers in Finland.
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2 Principles of tephrochronology
2.1 Tephra generation
Magma is a silicate fluid formed due to partial melting of the earth’s crust and mantle. It is
a hot viscous mixture of melt, crystals and bubbles. Magma varies in volatile composition,
pressure, temperature. The most common volatile elements are water, carbon dioxide,
halogens and sulfur compounds (Spohn et al., 2014).
Tephra
is
formed
both
in
explosive
magmatic
eruptions
and
hydromagmatic/phreatomagmatic eruptions. In magmatic eruptions, tephra is generated in
the following way: as magma ascends towards the surface, pressure gradient changes.
Molten silicate fluid becomes saturated in volatile constitutes and gas bubbles start to
nucleate and expand. When volume of bubbles in the melt exceeds 65-80% of the total
volume of magma, the foamy magma is being converted into a gas-pyroclast dispersion (e.g
Papale, 1999). This process is called magma fragmentation and is caused by rapid exsolution
of magmatic volatiles (Nakagawa, 2002). In phreatomagmatic eruptions tephra is formed
due to interaction of groundwater, glacier or sea water with magma/lava (e.g Németh and
Kósik, 2020). External water rapidly quenches the melt and flash-vaporizing of water in a
fuel-coolant interaction leads to phreatomagmatic fragmentation (White and Valentine,
2016).
Tephra is a collective term for all pyroclasts (volcanic material ejected from the volcanic
event) and depending on the grain size tephra deposits are defined as ash (<2 mm in
diameter), lapilli (2 to 64 mm) or bombs (>64 mm) (Wright et al., 1980). Volcanic ejecta is
subdivided into juvenile, cognate and accidental particles according to its origin. Juvenile
material originates directly from the melt and consists of inflated or dense particles of cooled
magma and phenocrysts (crystals residing in magma before an eruption). The chilled melt is
called volcanic glass and it is present as glass shards, bubble walls of exploded rock froth
(Sarna-Wojcicki et al., 1991). Glass shards have a broad spectre of morphologies hinging on
the depth of magma chamber, composition of parent magma, temperature of eruption and
external water. Volcanic glass may contain vesicles and crystals. In tephrochronology
volcanic glass, the juvenile material, is of great value since it records the chemical
composition of the magma produce by a particular volcano. The phenocrysts reflect
magmatic processes within magma chamber (Petrone et al., 2016. Cognate fragments
represent volcanic material from previous eruptions. Accidental particles or lithoclasts are
derived from the basement of volcano and can vary in terms of composition (Grainger and
Barnett, 1997). These pre-existing rock fragments are usually erupted in the early phases of
eruption.

2.2 Tephra dispersal
Dispersal of tephra depends on a number of factors, including power of the eruption, amount
of ejected material, geographical location of the volcano and weather patterns (e.g.
Andersson et al., 2013).
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Explosive eruptions are classified according to the scale of explosivity and dispersal of their
products (fig. 1). In terms of the volume of ejected material, andesitic and basaltic eruptions
eject less material into the atmosphere than silicic eruptions, because low-silica magmas are
less viscous and have lower volatile pressures than the silicic ones. Basaltic eruptions are
mostly Hawaiian or Strombolian. With increasing magma viscosity eruptions become more
violent (Kobayashi and Okuno, 2002). Plinian eruptions are the most explosive and eject
large amounts of ash into the atmosphere. Widely distributed tephra originates mainly from
rhyolitic to andesitic eruptions (Davies et al., 2010), while basaltic tephra appears to
generally have limited distribution. However, most of the Icelandic explosive eruptions
during the Holocene have been basaltic and there are examples of basaltic tephra deposited
outside of Iceland and in continental Europe (e.g. Larsen and Eiriksson, 2008).

Figure 1. Explosiveness and resulting height of eruption columns typically associated with
different styles of eruption (after Cas and Wright, 1987).
Behavior of eruption plumes is variable, and distribution of tephra is strongly affected by
wind patterns at the time of eruption. Generally, there are two models of tephra dispersal
that depend on the distance from the vent. (fig. 2). Proximal dispersal is controlled by plume
motions and primary position of the ash particles, while distal spread of tephra is governed
by atmospheric winds (Bursik, 1998). Based on observations of Kliuchevskaya 1994 and El
Chichon 1982 eruption plumes, atmospheric transport of volcanic clouds is controlled by
processes on various scales: geostrophic winds, regional system of high- and low-pressure
cells and atmospheric turbulence in frontal systems. While geostrophic winds govern longrange transport, turbulence disperses and dilutes the volcanic clouds. Understanding of
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medial ash transport where both plume and atmospheric dynamics are equally important is
yet poorly understood. Also, at different altitudes different wind directions may dominate.
Eruption of Eyjafjallajökull in 2010 made it possible to observe the behavior of an ash plume
and its migration in the conditions of strong westerly winds (Schumann et al., 2011). During
that event, the effects of atmospheric turbulence and complex wind patterns were observed
(Gudmundsson et al., 2012). On the sixth day of eruption, ash was traced over North Atlantic
Ocean, Mediterranean region and northern Russia (Davies et al., 2010).

Figure 2. Schematic diagram showing dispersal of tephra both within plumes and
atmosphere (after Bursik, 1998).
After deposition tephra can be remobilized by site-specific processes (Wastegård and
Davies, 2009), including down-slope transport and cryoturbation (Buck, 2004). It can be
eroded from the uplands and redeposited in low energy environments in the lowlands, such
as river catchments, lake basins and sea floors. The basal contact of a tephra layer is generally
sharp, but its upper contact can be transitional (Sarna-Wojcicki et al., 1991). Grain size and
thickness of a tephra deposit may indicate reworking Mapping of tephra layers in proximal
and distal settings reveals dispersal pathways (Lowe, 2011).

2.3 Tephrochronology
The first known mention of tephra was made by Aristotle, who described a volcanic eruption
in the Lipari Islands 350 BC. The earliest use of tephra for dating and chronological purposes
were in the 1920´s and 1930´s in Argentina’s Tierra del Fuego (based on 1920’s fieldwork
after Auer, 1965), Japan’s Hokkaido (Uragami et al., 1933) and New Zealand's North Island
(Oliver, 1931). Mapping of volcanic ash deposits began already in 18th century (Thomas,
1888), but regular studies started in the 1920’s in active volcanic regions (e.g. Abbott et al.,
2020).
The word tephra was presented to the scientific community in 1944 by Sigurður
Thorarinsson (1944). His groundbreaking work on historical tephra horizons in Iceland
introduced their potential as a geochronological tool. Sigurður proposed to use
22

tephrochronology to link and date volcanic ash in soil sequences. An important advance in
tephrochronology took place in the 1970's, when chemical characterization of tephra was
developed. Analyses on silicic Hekla layers were carried out by means of X-ray fluorescence
spectrometry (Sigvaldson, 1974). Subsequent studies of Jakobsson (1979) and Sigurdsson
and Sparks (1981) contributed to identifying geochemical fingerprints of Icelandic volcanic
systems. The field of tephrochronology moved from terrestrial setting to the marine realm
in the 1950´s, when volcanic ash horizons were first described in Equatorial Pacific cores
(Arrhenius, 1952). In 1954, an attempt to link tephra layers in Mediterranean sequences to
Santorini Island eruptions was undertaken (Mellis, 1954). Studies of tephra in long marine
sediment records covering entire Cenozoic were launched with the deep ocean drilling
projects in the 1970's. In the 1990’s, increasing research of Greenland ice cores revealed the
possibility of utilization of tephra in glacier ice (Grönvold et al., 1995).
Investigation of far-travelled tephra started in the European continent (Davies, 2015). In
1878, meteorologist Mohn (1878) documented Askja-1875 fall-out in Norway and Sweden.
A century later Persson (1970) developed tephrochronology for Scandinavia by counting
glass shards in the peat bogs of Sweden. He identified not only Askja-1875 tephra, but
Öræfajökull eruption of 1362 and the Landnám layer (Thorarinsson, 1981), thus proving that
ash can travel thousands of kilometers from the source. However, systematic studies began
in 1989, when volcanic shards of Hekla were extracted from a peat sequence in the British
Isles, and geochemically identified (Dugmore, 1989). The boom which followed this
discovery extended known distribution of ash plumes and allowed development of local and
regional stratigraphic tephra frameworks (Lane et al., 2011). Today the application of
tephrochronology is twofold; as a tool for dating and a tool in volcanology (eruption
histories, frequencies, volume, etc.).

2.4 Tephrochronology as a dating method
One of the applications of tephrochronology is dating, connecting and synchronizing
sequences using tephra layers. During explosive eruptions pyroclastic material, tephra, is
ejected from the vent into the air. Tephra from an eruption plume deposits on the land or
ocean floor forming a sedimentary blanket over vast areas. This sediment cover represents
an instantaneous event on a geological time scale and thus forms an isochronous stratigraphic
marker, i.e. wherever the tephra layer occurs, it has exactly the same age. By defining and
characterizing tephra layers, tephrostratigraphy can be established and by utilizing tephra
horizons as isochrons sequences over vast areas can be linked. Tephrochronology has been
successfully used as a dating method in geology, archaeology, paleoenvironmental research,
paleoecology and geomorphology. In order to use tephra horizon as a robust marker layer
over vast areas, a combination of chemical, stratigraphic, chronological and spatial evidence
is required (Lowe, 2011).
The general principles behind tephrochronology are:
1. Law of Superposition declares that in undistributed sequence the older strata lie below
the younger strata (Feibel, 1999). This principle is applied to an outcrop with tephra to
demonstrate superpositional relationships: a tephra layer of known age determines a
minimum date for sediments over which it lies and a maximum date for sediments above it.
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If sediments are sandwiched between two horizons of tephra of known age, time
constraints can be set on sediment´s accumulation period (Bradley, 2013).
2. To be able to use tephra for chronological purposes physical properties need to be
described (in the field or during examination under optical microscope) and tephra must be
geochemically analyzed to enable correlations between sequences (Lowe, 2011).
3. The tephra production phase of an eruption is usually short, up to a few hours or days,
and the tephra that has been ejected into the atmosphere falls to the ground fast, within
minutes to a few days (Lowe, 2011). Therefore,a tephra layer represents an instantaneous
event in geological time scale. Unless reworked, a tephra layer provides an isochron
wherever it occurs. Few geochronological techniques can provide such temporal and
spatial precision as tephrochronology.
2.4.1 Tephra detection
Detection of tephra in the laboratory includes non-destructive and destructive methods. Nondestructive techniques for detecting tephra horizons in cores encompass magnetic
susceptibility, spectrophotometry and X-ray fluorescence analysis. These methods enable
scanning of sediment and identify layers with volcanic material by anomalies in the values.
Success of these methods depends on the sediment type and the concentration of ash particles
(Davies, 2015). Magnetic susceptibility technique is conducted by a special core scanner,
which provides continuous measurements. Volcanic glass may contain micron-sized
titanomagnetite phenocrysts (Ananou et al., 2003), which give high values of magnetic
susceptibility. Thus, abnormal increase in values may indicate a presence of layer that is
enriched with volcanogenic material. Spectrophotometry involves determining the spectral
composition and intensity of reflected light. Tephra grains increase the reflectivity of
sediment, so that even invisible layers of tephra can be detected (Gehrels et al., 2008). X-ray
fluorescence (XRF) provides a rapid assessment of elemental variation in the core and is
commonly used for peat and lake sediments within tephra studies. Sediment is contiguously
subsampled, crushed, dried and scanned. Gehrels et al. (2008) report that counting of Si
anomalies is particularly effective in locating both "visible" and cryptotephra. Recently, an
Itrax XRF core-scanning technique has been introduced. This procedure is non-destructive
and in addition to elemental analysis, allows for evaluation of textural and density features
along the core length (Löwemark et al., 2019).
Destructive techniques incorporate removal of organic material and subsequent examination
of the remaining sediment under the microscope. Extraction is carried out by a number of
methods. Ashing is usually applied to highly organic peat. Acid digestion is often used in
preparing samples for geochemical analysis. Density separation is aimed at floating off
tephra shards from biogenic and minerogenic material. Magnetic separation is effective for
basaltic shards being detected within minerogenic sediment (Gehrels et al., 2008).
Destructive extraction processes are described in detail in Material and methods chapter.
After first detection of tephra in the sediment, counting of shards takes place. Shard counts
are reported as number of shards/g or number of shards/cm3. Glass shards distribution and
concentration profile are used for establishing isochron position within a core or outcrop.
Primary fallout of ash creates a discrete tephra layer and represents a rapid input of ash
(Davies, 2015). If reworking processes influence the sequence or vertical migration of shards
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takes place, no distinct peak in tephra shard concentration is present, but tephra forms a
vertically diffuse deposit.
When tephra peaks have been determined, shards are mounted in Canada balsam and
investigated under optical microscope. Already at this step, estimations about the volcanic
source can sometimes be made based on shard morphology and stratigraphic position.
However, shards from different sources may look similar, or in contrast, same eruption may
generate a variety of shard morphologies. Tephra deposits may also contain glass particles
from more than one volcanic eruption. Therefore, visual examination is never enough for a
reliable identification (Riede and Thastrup, 2013).
2.4.2 Determining the age of tephra layers
There are several ways to obtain a numerical age for a tephra layer. It can be dated directly
and indirectly. Direct dating is applied either to primary minerals or volcanic glass. K/Ar
and 40Ar/39Ar are geochronometers suitable to date tephra ranging in age from several
thousands to several billion years and are applied to K-rich minerals (biotite, potassic
feldspars). Technical development and machine sensitivity have extended application
possibilities of K/Ar to historical times (Gillot, 2008). Isothermal-plateau fission-track
(ITPFT) dating is conducted on distal tephra beds, which contain detrital grains and low
abundance of crystals (Westgate, 1989). U-series methods (238U/230Th, U/Pb) involve dating
zircon crystals and are more suitable for proximal tephra layers.
Tephra layers can be dated indirectly via host sediments if there is no appropriate or
sufficient glass and crystal material. Indirect methods of obtaining age encompass
application of radiocarbon method to organic material incorporated in the sediments; dating
sediments just above and beneath the tephra layer; extrapolating ages from other dated tephra
layers using sediment accumulation rate of the sequence (e.g. Haflidason et al., 2000).
Radiocarbon technique is of crucial importance for developing depositional age models.
Tephrochronology within the Holocene period is of high value because of challenges
associated with radiocarbon dating (Pilcher et al., 1996). Certain time intervals in calibration
curve, radiocarbon plateaus, show a range of statistically possible calendar dates (Balascio
et al., 2011) and these plateaus create errors/uncertainties in the dating. Tephrochronology
can be an addition to radiocarbon data and strengthen resolution.
It is possible to acquire accurate and precise information from natural archives with annual
layers i.e. calendar ages of tephra horizons can be obtained from varve counts in laminated
lake sediments (Zillén et al., 2002) and counts of layers in ice cores (Davies et al., 2008).
Age-equivalent methods, for example correlation with oxygen isotope stages, can also be
applied. Paleomagnetism, a dating method that based on utilization of geomagnetic polarity
transition zones, provides independent control on tephra ages derived by radiometric
methods. (Lowe, 2011). Paleomagnetic secular variation records can also be utilized in order
to synchronize and intercalibrate sequences with tephras (e.g. Ólafsdóttir et al., 2013;
Kristjánsdóttir et al., 2007).
Tephra layers formed by eruptions during historiсal time can be dated to the exact day or
even to the precise hour (as f.ex. with Hekla eruption of AD 1341) of the ash fall from
descriptions in annals. In Iceland such records date back to the time of the settlement and
cover the past 11 centuries (Thordarson et al., 2007). Dendrochronology (dendrochemistry
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along with ring-width) might also be applied to evaluate the date of an eruption in historical
times (Sheppard et al., 2009).
2.4.3 Geochemical fingerprinting of tephra
Chemical characteristics of tephra glass and minerals are affected by tectonic setting of
volcanic region, composition of the “parent” rocks and magmatic differentiation history
(Sarna-Wojcicki et al., 1991). Products of volcanoes have particular chemical characteristics
and a tendency to replicate their major chemical compositions over a geological timescale
(Bulk, 2004), and this feature enables linking of volcanic products to volcanic systems,
sometimes to a particular eruption.
The chemical composition of volcanic glass has proven to be the most suitable method for
identifying and correlation tephra layers to source. Volcanic glass is relatively homogenous
in terms of composition and widespread both at proximal and distal sites. Geochemical
signature of volcanic glass is determined by electron probe microanalysis (EPMA), which
provides major element composition of individual glass shards (Lowe, 2011). Developed in
the 1960’s it became a standard technique in tephrochronology. Limitations to the
discriminating power of EPMA appear if eruptions within the same volcano/volcanic
systems happen frequently and produce tephra with similar major chemical composition. In
such cases, analysis of trace element geochemistry might be necessary. Laser-ablation
inductively-coupled plasma mass spectrometry (LA-ICP-MS) provides data for around 30
minor and trace elements (Tomlinson et al., 2010). This highly sensitive analysis can be a
valuable addition to EPMA to determine volcanic sources or source eruptions. Recent
developments in LA-ICP-MS technology coupled with expansion of cryptotephra research
have enabled applying the method to single shards as small as 20 μm (Pearce et al., 2007).
2.4.4 Correlating tephra to source
When a tephra layer is geochemically fingerprinted, correlation to its source volcanic system
takes place and the glass geochemistry is compared with geochemistry of possible events
from a reference dataset. Thus, an attempt of matching fingerprint of unknown tephra with
a known tephra marker is carried out (e.g. Bolton et al., 2020). Identification of a volcanic
event can be achieved by plotting geochemical data, both major and trace elements, on
bivariate or trivariate diagrams (e.g. Larsen et al., 1999; Óladóttir et al., 2012; Davies et al.,
2012). Relationships between glass geochemistry are being visually assessed and correlation
to a volcanic provenance can be suggested if there is an overlapping composition for several
elements. Linking could be excluded if samples are clearly separated on a graph. However,
developing a solid correlation relies also on stratigraphic position of the tephra layer and
chronology.
Statistical tests might strengthen correlations based on plots. Simple correlation coefficients
along with similarity coefficients, calculation of statistical distance, student t-test and
multivariate methods are being used. These mathematical approaches serve as a valuable
first step of analysis and examine large data sets, but should not be applied in isolation as
there is a risk of false correlation (Davies et al., 2012).
Recently a machine-learning approach has been introduced for the purposes of tephra
correlations (Bolton et al., 2020). The algorithm is called supervised classification and
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comprises two steps: 1) model is being trained with label points (single glass shard
geochemistry of a known source) for memorizing relationships; 2) model creates prognosis
by predicting labels of unknown tephra data (Bolton et al., 2020). The algorithm can
accelerate the process by instantly narrowing the list of possible source candidates, and it
surpasses limitations of two- and three-dimensional plots (Petrelli et al., 2017). However, as
in the case of statistical methods, machine learning compliments expert analysis, does not
replace it.
Despite abundant geochemical data and constant improvement of databases
(tephrabase.org), attribution of tephra layers to volcanic provenances can be challenging.
Difficulties can arise if volcanic ash originates from related magmatic sources or ashfall was
generated by closely spaced eruptions. As a result, not all tephra can clearly be connected to
the source. For example, Borrobol tephra has been discovered from a couple of sites,
including Scotland (Turney et al., 1997), Sweden (Davies et al., 2003) and Greenland (Cook
et al., 2018), and dates to ca. 12,300 14C yr B.P. The geochemical fingerprint of the Borrobol
tephra is distinctive and strongly suggests an Icelandic origin (Lind et al., 2016).
Nevertheless, it has not yet been correlated to source. Suggestions of source volcanic systems
include Torfajökull, Snæfellsjökull (Davies et al., 2003), Hekla (Haflidason et al., 2000) and
Þórðarhyrna (Cook et al., 2018).

Figure 3. FeO versus TiO2 of distal tephra layers from the last millennium (after
Wastegård and Davies, 2009).
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The need for a thorough integration of chemical, stratigraphic, chronological and spatial
evidence for source correlation is reflected f.ex. in tephra layers from Hekla eruptions. The
volcano erupts material with a range of chemical compositions. Tephra from different events
can have very distinctive major element composition as well as nearly identical composition
(Larsen et al., 1999). Where the tephra is nearly identical, linking to a particular event based
on geochemistry is challenging, which demonstrates the need for additional information such
as stratigraphic position, position of marker layers from other volcanic systems and
chronology (fig. 3).
Another way to determine a source of tephra is by mapping its distribution (Óladóttir et al.,
2011). Mapping involves tracing sequences of tephras from outcrop to outcrop using
stratigraphy and physical properties (colour, grain size, bedding, pumice density, marker
crystals and lithics) (Lowe, 2011). Systematic mapping of tephras away from the vent allows
to determine the “footprint” of deposit, construct isopach maps and find the source of tephra.
The method is limited to visible tephras as layers thin out with distance from the source
volcano and lose diagnostic characteristics or become mixed by processes within soils
(Lowe, 2011).

2.5 Cryptotephra
With recent advances in analytical techniques (development of narrow beam technique in
EPMA) and laboratory methodology (extraction with heavy liquid) it has become possible
to validate chronological models in regions distal from volcanic sources by using
cryptotephra. Term cryptotephra is generally applied to ash deposits, which are
macroscopically invisible and found in remote to volcanic source area.
Cryptotephra studies contribute to correlating geological sequences over vast areas and
validating chronological models (e.g. Wastegård and Davies, 2009). Value of cryptotephra
research can for example be illustrated by the following figure (fig. 4), where Greenland icecores plotted against oxygen isotope curve contain visible tephra layers (fig. 4 A) and
invisible ones (fig. 4 B). Cryptotephras have wide dispersal areas, and they can be used in
linking terrestrial and marine archives. In addition, investigation of cryptotephra horizons
provides valuable information on eruption history. Some of the cryptotephra layers may
present tephras that are missing from the proximal archives. Systematic search for
cryptotephra can aid to fill gaps in tephrostratigraphy and create more robust correlations.
Reliability and replicability of cryptotephra identification in distal regions have been
investigated by Watson et al. (2016), who tested whether both peatlands and lakes in the
same area record the same tephra deposits. The research revealed that there are indications
of incomplete tephra records both in peatlands and lakes. It was suggested that peatlands
register primary ash fall, while lakes are prone to in-wash of tephra from the basin.
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Figure 4. Tephrostratigraphy of the Greenland ice-core records plotted against the NGRIP
oxygen isotope stratigraphy. (A) Tephra deposits identified within the Summit cores (GRIP
& GISP2) with a predominant focus on visible deposits. (B) Cryptotephra deposits
identified to date within the NGRIP, GRIP and NEEM ice cores (from Davies, 2015).
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3 Sources of (crypto) tephra in the
North Atlantic
3.1 Iceland
The majority of identified Holocene tephra in the North Atlantic has been produced by
Icelandic volcanoes (Haflidason et al., 2000; Larsen and Eiríksson, 2008; Gudmundsdóttir
et al., 2016). Volcanic activity in Iceland is associated with interaction between spreading
plate boundary and mantle plume. Area of active volcanism covers approximately one third
of Iceland (Thordarson and Larsen, 2007; Thordarson and Höskuldsson, 2008). Postglacial
volcanism takes place within volcanic systems featuring a fissure swarm, a central volcano
or both. Silicic and intermediate magma is associated with central volcanoes, while basaltic
magma is erupted from both fissure swarms and central volcanoes. There are 30 volcanic
systems in Iceland (fig. 5), and each of them has maintained a relatively stable geochemical
composition throughout the Holocene and different to other volcanic systems (Larsen et al.,
1999). The volcanic systems, which are located within the rift zone, produce tholeiitic
basalts, while transitional alkalic and alkalic series are linked to flank zones. Tholeiitic series
comprise 80% of volcanic products of Iceland and are characterized by high Fe and Ti and
low Al and Ca contents; transitional alkalic series form 12% of volcanic products and are
characterized by high Fe and Ti for given SiO2 and low Al; alkali series represent 8% of the
volcanic products and possess higher Na and K contents than the two other series (Jakobsson,
1979). The most explosive volcanic systems relate to transitional alkalic province
(Jakobsson, 1972; Haflidason, 2000).
Explosive eruptions comprise a significant part of Late Quaternary volcanism in Iceland.
Basaltic explosive events are frequent as the most active volcanic systems in the Holocene
are partly covered by glaciers or groundwater table is high (Larsen and Eiríksson, 2008).
During the early Holocene there was an increase in total number of eruptions due to melting
of ice caps and subsequent isostatic rebound (Sigvaldason, 2002; Thordarson and
Höskuldsson, 2008).
Recent eruption history of Iceland has been reconstructed from soil sections, which record a
substantial part of Icelandic eruption history. The preservation potential of tephra layers was
low during the retreat of the ice caps (Óladóttir et al., 2012) and tephra record of the early
Holocene is more complete outside terrestrial Iceland in high-resolution marine sediments.
Comprehensive tephra stratigraphical studies have been executed around the Vatnajökull ice
cap (Óladóttir et al., 2011), in the central south (Larsen, 2000; 2010; Óladóttir et al., 2008),
in eastern and northern Iceland (Gudmundsdóttir et al., 2016), on North Icelandic shelf
(Gudmundsdóttir et al., 2012; Eiríksson et al., 2004; Kristjánsdóttir et al., 2007), Vestfirðir
peninsula (Harning et al., 2018) and West Iceland (Jóhannsdóttir, 2007). 100 silicic and over
360 basaltic tephra layers of Holocene age have been detected in terrestrial soils (Larsen and
Eiríksson, 2008). Knowledge of eruption history after the settlement of Iceland is more
detailed. During the period from 9th century up to 21th century approx. 200 eruptions
happened, ¾ of which left a tephra layer (Larsen and Eiríksson, 2008). Tephra layers
examined at Vatnajökull glacier reveal that at least 80 eruptions took place within ice cap in
the past 8 centuries (Larsen et al., 1998).
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Figure 5. Volcanic systems of Iceland after Larsen and Eiríksson (2008): Snæfellsnes
(SVS); Ljósufjöll (LVS); Reykjanes (RVS); Vestmannaeyjar (VMSV); Eyjafjöll (EVS);
Hekla (HVS); Katla (KVS); Grímsvötn (GVS); Veidivötn-Bárdarbunga (VVS); Öræfajökull
(ÖVS); Kverkfjöll (KFVS); Fremrinámar (FVS); Krafla (KVS); Askja (AVS). Central
volcanoes indicated are Snæfellsjökull (S); Eyjafjallajökull (E); Katla (K); Hekla (H);
Torfajökull (T); Öræfajökull (Ö); Grímsvötn (G); Bárdarbunga (B); Kverkfjöll (K); Askja
(A).
Major producers of basaltic tephra in the Holocene were Grímsvötn, Katla, VeiðivötnBárðarbunga, Reykjanes and Kverkfjöll volcanic systems (table 1). 360 basaltic tephra layers
were obtained in Icelandic soil sequences, though over 800 basaltic events are estimated to
have occurred since the Early Holocene (last 9000 years). The Grímsvötn and VeiðivötnBárðarbunga volcanic systems together with fissure swarms are the most active in Iceland,
having up to 70 eruptions in the past 8 centuries (Larsen et al., 1998). Soil section to the east
of Katla recorded approx. 8400 years of volcano´s explosive activity and revealed 208 tephra
layers (Óladóttir et al., 2008). Three basaltic eruptions had volume over 5 km3: Vatnaöldur
AD 870, Eldgjá AD 934 and Veiðivötn AD 1477.
Hekla, Katla, Askja, Torfajökull, Öræfajökull, Snæfellsjökull and Eyjafjallajökull central
volcanoes have produced silicic tephra during the Holocene. These silicic layers can usually
be distinguished by major element geochemistry. In Iceland 100 silicic Holocene tephra
horizons have been determined in soils and only four of them exceed 5 km3 in volume.
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Table 1. Table showing the estimated number of basaltic tephra layers identified during the
Holocene and their corresponding volcanic systems (from Larsen and Eiríksson, 2008).

3.1.1 Askja
Askja together with Kverkfjöll, Krafla and Fremrinámar volcanic systems belongs to
Northern Volcanic Zone (fig. 5). The Askja volcanic system extends over 200 km, from
Vatnajökull up to the northern coastline and is crowned by three calderas. During the
Holocene Askja mostly had effusive basaltic eruptions apart from three confirmed explosive
rhyolitic eruptions: 1875 CE, 2,1 ka BP and Skolli (Askja S) 11 ka BP (Hartley et al., 2016).
Plinian caldera-forming eruption of 1875 occurred in the end of March. It produced almost
2 km3 of silicic tephra, which started to spread eastwards (Larsen et al., 2014). Products of
the eruption were widely reported across continental Europe (fig. 6). Askja 1875 tephra layer
is commonly present in southern and central Finland (Kalliokoski et al., 2019), is very
common throughout central Sweden,(Oldfield et al., 1997; Wastegård, 2005; Watson et al.,
2016), and has been detected in White Sea area (Vakhrameeva et al., 2020) and Latvia
(Stivrins et al., 2016).
Silicic tephra A-2000 together with Grákolla layer, originating from Torfajökull, is a tephra
marker in Icelandic tephrochronology and recently it has related to Glen Garry layer
(Gudmundsdóttir et al., 2016). Its age range is 1966-2210 cal BP. Outside Iceland Glen
Garry tephra has been widely reported across Scotland (Barber et al., 2008), England
(Watson et al., 2016) and NE Germany (Wulf et al., 2016).
In addition to the mentioned tephra layers, there are reports from distal occurrence of two
tephras that may originate from Askja. Shards with Askja composition were described in the
Lofoten together with a tephra correlated to the Landnám tephra (Pilcher et al., 2005) and is
known as BTD-48. Stömyren tephra was identified in central Sweden. It has higher K2O
contents than Glen Garry and originates possibly from an Askja eruption of similar age as
A-2000 (Wastegård, 2005).
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Figure 6. Distribution axis and dispersal area of Askja 1875 tephra (Kalliokoski et al.,
2019)
3.1.2 Öræfajökull provenance
Öræfajökull is an ice-capped stratovolcano located east of Eastern Volcanic Zone (fig. 5). It
has only erupted twice during historical time, in 1362 and 1727, and both events were
explosive (Larsen et al., 1999). No cryptotephra of 1727 eruption has been described in distal
settings unlike the 1362 event, which has been reported from a couple of locations (Coulter
et al., 2012; Palais et al., 1991).
Öræfajökull’s eruption in 1362 was a Plinian event and produced the largest amount of
tephra of the Icelandic eruptions in historical time, estimated volume is 10 km3. Thickness
of tephra points to SE as the main distribution axis of tephra (fig. 7 a, b). Pyroclastic products
were also transported into the ocean by jökulhlaups and carried by ocean currents up to the
Westfjords (Larsen et al., 2014). So far, tephra from this eruption has been detected in the
Lofoten (Pilcher et al., 2005), north of Ireland, Svalbard (D’Andrea et al., 2012) and GRIP
ice core (Coulter et al., 2012; Palais et al., 1991).
3.1.3 Veiðivötn-Bárðarbunga provenance
Veiðivötn-Bárðarbunga volcanic system is located within Eastern Volcanic Zone (fig. 5) and
encompasses a central volcano, Bárðarbunga, and a 190 km long fissure swarm, which partly
lies below Vatnajökull. The system is highly active with at least 26 eruptions in the past 11
centuries (Larsen and Gudmundsson, 2014). Most of the historic eruptions originated under
the glacier releasing minor amounts of tephra into the air, however four events occurred on
the ice-free part of the fissure (Thordarson, 2007), including Vatnaöldur 877 CE, Frambruni
(most likely in the 12th century), Tröllahraun (1862-1864 CE) and Veiðivötn 1477 CE.
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Veiðivötn 1717 CE event started under Vatnajökull glacier and explosive activity generated
basaltic tephra. Subsequent jökulhlaup was discharged into Axarfjörður. Tephra was
dispersed N and NE and westernmost limit of dispersal suggested to be Grímsey island (fig.
8 a).

Figure 7. a) Dispersal of ash from Öræfajökull eruption in 1362 (Larsen et al., 2014); b)
isopach map of Öræfajökull 1362 tephra (Selbekk and Trønnes, 2007).
Veiðivötn 1477 CE event together with Vatnaöldur 870 were explosive phreatomagmatic
eruptions, which produced highly fragmented basaltic tephra. The V1477 eruption is one of
the largest basaltic eruptions in historical times in Iceland with a VEI (Volcanic Explosivity
Index) of 6. It produced 10 km3 (freshly fallen volume) of pyroclastics. The tephra layer
covers an area of 53000 km2 (Larsen, 2005) and the 1 cm isopach extends offshore N, NE
and E of Iceland (fig. 8 b).
Vatnaöldur 877 CE eruption produced both basaltic and silicic magma and formed the
widespread Settlement (Landnám) layer (Schmid et al., 2017). The eruption took place
simultaneously in Torfajökull and along the Veiðivötn fissure swarm, thus resulting in
production of basaltic and rhyolitic tephra layers. Eruption products can be traced in southern
part of Iceland as a two-coloured layer, with a lower light band and an upper dark one (Larsen
et al., 1999), though the rhyolitic component had a lower volume than the basaltic one.
Volume of freshly fallen tephra was 5 km3 and the 0.5 cm isopach covered a total area of
50000 km2 (Larsen, 2005). The Landnám tephra horizon is an important chronological layer
in archeological studies and it has been used to date the settlement of Iceland, hence the
name commonly used for the tephra.
Evidence of the 877 CE and V1477 CE eruptions has only recently been identified in distal
areas. The V1477 layer was described in western Ireland (Chambers et al., 2004), central
Sweden (Davies et al., 2007) and Greenland (Abbott et al., 2020). Cryptotephra records of
the Landnám tephra show that basaltic and silicic components were dispersed over different
areas in Europe (Plunkett and Pilcher, 2018). The rhyolitic component was identified in
GRIP ice core (Grönvold et al., 1995), Faroe islands (Wastegård et al., 2003) and Lofoten
(Pilcher et al., 2005) and the basaltic component has been identified in a Scottish fjord (Cage
et al., 2011) and the White Sea region (Vakhrameeva et al., 2020).
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Figure 8. Dispersal of tephra from historical Veiðivötn eruptions a) 1717; b) 1477 (from
Larsen et al., 2014)
Apart from these cryptotephra records of Veiðivötn-Bárðarbunga events, traces of eruption
of Veiðivötn 1159 CE were possibly found in central Sweden, where basaltic shards are
mixed with Hekla 1104 CE and 1158 CE tephra (Watson et al., 2016; Plunkett and Pilcher,
2018).
3.1.4 Grímsvötn provenance
Grímsvötn volcanic system, together with Veiðivötn-Bárðarbunga and Kverkfjöll, lies
largely under Vatnajökull glacier and is confined to the rift zone, producing predominantly
tholeiitic basalts. Recent tephras of Grímsvötn origin are preserved fairly well in ice: out of
14 known eruptions since 1650, 11 were reported in an ice core from Vatnajökull ice cap
(Steinthorsson, 1977). Frequency of 7 explosive eruptions per century is evaluated from the
soil tephrostratigraphy of the last 8,000 years (icelandicvolcanoes.is).
Basaltic tephra layers from a couple of eruptions have been reported in distal settings.
Volcanic shards from Lomonosovfonna ice cap in Svalbard have been tentatively correlated
to the 1903 CE Grímsvötn eruption (Isaksson et al., 2001; Wastegård and Davies, 2009).
The main axis of tephra dispersal was NE (fig. 9 a). This High Arctic discovery represents
the first identification of this tephra outside of Iceland.
Laki 1783-1785 (or Skaftá fires) eruption was a volcano-tectonic event within the Grímsvötn
volcanic system (Thordarson et al., 2003). This fissure eruption caused cooling in the
Northern Hemisphere due to aerosol loading of atmosphere (Highwood and Stevenson,
2003) (fig. 9 b). Sulphate acid signal of this eruption has been recorded in ice cores in
Greenland (Zielinski et al., 1995) and Svalbard (Watanabe et al., 2001). Additionally,
basaltic tephra of the Laki eruption has been extracted from Lomonosovfonna ice cap in
Svalbard (Kekonen et al., 2005). BRACSH-1 layer in western Ireland (Reilly and Mitchell,
2015) has been tentatively assigned to the Laki eruption.
Basaltic layer CLA-L1 from an unidentified eruption of Grímsvötn was first described by
Watson in Claraghmore Lake in Northern Ireland (Watson et al., 2016). The CLA-L1 tephra
layer has been proposed to originate from G-1354 event (Plunkett and Pilcher, 2018).
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Figure 9. Dispersal of ash of historical Grímsvötn eruptions a) 1903; b) 1783 (from
Larsen et al., 2014)
Grímsvötn volcanic system produced several widely distributed tephra layers with similar
geochemical fingerprint from 10400 to 9900 BP (Óladóttir et al., 2020). This series is
referred to as the G10ka series (Thordarson, 2014). The Saksunarvatn Ash is one of the
multiple early Holocene Grímsvötn tephras, which became an important isochron due to its
broad dispersal across the North Atlantic region (Óladóttir et al., 2020). The tephra layer has
been discovered in the Faroe Islands (Wastegård et al., 2001), Scotland (Pyne‐O'Donnell,
2007), Norway (Lind et al., 2013), Germany (Wulf et al., 2016) and Greenland (Grönvold et
al., 1995).
3.1.5 Katla provenance
Katla is a highly active volcanic system, which consists of a central volcano and embryonic
fissure swarm. It is capped by Mýrdalsjökull glacier and characterized by basaltic and silicic
subglacial eruptions. Total number of events since Middle Holocene exceeds 200 and in
historical time it has erupted 1-3 times per century (Óladóttir et al., 2008). The most
prominent eruptions of the Late Quaternary are Eldgjá Fires (934 CE), Hólmsá Fires (6800
BP) and Vedde (12100 BP) (Larsen, 2000). Most of Katla´s tephra has basaltic composition
with distinctly high TiO2 composition, though at least 12 silicic Holocene tephra layers have
been found and described, i.e. the SILK layers (Larsen et al., 2001; Óladóttir et al., 2005;
Thorsteinsdóttir et al., 2015). Youngest SILK layer, i.e. the YN layer, is 338–418 CE (Larsen
et al., 2001).
Katla 1918 was the largest eruption of the century with strong explosive phreatomagmatic
activity and wide tephra distribution (fig. 10) (Larsen et al., 2014). The only preliminary
identification of this tephra outside of Iceland so far is in the White Sea region (Vakhrameeva
et al., 2020).
Three tephra layers, BTD-15, GB4-50 and BMR-90, with composition ranging from basaltic
to rhyolitic were described in the Lofoten (Pilcher et al., 2005) and suggested to originate
from Katla. BTD-15 tephra was later found in the White Sea region (Vakhrameeva et al.,
2020). It was suggested to originate from Katla 1755 CE eruption as it was the most
voluminous event within the timeframe 1650-1750 CE. GB4-50 tephra has ambiguous
correlations, it has been suggested to originate either from Eldgjá or Katla 9th century
eruptions (Plunkett and Pilcher, 2018; Guðmundsdóttir et al., 2012).
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Figure 10. Dispersal of tephra from the historical Katla 1918 CE eruption (from Larsen et
al., 2014).
The largest event of the Katla system in historical time took place on the fissure Eldgjá in
the 10th century. Apart from huge output of basaltic lava (14 km3), Eldgjá Fires emitted 4
km3 of basaltic tephra and a minor amount of silicic tephra. The silicic component of this
eruption is similar to the SILK tephra (Larsen et al., 2001). Glass shards of basaltic and
dacitic composition from this eruption were discovered in Greenland (Zielinski et al., 1995).
Katla produced the Vedde Ash (12100 BP) (Larsen, 2000), a bimodal tephra formed by
mixing of separate rhyolitic and basaltic magma batches (Lane et al., 2012). The Vedde Ash
layer is a unique chronological marker of Lateglacial age in the paleorecords across Europe
and North Atlantic. The dispersal area of the Vedde Ash stretches from Lofoten (Pilcher et
al., 2005) to the Italian Alps (Lane et al., 2012) and from Greenland (Mortensen et al., 2005)
to the Polar Ural Mountains in Russia (Haflidason et al., 2019). This easternmost finding is
probably close to detection limit.
3.1.6 Hekla provenance
Hekla is a central volcano within transitional-alkalic area of EVZ (fig. 5). Hekla’s style of
activity in the Holocene ranged from from effusive basaltic fissure eruptions (Jakobsson,
1979) to explosive silicic eruptions and mixed (explosive and effusive) events with ash
plumes´ volumes exceeding 1 km3. The first known rhyolitic eruption was the Hekla 5 (7100
BP) with VEI 5, which was followed by Hekla Ö, Hekla 4, Hekla S, Hekla 3, Hekla 1104.
Cryptotephra from these eruptions has been widely identified in Northern Europe while
tephra layers from smaller Hekla eruptions with VEI 4 have more limited distribution. In
historical times, Hekla has produced 18 explosive eruptions.
Recent eruption in 1947 had both explosive and effusive eruption phase, based on
observations the eruption column reached a height of approx. 30 km (Larsen et al., 2014).
The main axis of tephra distribution was south (fig. 11 a). Later a cryptotephra horizon was
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reported in Ireland (Hall and Pilcher, 2002). In Yukon, a 100 year record from an ice core
revealed the Hekla 1947 layer besides Kamchatka and Alaska sourced tephras (Yalcin et al.,
2003). Though there was visible ash fall-out in Finland, investigation showed absence of
Hekla 1947 tephra from environmental records (Kalliokoski et al., 2019).

Figure 11. Dispersal of ash of historical Hekla eruptions a) 1947; b) 1510; c) 1158; d)
1104 (Larsen et al., 2014)
Hekla event in 1845 had a comparable eruption volume (0,15 km3) (Gudnason et al., 2018)
as the H1947 eruption (0,18 km3). Its tephra was found in the Faroe Islands (Wastegård,
2002), north of Ireland (Watson et al., 2015) and recently in Finland (Kalliokoski et al.,
2020).
Hekla 1510 CE eruption started with similar explosive phase as the 1947 eruption, but it was
more voluminous. The calculated volume of ejected tephra is 0,3 km3 (Larsen et al., 2014),
which was dispersed in SW direction (fig. 11 b). Occurrence of tephra was registered in the
British Isles (Pilcher et al., 1996; Lawson et al., 2012), though presence in continental
Europe is confirmed only in Finland, where Hekla 1510 horizon is found to be widespread
(Kalliokoski et al., 2020).
Eruption of Hekla in 1158 CE had a VEI of 4 and produced 0,3 km3 of tephra. The main
dispersal axis was NE (fig. 11 c) and cryptotephra deposits from this eruption haven been
found in the Lofoten (Pilcher et al., 2005), Sweden (Watson et al., 2016) and Finland
(Kalliokoski et al., 2020).
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Hekla 1 (1104 CE) (fig. 11 d) was the largest eruption in historical times with calculated
volume of emitted tephra about 2 km3. It formed an extensive silicic layer in North Atlantic
and was one of the first Hekla tephra layers described in Europe. This isochron is abundant
in Ireland (Pilcher et al., 1996) and was identified in Scandinavian sequences: Lofoten
(Pilcher et al., 2005), Norway (Vorren et al., 2007), Sweden (Watson et al., 2016) and
Svalbard (D’Andrea et al., 2012).
The Hekla 3 event took place around 3000 BP and isopach maps suggest it produced 11 km3
of tephra (Stevensson et al., 2015). Nature signals coherent with the timing of eruption have
been recorded, for example increased growth rate of a stalagmite in Scotland (Baker et al.,
1995). This tephra has been identified in Ireland (Plunkett, 2006), Sweden (Wastegård, 2005;
Persson, 1966; Watson et al., 2016; Zillen et al., 2002) and northern Germany (van den
Bogaard & Schmincke, 2002).
Hekla erupted around 3800 BP and emitted 13 km3 of tephra. The Hekla 4 tephra formed in
this eruption is one of the most widespread Holocene tephra layers in Europe. The Hekla 4
horizon has been reported from Sweden (Wastegård, 2005; Watson et al., 2016), Ireland
(Pilcher & Hall, 1992), England (Watson et al., 2016), Scotland (Dugmore, 1989), northern
Germany (van den Bogaard & Schmincke, 2002) and Estonia (Hang et al., 2006).
3.1.7 Distal occurrence of silicic vs basaltic tephra
Volcanic ash of Icelandic origin is often dispersed to Northern Europe. The key tephra
markers found throughout Scandinavia are Hekla 4 (3800 BP), Hekla 3 (2900 BP), Hekla 1
(1104 CE), Öræfajökull (1362 CE) and Askja (1875 CE), but cryptotephra from at least 16
volcanic eruptions have been identified in the region (fig.12) (Wastegård and Davies, 2009).
During historical time 75% of the eruptions in Iceland generated tephra and 80% of eruptions
were basaltic (Larsen and Eiríksson, 2008). Despite the dominance of basaltic explosive
eruptions, according to published papers there is a lack of mafic shards in distal archives.
Most of the identified tephra horizons originate from silicic eruptions (Wastegård and
Davies, 2009). The following explanations for dominance of rhyolitic tephra horizons in the
distal environmental archives have been suggested:
1. Basaltic eruptions are less explosive, produce less tephra and have lower eruption
columns than explosive silicic eruptions (e.g. Watson, 2016). When basaltic eruptions are
phreatomagmatic more tephra is produced and eruption columns are higher than in effusive
eruptions. However, most of the basaltic Holocene eruptions in Iceland are of VEI ≤ 3
(Gudmundsson et al., 2008). When basaltic eruption occurs within ice-covered volcanic
systems (Larsen and Gudmundsson, 2014) the tephra fall-out is often restricted to the ice
(Thordarson et al., 2007). For instance, only 25 % of Veiðivötn eruptions and only 20 % of
Grímsvötn eruptions resulted in a discernible tephra layer outside of Vatnajökull ice cap
(Larsen and Eiríksson, 2008).
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Figure 12. Map of Fennoscandia and Svalbard with Late Holocene cryptotephra layers
originating from Icelandic volcanoes. Single findings are marked on the map. Sources:
Hekla 1845 – 1; Hekla 1510 – 1; Hekla 1158 – 1, 2, 3, 4; Hekla 1104 – 2, 3, 4, 5, 6; Hekla
3 – 3, 7, 8; Hekla 4 – 7, 8, 9; Veiðivötn 1477 – 10; Landnám – 2, 11; BTD-41 – 2, 5, 11;
BTD-15 – 2, 11; Öræfajökull 1362 – 2, 5; Askja 1875 – 2, 3, 8, 10, 11, 12, 13, 14;
Grímsvötn 1903 – 15; Laki 1783 – 16; CLA-L1 – 11.
1 – Kalliokoski et al., 2020; 2 – Pilcher et al., 2005; 3 – Watson et al., 2016; 4 – Balascio
et al., 2011; 5 – D’Andrea et al., 2012; 6 – Vorren et al., 2007; 7 – Zillén et al., 2002; 8 –
Wastegård, 2005; 9 – Hang et al., 2006; 10 – Davies et al., 2007; 11 – Vakhrameeva et al.,
2020; 12 – Kalliokoski et al., 2019; 13 – Oldfield et al., 1997; 14 – Stivrins et al., 2016; 15
– Wastegård and Davies, 2009; 16 – Kekonen et al., 2005;
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2. Due to the denser nature of basaltic tephra (>2,5 g/cm3) compared to rhyolitic (2,3 – 2.5
g/cm3), mafic shards are likely to fall-out of the ash cloud earlier. This suggests that
concentration of basaltic tephra particles in the air decreases with increasing distance from
the source volcano faster than for the silicic tephra (Lawson et al., 2012).
3. Poorer geochemical stability of basaltic glass may also impede its detection in the distal
environmental archives. Rhyolitic tephra is thought to be more resistant to acid
environments, whereas basaltic shards can dissolve under certain conditions (Pollard et al.,
2003). Peatlands may provide unfavourable conditions for preservation of basaltic glass
and thus, peatland based tephrochronology of Europe may lack basaltic shards.

Figure 13. a) The spatial distribution of the number of tephra younger than 7000 cal BP
recorded in Northern Europe. Symbol size is proportional by area to the number of tephra.
The number of tephra recorded at each site, broken down according to tephra chemistry:
b) rhyolitic; c) other felsic tephra (dacitic, dacitic-rhyolitic, dacitic-trachydacitic,
trachytic); d) mafic and part-mafic tephra (andesitic-rhyolitic, dacitic-andesitic, basaltic)
(after Lawson et al., 2012).
These viewpoints are confirmed by the study of Lawson et al. (2012) showing that the
most abundant tephra findings in north-west Europe, which originate from Iceland (fig. 13
a), are rhyolitic (fig. 13 b). Distribution of other felsic tephra is somewhat less common
(fig. 13 c) and intermediate to mafic ash even less common (fig. 13 d).

41

The easternmost finding of Icelandic tephra was described by Haflidason et al. (2019)
when the Vedde Ash was extracted from the peat sediments of the Schutchye lake in the
Polar Ural mountains, thus extending known distribution area of the Vedde tephra layer to
66° E. Previously the Vedde Ash had been described by Wastegård et al. (2000) in
Leningrad region, northwestern Russia. Recently Icelandic cryptotephras have been found
in a peat bog on the coast of the Kandalaksha Gulf of the White Sea (Vakhrameeva et al,
2020). In the collected peat sequence volcanic glasses from several eruptions were
preserved: Askja 1875, Landnám, BTD-15, SL-2/SB-2 and unidentified eruptions from
Katla, Hekla and Grímsvötn. Extracted Landnám tephra consisted of basaltic shards, which
demonstrates the possibility of heavy grains to be found in northern Europe.

3.2 Other volcanic sources
Apart from cryptotephras of Icelandic origin (fig. 14 a), tephra layers from Alaska, Azores
and Kamchatka have been found in Europe. The identification of non-Icelandic ultra-distal
cryptotephras emphasizes the potential to correlate paleoenvironmental sequences at
intercontinental scales (Plunkett and Pilcher, 2018).
3.2.1 Alaska
The White River Ash originates from mountain Churchill, Wrangell volcanic field of eastern
Alaska (Jensen et al., 2014), and has been traced more than 7000 km from the source. The
tephra layer has recently been correlated with AD860B cryptotephra in Europe and its
distribution stretches to Ireland (Pilcher et al., 1996), Poland (Watson et al., 2017), Germany
(van den Bogaard and Schmincke, 2002) and Greenland (Coulter et al., 2012) (fig. 14 b).
Tephra of Aniakchak caldera forming eruption in 1640 BCE reached Greenland (Coulter et
al., 2012) and possibly Ireland (Plunkett and Pilcher, 2018).
3.2.2 Azores
Products of the Azores archipelago have been confirmed in Ireland, where at least three
tephra layers from the Furnas volcano have been identified (Johansson et al., 2017).
Correlation to particular eruptions is generally vague due to similar trachytic composition of
eruptions (Wastegård et al., 2020), and only the PMG-5 tephra layer has been assigned to a
source eruption from Furnas 1630 CE (Hall and Pilcher, 2002; Plunkett and Pilcher, 2018).
New EPMA data enables correlation of the MOR-T2 tephra (Chambers et al., 2004) with
Furnas I (1440 CE) eruption and an unknown layer from Sweden with the P2 eruption of the
Sete Cidades volcano (Wastegård et al., 2020).
3.2.3 Kamchatka
Eruption of Ksudach 7340-7180 cal. BP (KS2) was a caldera forming event (Melekestsev et
al., 1995) and together with closely spaced KS3 eruption it produced a total volume of 4,7
km3 DRE (Volynets et al., 1999). A cryptotephra deposit from the KS2 eruption has been
discovered in Svalbard (van der Bilt et al., 2017).
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The first and only report of a tephra layer of Shiveluch volcano outside Kamchatka is from
Ireland (Plunkett and Pilcher, 2018). The tephra, dated to 3000 BCE, is geochemically
similar to a silicic unit SHdv (Ponomareva et al., 2015).
3.2.4 Jan Mayen
Jan Mayen´s Beerenberg is the world's northernmost subaerial active volcano. It has
produced at least five eruptions during the past four centuries (Gjerløw et al., 2016), but no
tephra from Jan Mayen has been found yet in Scandinavian geological archives.

Figure 14. Locations of northwest European sites containing cryptotephras from (or
possibly from): a) Iceland; b) Alaska (from Plunkett and Pilcher, 2018).
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4 Cryptotephra studies in Russia and
Finland
4.1 Tephrochronology in Russia
Until recently Russia had been “terra incognita” from a perspective of tephra research, and
systematic investigations of volcanic ash were conducted only at the Kamchatka peninsula.
In the early 1970’s Olga Braitseva initiated tephrochronological exploration in the country
aimed at identifying explosive eruptions and reconstructing the activity of Holocene
volcanoes in Kamchatka. First studies at the peninsula took place at separate volcanic centers
(Braitseva et al., 1978; Ponomareva, 1982; Volynets et al., 1989). Subsequently a detailed
record of Holocene explosive eruptions with a pyroclastic volume >1 km3 has been created
by combining tephrochronological studies, radiocarbon dating, geochemical composition of
tephra, and geological mapping (Ponomareva, 2010).
In the European part of Russia, a tephra layer was described for the first time in 1928 during
a hydrogeological investigation in Voronezh region, south of the East European Plain
(Dubyansky, 1935). The volcanic source for the ash horizon detected within Pliocene
alluvial series was suggested to be the Caucasus mountains. By the end of 20th century, no
less than 100 visible tephra layers have been discovered and examined, mostly in the
southern part of European Russia (Karlov, 1957; Kholmovoy, 1989; Tsekhovsky et al.,
1998). A significant part of these ash horizons probably belong to the Phlegraean Fields’
eruption, which occurred 40 thousand years ago (Melekestsev et al., 1984). However,
Campanian Ignimbrite horizon was identified at the Upper Paleolithic site of Kostenki
(Hoffecker et al., 2008), which enabled a correlation between the layer of the Aurignacian
industry and skeletal remains of modern humans. Attempts to construct a regional
tephrochronology were undertaken in subarctic eastern Russia (van den Bogaard et al., 2014)
and in the East Sayan mountains (Shchetnikov et al., 2019).
Utilization of Icelandic tephra in northwestern Russia was demonstrated by several surveys.
The Vedde Ash of Katla eruption 12,1 ka BP was discovered in Leningrad region (Wastegård
et al., 2000), Komi Republic and Yamalo-Nenets Autonomous Okrug (Haflidason, 2019).
Holocene cryptotephra deposits of Icelandic origin were identified in the White Sea area
(Vakhrameeva et al., 2020). Nevertheless, no routine studies have been conducted.

4.2 Tephrochronology in Finland
Salmi (1948) documented the fall-out of Hekla 1947 ash on snow cover in southern Finland
and showed the potential of long distance travel of relatively small volume eruptions. Recent
studies of Kalliokoski et al. (2019; 2020) reconstructed the dispersal area of Askja 1875
using cryptotephra and demonstrated it to be an important isochron in southern and central
Finland. Additionally, Hekla 1845 and Hekla 1510 tephra were identified for the first time
in Scandinavia and Hekla 1158 in Finland (Kalliokoski et al., 2020). The research is the
baseline for establishing regional tephrochronological framework, which could contribute to
paleoenvironmental studies in Finland.
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5 Material and methods
5.1 Study area
5.1.1 Kola, Russia
The main research area is located at the Khibiny and Lovozero Mountains that form two low
mountain ranges (highest point 1201 m a.s.l.) in the central part of Kola Peninsula (fig. 15
and 16). Both massifs are Devonian alkaline intrusions in Precambrian basement, which
were exposed by denudation of the surrounding bedrock (Garankina, 2018). Lake Umbozero
is nested in an 8-km-wide valley that separates the eastern slopes of Khibiny massif from
the western ones of Lovozero. The topography bears a strong imprint of Quaternary glacial
activity: the Fennoscandian Ice Sheet covered the region during the Weichselian glaciation,
but the timing and dynamics of the last deglaciation remains uninvestigated (Hättestrand,
2006). Investigation of lacustrine sediments from valleys in this area reveal complex
sedimentary structures that indicate repeated changes in sedimentation during the Holocene.
These changes reflect variability in climate and vegetation as well as in intensity of erosional
and catastrophic processes in the catchment area (Olyunina, 2008). Piedmonts of the Khibins
and Lovozero are best defined as a glacial-fluvial plain with mountain river deltas and lakes.
Depressions within the plain have often transformed into mires. Thickness of the peat
stratigraphy in the region varies from 0.5 to 3 m (Olyunina, 2008). The geomorphological
processes active today are fluvial and slope processes (slush flows, rockfalls, avalanches).
Climate of the area is subarctic with annual precipitation exceeding 1200 mm on the plateau
and 500-600 mm in surrounding rolling lowlands. Vegetation in the lowlands and lower
slopes of the mountains is dominated by pine forests, which are replaced by dwarf birch
forests and mountain tundra with altitude (Kremenetski et al., 2004).
5.1.2 Nammajärvi, Finland
Second study area is located in the northernmost Finland (fig. 16). The bedrock in the area
comprises Precambrian granulite complex and the topography has been shaped by tectonic
block movements (Hjort, 2010). Repeated Pleistocene glaciations have shaped the
crystalline basement and deposited glacial sediments. The last deglaciation began approx.
10 000 years BP and in 200 years the area was deglaciated (Koskinen, 2005). Low elevations
(300-400 m a.s.l.) and flat rounded summits characterize surface morphology, which is
sometimes referred to as “the upland peneplain”. Modern geomorphological processes in the
area are dominated by fluvial and cryogenic ones.
The climate of northern Lapland is subarctic, with cold winters and mild summers, and the
annual precipitation averages 350-450 mm (Iglikowska and Namiotko, 2010). The area is
located within discontinuous permafrost zone and peatlands occupy up to 10% of the surface
and are covered by bogs (Seppälä, 2006). Peatlands in the area are classified as palsa and
subalpine mires. Vegetation consists primarily of fell birch forests. The region borders the
northern limits of pine forests and aapa mires (Iglikowska, 2010).
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Figure 15. Khibiny and Lovozero mountains

5.2 Material
Peat sequences are great archives in terms of cryptotephra preservation (Gehrels et al., 2008;
Davies, 2015). In this study three peat cores from Kola peninsula (d18/1, M-15, BSH-19)
and one organic-rich lake core from Nammajärvi, Finland, have been investigated (fig. 16).
Collection of cores from the Russian sites was carried out in 2018 and 2019. In July 2018,
two cores were taken with a Russian type peat-corer (chamber length 50 сm, diameter 7
cm) from wetlands in the western piedmonts of the Lovozero mountain massif. The work
was carried out by a team from Faculty of Geography, Lomonosov Moscow State
University. First one of these cores, M-15 (67°47'32.50" N; 34°24'11.85" E, 278 m a.s.l.)
was retrieved from the shore of a small lake in the lower part of the slope of the Sengichorr
mountain (fig. 17). The total length of the peat sequence is 2,68 m. The upper 1,5 m was
fresh heavily watered moss that is difficult to cut with the corer (fig. 18). Three core
sections (1,45-1,95; 1,95-2,45; 2,18-2,68 m depth) of brown poorly decomposed peat of
the lower 1,23 m were collected.
Core d18/1 (67°47'10.70" N; 34°22'22.94" E, 180 m a.s.l.) was extracted from the southern
part of the peatland located on the east coast of Umbozero lake (fig. 17). The total thickness
of the peat sequence here reaches 2,75 m. However, only 4 core sections of the lower 2 m
(0,75-2,75 m depth) of brown decomposed peat were collected for cryptotephra search as
the upper meter was heavily watered fresh moss that is difficult to cut with the corer (fig.19).
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Figure 16. Map with location of the investigated cores: Nammajärvi (lake in
Námmáskáidi), BSH-19 (Lake Shchuchye), M-15 (a lake in the lower part of the
Sengichorr), d18/1 (peatland on the east coast of Umbozero lake).

Figure 17. Topographic maps with location of Kola cores: a) d18/1 and M-15; b) BSH-19.

Figure 18. a) Location of M-15; b) core M-15 (Photo: Konstantinova. 2018).
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Figure 19. a) Location of d18/1; b) core d18/1 (Photo: Konstantinova. 2018).
In July 2019, together with Russian Academy of Sciences and Lomonosov Moscow State
University field work was conducted in the Khibiny mountains. During the expedition, a
peat core from a bog on the lake terrace of Lake Shchuchye was retrieved (fig. 17). Core
BSH-19 (67°50'9.82" N; 33°39'53.46" E, 209 m a.s.l.) comprises 2 m of peat, beginning of
the core coincides with surface (fig. 20). The full peat stratigraphy from surface to basal peat
was recovered.

Figure 20. a) Location of BSH-19; b) core BSH-19 (Photo: Garova. 2019).
The lake core from the Finish site was collected in 2015. Core from the deepest point of the
lake Nammajärvi (69°49'00.6" N; 26°55'00.3" E) was obtained in April 2015 (fig. 21) when
lake ice could be used as a coring platform. The 2,03-m-long core was collected from water
depth of 8 m and it consists of homogeneous dark brown gyttja with no notable
sedimentological features. The uppermost 32 cm were selected for a cryptotephra search.
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Figure 21. a) Map with location of Nammajärvi core; b) aerial view of the lake.

5.3 Methodology
5.3.1 Laboratory work
Common method for cryptotephra search in peat cores comprises removal of enclosing
organic content and examination of the remaining finely dispersed particles with an optical
microscope (Dugmore et al., 1992; Gehrels et al., 2008).
Upper 0,32 m of Nammajärvi core, 2 m of BSH-19, lower 1,23 m of M-15 and lower 2 m of
d18/1 were sampled. Upper parts of Kola consist of poorly decomposed peat, which was not
collected. The following techniques were incorporated in order to separate and concentrate
volcanic shards. At first, cores were continuously sampled at 2 (Nammajärvi), 5 (BSH-19;
M-15) or 10 (d18/1) cm subsamples. In case of tephra detection, intervals were narrowed
down to 1 cm for constraining the occurrence depth and vertical dispersal of the volcanic
glass. Core from Nammajärvi was subsampled at 2 cm interval. To remove organic material
samples were placed in crucibles, dried in an oven overnight at 105 °C and combusted at
550 °C for 4 hours. As a part of the ashing procedure, loss on ignition (LOI) values were
calculated. To remove soluble inorganic matter (carbonates) from the peat the samples were
treated with 10% hydrochloric acid. Then they were transferred into centrifuge tubes and
washed with distilled water 2-3 times for cleaning away traces of acid. After centrifugation
samples were sieved through 80 and 25 µm sieves. The 25-80 µm fraction was collected
back into test tubes. At this point, cryptotephra shards were concentrated with other finegrained particles (minerogenic sediment, biogenic silica) in the lower part of the conical
tube. Samples were fixed on microscope slides by adding them with a Pasteur pipette to a
glass slide on a hotplate (Swindles et al., 2010). When water evaporated, cover glass was
fixed with Canada balsam and the slides were stored horizontally until then mount had
hardened.
Search for cryptotephra was carried out under microscope using 10-40 x objectives.
Identification of volcanic shards is based on morphology and optical properties of a grain.
The following morphological types are generally distinguished: 1) bubbly (vesicular)
fragments; 2) flat, platy; 3) pumiceous. Other shapes (blocky, tear-drops) are also formed
depending on magma composition and eruption style (Lowe, 2011). Rhyolitic tephra may
have a weak pinkish color, while the basaltic one has a brownish hue. Due to optical isotropy
non-crystalline volcanic glass becomes black in crossed polarized light (Enache and
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Cumming, 2006). In the Canada balsam rhyolitic tephra is characterized by the Becke line
moving towards the center of the particle, when the microscope stage is raised, and for the
basaltic shards in the opposite direction (Ball et al., 2015). This is explained by the lower
relative refractive index of rhyolitic glass in comparison with the Canada balsam and the
higher relative refractive index of basaltic glass in contrast. One of the difficulties in tephra
search is the presence of phytoliths, diatoms and non-pollen palynomorphs in the slides.
These particles are not removed by the extraction process and have similar morphological
characteristics to volcanic shards.
The next stage after the diagnosis of cryptotephra under a microscope is geochemical
characterization. It allows for correlation of glass shards with their source as each volcanic
system has its own geochemical "fingerprint" (Davies, 2015). Tephra grains extracted as
described above is not suitable for geochemical analyses because high temperatures (above
350°C) during combustion of organic matter have been observed to alter the alkali content
of shards (Dugmore et al., 1995; Pilcher and Hall, 1992). There is ongoing discussion on
whether the acid treatment causes alteration (Blockley et al., 2005; Cooper et al., 2019;
Monteath et al., 2019).
Samples, which represent the horizon of maximum tephra concentration, were transferred
into beakers and placed on a hotplate. At first concentrated H2SO4 was added, then a small
amount of HNO3. After the reaction with the release of NO2 was over, the resulting yellowish
clear solution was cooled down and diluted with water. For complete removal of acid, the
samples were washed multiple times with distilled water. Then the samples were sieved
through 80 and 25 µm sieves and centrifugal separation with heavy liquids (densities of 2,3
and 2,5 g/cm3) was performed. The procedure was followed by preparing samples for
electron probe microanalysis. The surface of the glass slide was polished with an abrasive to
create a mat surface that improves the adherence of the volcanic glass grains to the glass.
Cryptotephra grains were added in drops of water using a Pasteur pipette and mounted with
epoxy resin after water had evaporated. When the resin had hardened, samples were sanded
and polished down until the unaltered inner part of the glass grains was exposed on the
sample surface. Slides were washed in an ultrasonic bath and fine-polished with a lapping
machine using fine-grained diamond pastes. Then the slides were thoroughly washed once
more and carbon coated.
5.3.2 Electron microprobe analysis
The major element composition of 1-3 tephra shards in each sample was determined by
conducting electron probe microanalysis (EPMA). This method works by sending beam of
electrons on the sample´s surface and generating x-rays. These x-rays are produced of certain
energies and wavelengths, which enable to relate to certain elements (Lowe, 2011). The
samples were analysed with the JEOL JXA-8230 SuperProbe at the Institute of Earth
Sciences, University of Iceland. A beam diameter of 5 µm was used and Lipari obsidian
standard was utilized for monitoring the probe. The 10 measured oxides (main elements)
are: SiO2, TiO2, Al2O3, K2O, CaO, FeO, Na2O, MgO, MnO, P2O5.
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6 Results
6.1 Kola, Russia
Loss on ignition data of the Kola cores demonstrates the high organic content of the peat
material (fig. 22). The LOI values of d18/1 vary between 98,9% (2,25-2,35 m) and 94,8%
(2,65-2,75 m). In core M-15 the highest value is 98,8% (2,15-2,25 m) and lowest is 92,6%
(2,55-2,68 m). The LOI data of core BSH-19 demonstrates the most variability of the Kola
cores, ranging from highest value of 99,5% at the depth of 0,35-0,40 m to the lowest of
16,8% at the basal part of the core at a depth of 1,95-2,00 m.
Optical investigation of the Kola cores revealed no shards at BSH-19 and M-15 sites.
Possible reasons will be discussed later. Studies of d18/1 core resulted in detection of three
tephra layers at 4-5, 8-9 and 77-78 cm depth (or 79-80, 83-84 and 1,52-1,53 cm depth
counting from the surface). Morphologies of the shards vary from transparent thin and platy
volcanic glass grains (depth of 8-9 cm) to blocky ones with vesicles (depth of 77-78 cm)
(fig. 23). Shards were not counted per gram dry weight due to lack of material left in the
core. This is also the reason why subsamples for EPMA encompass 10 cm intervals.

Figure 22. LOI, lithology and tephra layers for Kola cores.
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Figure 23. Photos of tephra from d18/1 core. Scale is 40 µm.
Electron microprobe analysis of glass shards was undertaken to determine major element
chemical composition of the tephra (table 2). Two samples from d18/1 core were analyzed:
three grains from the depth interval 0-10 cm and one shard from the depth of 75-85 cm
(counting from the top of the core) (fig. 22). Grains from the uppermost sample have basaltic,
dacitic and trachydacitic composition, and the lowermost tephra has an andesitic
composition. The low number of successful analysis is due to small amount of material in
d18/1 core available for EMPA and removal of some of the shards during the final polishing
stage. EMPA results can also be affected by the poor quality of the microprobe slides.
Table 2. Non-normalized major oxide percentages in tephra from d18/1 core, determined
by electron microprobe analyses. Normalized data can be viewed in the appendix.

d18/1
0-10

75-85

SiO2

TiO2 Al2O3 FeO

MnO MgO CaO

Na2O K2O P2O5 Total
%

65,68
65,41
49,91

0,87
1,20
1,59

16,52
14,07
14,20

7,81
4,25
12,06

0,26
0,14
0,25

0,95
0,99
7,03

4,32
2,36
11,70

2,91
5,20
2,09

1,73
2,66
0,18

0,33
0,29
0,12

101,38
96,57
99,12

62,84

0,90

15,81

7,76

0,21

1,17

4,50

4,47

1,75

0,32

99,73

6.2 Nammajärvi, Finland
Loss on ignition values of Nammajärvi core are somewhat lower than the cores from Kola
peninsula and have a range of 4,8%. The highest value is at the depth of 16-18 cm (41,9%)
and the lowest at the depth of 30-32 cm (37,1%) (fig. 24). High-resolution magnetic
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susceptibility data shows a range of 45 SI*10-6 with the lowest value at the top of the core
(38 SI*10-6) and a maximum of 83 SI*10-6 at the depth of 27,6 cm (appendix table 2).
Microscope investigation of subsamples from the Finnish core demonstrated six
cryptotephra horizons. Shards were calculated per gram dry weight (shards/gdw) according
to their appearance and color properties (appendix table 3). Total shard counts range from
55 shards/gdw up to 5000 shards/gdw, including a peak in excess of 5000 shards per gram
of dried sediment at the depth of 30-32 cm. Morphology of the volcanic glass shards varies
significantly, from colourless particles (depth of 0-2 cm) to fluted brownish tephra with high
relief (depth of 30-32 cm) (fig. 25). The horizon at 28-30 cm consists of particles with
distinct elongated and curved vesicles. It is not possible to confirm that 30-32 depth
represents a peak in shard concentration as it is the lowest analyzed sample.
Electron microprobe analysis results of glass shard compositions are given in Table 3. The
six samples from Nammajärvi core were analyzed: two grains from the depth of 0-2 cm,
three from the depth of 2-4 cm, two from the depth of 18-20 cm, one from the depth of 2426 cm, two from the depth of 28-30 and three from the depth of 30-32 cm (fig. 26). One
grain had analytical total below 95% and was discarded. The shards geochemical
composition ranges from basaltic, trachyandesitic, andesitic to rhyolitic. In some cases the
results could be affected by poor quality of the microprobe slides.

Figure 24. LOI, magnetic susceptibility and shard concentration in Nammajärvi core.
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Figure 25. Photos of tephra from Nammajärvi core. Scale is 40 µm.
Table 3. Non-normalized major oxide percentages in tephra from Nammajärvi core
determined by electron microprobe analyses. Normalized data can be viewed in the
appendix.
SiO2

TiO2 Al2O3 FeO

MnO MgO CaO

Na2O K2O

P2O5

Total
%

48,35
59,33

1,52
1,34

15,27
15,82

10,07
8,80

0,21
0,29

8,31
1,54

12,10
4,38

1,97
5,78

0,28
2,07

0,22
0,48

98,30
99,83

2-4

49,41
48,23
71,59

2,82
1,58
0,21

14,11
15,32
13,80

13,78
10,39
3,10

0,23
0,17
0,09

4,93
8,39
0,00

9,47
12,29
1,00

2,89
2,12
5,41

0,66
0,31
3,34

0,33
0,19
0,01

98,63
98,98
98,55

1820

48,56
50,08

1,53
1,55

15,14
14,06

10,06
12,16

0,14
0,24

8,14
7,05

12,12
11,93

2,07
2,18

0,31
0,19

0,20
0,17

98,27
99,62

2426

48,36

1,57

15,38

10,42

0,16

8,46

11,91

1,98

0,29

0,20

98,73

47,70

2,04

14,13

12,38

0,16

7,00

11,59

2,47

0,23

0,20

97,89

N
0-2
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2830

48,44

1,61

15,00

10,12

0,19

8,38

11,96

2,05

0,31

0,18

98,24

3032

47,73
59,14
62,58

4,22
1,12
0,79

13,32
15,70
16,16

14,10
8,24
7,21

0,24
0,27
0,26

4,90
1,56
1,13

9,55
4,96
5,11

2,88
4,44
5,12

0,84
1,59
1,41

0,41
0,32
0,34

98,19
97,34
100,10

Figure 26. Total alkali versus silica plot (from Le Bas et al., 1986) with Finnish and Kola
samples.
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7 Discussion
7.1 Tephra detection
Loss on ignition results from Kola cores, d18/1 and M-15, demonstrate that the peatlands
received low minerogenic input with all LOI values exceeding 92%. This suggests minimum
amounts of minerogenic material being washed in to the peatlands. In Kola core BSH-19
LOI values decrease significantly towards the basal part of the core (16,8%) reflecting
increase in minerogenic content and changes in environmental conditions. LOI results from
Nammajärvi core exhibits only minor changes, with values ranging from 41,9% to 37,1%.
Nammajärvi core has much less organic content than the Kola cores.
Detecting prominent lows in organic contents has been shown to be useful to identify
cryptotephra layers (Gehrels et al., 2008). The three tephras identified in the d18/1 core are
located within intervals of lower LOI concentration. In Nammajärvi core only two tephra
horizons out of six correspond to relatively prominent low values in LOI, the tephra with
187 shards/gdw at the depth of 24-26 cm with LOI value of 37,4% and tephra with 5427
shards/gdw at the depth of 30-32 cm and LOI values of 37,1%. The other tephra horizons in
the core do not coincide with prominent lows in LOI concentrations even though shard
concentrations are greater than in the tephra horizon at 24-26 cm depth. This suggest that
cryptotephra layers are not easily identify in LOI profiles and may not be as successful to
detect cryptotephra layers in very distal areas.
The tephra horizons identified in the Nammajärvi core appear to be discrete peaks as
indicated by shard concentration profile (fig. 24), and there is no evidence of diffuse peak
spreading over several centimeters, thus primary fall-out of cryptotephra can be assumed.
However, it is important to bear in mind the two cm resolution of microprobe subsamples.
Studies have shown that tephra layers tend to be indicated by increased magnetic
susceptibility values (Gehrels et al., 2008). There does not appear to be a consistent
relationship between the shard concentrations and magnetic susceptibility data in
Nammajärvi core. The highest value in the core does not coincide with a tephra layer. This
could also be connected to low concentration of cryptotephra as well as different resolution
of data, since MS data has two mm resolution and investigated tephra samples have two cm
resolution.

7.2 Correlation to source volcanic systems
Linking of derived glass geochemistry with volcanic provenances was performed by plotting
analyzed data and published data (Óladóttir et al., 2008; Larsen et al., 2020; Boygle et al.,
1994). Core d18/1 is suggested to contain glass shards from Hekla, Veiðivötn-Bárðarbunga
and Katla volcanic systems. Nammajärvi core has glass shards thought to originate from
Askja, Veiðivötn-Bárðarbunga, Hekla, Grímsvötn, Öræfajökull and Katla volcanic systems
(fig. 27).
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Figure 27. Volcanic provenances with Nammjärvi (N) and Kola (d18/1) basaltic samples.
Source: Óladóttir et al., 2008.
7.2.1 Askja provenance
A dacitic glass shard has been identified in d18/1 core at the 0-10 cm depth interval. High
contents of Al2O3 (16,52%) should be mentioned which could reflect impurities in the glass
such as microcrysts. As 10 cm of peat may encompass hundreds and even thousands of years,
two tephras have been suggested to be the source of the shard, Askja 1875 and Glen Garry
(fig. 28). The Glen Garry tephra has been correlated to A-2000 event based on
indistinguishable major element composition (Gudmundsdóttir et al., 2016). The main
geochemical difference between Askja 1875 and Glen Garry tephras is higher K2O levels of
Askja 1875 (Barber et al., 2008). In addition, prominent chemical characteristic of Askja
1875 tephra is relatively high TiO2 and MgO for silica contents >70 wt% (Larsen et al.,
1999). The analyzed shard at 0-10 cm does not fall exactly within Glen Garry/A-2000
envelope at MgO/FeO plot, nevertheless the SiO2/TiO2 is compatible with Glen Garry and
A-2000 tephra. Thus, the depth interval of 0-10 of the core may encompass old time interval.
Based on this, a correlation of the shard to Glen Garry/A-2000 can be proposed.
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Figure 28. d18/1 0-10 cm sample (red square) and Askja tephras. Source: Askja 1875 —
Kalliokoski et al., 2019; Glen Garry — Barber et al., 2008; A-2000 — Óladóttir et al.,
2011.
7.2.2 Veiðivötn-Bárðarbunga provenance
Small overlaps occur for major element data between Veiðivötn-Bárðabunga and Grímsvötn
systems. However, the FeO/TiO2 ratio of six clearly distinguishes Grímsvötn system from
Veiðivötn-Bárðarbunga on FeO versus TiO2 plot (fig. 29). Establishment of VeiðivötnBárðarbunga provenance was performed by using discrimination plots published by
Óladóttir et al. (2011) (fig. 29). The geochemical results suggest that nine out of total 17
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analyzed grains from the sites in Russia and Finland belong to Veiðivötn-Bárðarbunga
system (fig 29).
In Nammajärvi core there are eight shards which show resemblance with VeiðivötnBárðarbunga system (fig. 29). Furthermore, five out of eight analyzed grains display a very
similar major element composition, though all of them are from different depths; 0-2, 2-4,
18-20, 24-26 and 28-30 cm. This cluster of geochemically alike shards does not fall exactly
within Veiðivötn-Bárðarbunga compositional field (fig. 29, 30) and have a relatively high
Al2O3 content (>15 %). In addition, SiO2 values are on the lower end of what is known for
Veiðivötn-Bárðarbunga tephra from the Holocene (e.g. Óladóttir et al., 2012;
Gudmundsdóttir et al., 2012). This difference could be due to possible issues of cryptotephra
EPMA analysis; such as analyzing very small shards that can result in microlite
contamination attributed to the size of the beam, quality of the samples that can influence
the results and complicate correlations. On the other hand, this difference in chemistry could
reflect a different source volcano. Here it is suggested that these tephras were generated by
geochemically similar eruptions from Veiðivötn-Bárðarbunga, however based on the results
it is not possible to attribute the grains to specific dated volcanic eruptions.
Stratigraphic position of two Veiðivötn-Bárðabunga shards in Nammajärvi core (0-2 cm
depth) suggests an eruption within historical time. The composition of the shards do not
overlap with known tephras produced in the past centuries (fig. 30). Grains at 0-2 cm depth
in Nammajärvi are significantly different from V-1717, V-1410 and V-1159 and on the
margin of V-1477 geochemical field (fig. 30). There is a resemblance with V-1477, and a
correlation can be supported by the position in the core, above what is thought to be
Öræfajökull 1362 and CLA-L1 tephras.
A grain from d18/1 core found at the depth interval of 0-10 cm falls within geochemical field
of the Landám (Settlement layer) tephra (fig. 31). Thus, a tentative correlation to Vatnaöldur
877 CE eruption is suggested (e.g. Schmid et al., 2017). This Veiðivötn-Bárðabunga shard
is found at the same 10 cm depth interval as grains that are thought to originate from Katla
and Askja i.e. SILK YN (1676 BP; Larsen et al., 2001) and Glen Garry (2176 BP; Barber et
al., 2008) tephras. The time span between these events is relatively large approx. 500 yrs.
However, 10 cm of peat in northern latitudes may represent a significant time interval. An
alternative correlation for d18/1 0-10 shard is the Veiðivötn-Bárðarbunga 150 CE eruption
(fig. 30).
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Figure 29. Veiðivötn-Bárðarbunga, Kverkfjöll and Grímsvötn systems with Nammajärvi
(N) and Kola (d18/1) samples. Source: Óladóttir et al., 2011.
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Figure 30. Nammajärvi and Kola samples and historical Veiðivötn-Bárðabunga tephras.
Source: V-1717— Lawson et al., 2007; V-1477 — Davies et al., 2007; Chambers et al.,
2004; Larsen et al., 2002; V-1410 — Larsen et al., 2002; V-1159 — Haflidason et al.,
2000; Landnám — Larsen et al., 1999.

Figure 31. Nammajärvi and Kola samples and Landnám tephra. Source: Boygle et al.,
1994; Larsen et al., 1999.
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7.2.3 Öræfajökull provenance
The geochemistry of the Öræfajökull system is distinctive and characterized by high Na2O
(>5%) and very low MgO contents (Larsen et al., 1999). Öræfajökull´s rhyolites have lower
Al2O3 (13%) and higher K2O (>3%) contents in contrast to rhyolites from the Icelandic rift
zone rhyolites with SiO2 content of >69 wt% (Selbekk and Trønnes, 2007).
The only shard detected with rhyolitic composition is in the Nammajärvi core at 2-4 cm
depth. It falls precisely within geochemical compositional field of Öræfajökul 1362 CE
tephra (fig. 32) with the distinct high Na2O 5,41% and very low MgO 0,00%.

Figure 32. Nammajärvi 2-4 cm sample (grey rhomb) and Öræfajökull 1362 CE tephra.
Source: Larsen et al., 1999.
7.2.4 Grímsvötn provenance
One analyzed basaltic shard found in Nammajärvi core at the depth of 2-4 cm has chemical
composition compatible to the Grímsvötn system (fig. 29). The chemical composition of the
grain is closest to CLA-L1 tephra but does not fall directly within the compositional field.
The grain seems significantly different from Grímsvötn 1903 and lies on the margin of the
Laki 1783 compositional field (fig. 33). Thus here, a provisional correlation of the
Nammajärvi´s Grímsvötn is suggested to either to CLA-L1 or Laki 1783. This suggestion is
supported by Öræfajökull 1362 shard, which was found at the same depth interval. In
addition, Watson et al. (2016) found one CLA-L1 shard in the bog in Northern Ireland
amongst Öræfajökull 1362 tephra. Furthermore, Vakhrameeva et al. (2020) reported tephra
with Grímsvötn origin in the White Sea area and suggested it to be either Laki 1783 or CLAL1 layer.
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Figure 33. Nammajärvi 2-4 cm sample (grey rhomb) and historical Grímsvötn eruptions.
Source: 1903 – Wastegård and Davies, 2009; Laki 1783 – Thordarson et al., 1996; CLAL1 – Watson et al,. 2016.
7.2.5 Hekla provenance
Hekla is the major producer of rhyolitic to andesitic tephra in Iceland and produces magma
ranging from rhyolites to basalts (e.g. Larsen et al., 1999; Larsen et al., 2020). Silicic
products from Hekla volcano are associated with voluminous explosive eruptions. For much
of its postglacial history, Hekla produced rhyolitic tephra during the initial Plinian phases
with silica content >70%, decreasing to 57% by the end of eruption. Hekla tephra layers
generally have similar geochemistry and linking to particular eruptions can be challenging,
however in most cases it is possible to make a correlation to specific event using major
element composition and stratigraphical position of the tephra layers.
Two andesitic grains, thought to originate from Hekla, in Nammajärvi core were found at
30-32 cm depth. Their silica content ranges between 59,1% and 62,6%. According to Larsen
et al. (2020), 11 andesitic eruptions occurred between Hekla 1104 and Hekla 3 eruptions.
The Hekla X (57,3-63,5% SiO2), Hekla A (53,2-65,5% SiO2), Hekla Y (53,9-64,2% SiO2),
Hekla Z (52,7-63,6% SiO2) have the potential to reach continental Europe. Their volumes of
erupted material are 0,27, 0,33, 0,39 and 0,14 km3 respectively. However, Hekla A had a
westward trend of distribution (fig. 34), which makes it a more unlikely source eruption for
this tephra layer than Hekla X, Y and Z eruptions. Geochemistry of Hekla X, Y and Z are
indistinguishable therefore the two andesitic Nammajärvi shards could originate from any
of the three alphabetical Hekla tephras in question (fig. 35).
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Figure 34. Tephra distribution maps of Hekla X, A, Y and Z eruptions (from Larsen et al.,
2020).
The andesitic shard of d18/1 at the depth of 77-78 cm is thought to originate from Hekla
volcano. It has silica composition of 62,84% and falls within the geochemical field of Hekla
volcano (fig. 35). Due to the lack of data on accumulation rate of peat and radiocarbon data,
the sample could originate from a number of Hekla events, including Hekla X, Hekla Y,
Hekla Z, Hekla Ö and Hekla 3. Therefore, a correlation to specific volcanic event from Hekla
is ambiguous.
7.2.6 Katla provenance
Two grains that originate from Katla volcano are found at both the Russian and the Finish
sites. One grain was identified from the 0-10 cm depth interval in core d18/1 and one from
the lowermost part of Nammajärvi core, at 30-32 cm depth.
The Kola shard falls within the geochemical area of the Katla SILK tephras, which have
relatively high K2O content (2,4-3,1%) for dacitic composition. The d18/1 0-10 sample fits
within the SILK YN and SILK MN on SiO2/K2O bivariate plot (fig. 36). In the MgO/CaO
bivariate plot the overlap to the SILK tephras is not obvious. Nevertheless, composition from
proximal SILK YN dataset (Larsen et al., 2001) reports CaO of 2,38 wt%, and shard from
d18/1 core has CaO of 2,36 wt%. A potential correlation of d18/1 Katla shard to SILK YN
tephra layer is reinforced by stratigraphic position of the shard within the same depth interval
as Glen Garry/A-2000 shard. Taking into account age of the three youngest SILK tephras
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(YN: 338–418 CE; UN: 917–777 BCE; MN: 1261–1128 BCE) and age of Glen Garry/A2000 (16–260 CE), SILK YN is proposed to be the most probable source.

Figure 35. d18/1 75-85 cm (blue square) and Nammajärvi 30-32 cm (violet rhombs)
samples and Hekla eruptions. Source: Hekla X, A, Y, Z – Larsen et al., 2020; Hekla 1947,
1845, 1510 – Kalliokoski et al., 2020.
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Shard with Katla geochemistry at 30-32 cm of Nammajärvi core is mafic (fig. 26). Unlike
Katla SILK, basaltic Katla tephras do not exhibit a definite compositional fingerprint, thus
the Nammajärvi shard can be attributed to any of phreatomagmatic basaltic eruptions of the
Katla system. Based on stratigraphic occurrence, Nammajärvi shard is found at the same
depth, 30-32, as the Hekla X/Y/Z grain. There have been seven basaltic eruptions from Katla
in the time period spanning from Hekla X to Hekla Z eruptions (Larsen et al., 2020) and the
grain can originate from any of them.

Figure 36. d18/1 0-10 cm sample (red square) and SILK tephras. Source: Larsen et al.,
2001.
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In summary, tephra from six Icelandic volcanic provenances were found in cores
Nammajärvi and d18/1 (fig. 37): Veiðivötn-Bárðarbunga, Grímsvötn, Öræfajökull, Hekla,
Katla and Askja. Tentative correlations to dated tephra layers are proposed to the Glen
Garry/A-2000 (2176 BP; Barber et al., 2008), CLA-L1 tephra (post AD 1000, possible
correlation to G-1354 eruption), Öræfajökull 1362 and Katla SILK YN (1676 BP; Larsen et
al., 2001). These tephra layers can become the key isochrons, but further research with other
dating methods such as 14C is required for a robust correlation.

Figure 37. Volcanic provenances of Nammajärvi and d18/1 cores.

7.3 Tephra preservation
At the Russian site, Kola, there were no shards found in two out of three examined cores,
M-15 and BSH-19. However, in the neighboring d18/1 core (1,5 km to the SW from M-15
and 30 km to the E from BSH-19) it was possible to identify at least three layers. This raises
a question of preservation of volcanic glass. Cryptotephra is prone to post‐depositional
disturbance due to small size and spare occurrence of particles (Dugmore et al., 2020).
Movement of water through the peat profile could cause the absence of shards from M-15
and BSH-19 cores, since both sites lie in the piedmonts of Khibiny and Lovozero massifs
and are proximal to water outflow. Preservation of shards could have been compromised by
high groundwater levels or changes in the water table. Hydrological redistribution is
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particularly probable for the BSH-19 core, which was extracted from a bog on the terrace of
lake Shchuchye (fig. 17). At one point lake Shchuchye was a bay in a larger water body and
became isolated as a result of the progressive expansion of delta of the Kunijok river (Shilova
and Romanenko, 2016).
Interestingly, the results demonstrate a predominance of basaltic shards over silicic. Thus
far, the vast majority of distal and ultra-distal tephra are of silicic composition, reflecting the
wide dispersal of silicic tephra (van den Bogaard and Schmincke, 2002; Wastegård and
Davies, 2009; Lawson et al., 2012). Silicic eruptions are generally more voluminous than
basaltic ones, and their tephra tends to form widespread layers. Thus, earlier studies have
focused on rhyolitic fraction as the extraction process with heavy liquid density of 2,5 cm 3
does not recover the basaltic shards efficiently (Davies et al., 2001). Moreover, the products
of explosive basaltic eruptions usually have more localized distribution than the products of
silicic eruptions because of lower eruption columns (chapter 3.2). In northern hemisphere’s
subpolar latitudes, westerlies are prevailing in the lower stratosphere, between 9 and 15 km
height. Above 15 km the westerlies are dominant only during winter and fall as there is a
seasonal shift in wind direction. In spring and summer weak easterly winds govern the
atmosphere >15 km (Lacasse, 2001). This circulation pattern implies that lower eruption
columns of Icelandic volcanoes are dispersed by westerlies while higher eruption columns
(>20 km) are controlled both by westerlies in the troposphere and lower stratosphere and
either strong westerlies in the stratosphere during autumn-winter or weak easterlies during
spring-summer time. This is in good correspondence with past eruptions of Icelandic
volcanoes and their dispersal trajectories. Öræfajökull 1362 CE erupted in June (Selbekk
and Trønnes, 2007) with an eruption column over 30 km. Tephra from Öræfajökull 1362
CE is found in Greenland ice sheet, Svalbard, North Norway (Lofoten) and north Finland
(Palais et al., 1991; D’Andrea et al., 2012; Pilcher et al., 2005). The Veiðivötn 1477 CE
eruption was a voluminous phreatomagmatic eruption that took place in February (Larsen et
al., 2014). Thus far its basaltic products from V1477 have been described only to the east of
eruption site in central Sweden (Davies et al., 2007) and to the southeast, in Ireland
(Chambers et al., 2004). Therefore, mafic shards in a lower eruption column can be
transported by westerlies and travel greater distances. Phreatomagmatic basaltic eruptions
can produce high eruption columns >20 km such as the Grímsvötn 2011 eruption (Stevenson
et al., 2013) enabling deposition of grains in distal and ultra-distal sites. An additional factor
influencing the deposition and preservation of tephra is the prevailing axis of distribution
and tephra dispersal patterns can be complex, as observed in the Eyjafjallajökull 2010
eruption (e.g. Davies et al., 2010) which resulted in patchy distribution of tephra within
dispersal area due to local weather conditions (Cage et al., 2011).
Presence and absence of shards in records also depends on the investigated environment.
Peatlands tend to receive primary fallout and in case of patchy fall-out, they may not capture
the tephra. Basaltic shards in distal records are usually identified in lake sediments rather
than peat. Chemically unstable basaltic shards have been suggested to be prone to alteration
or even total dissolution in acidic conditions in peatlands. According to calculated
dissolution rates, lifetime of a 1 mm basaltic shard in conditions with pH 4 and 25° C is 500
years while 1 mm rhyolitic shard under same conditions would be preserved for 4500 years
(Wolff-Boenisch et al., 2004). Dissolution rate minimizes with neutral pH (Gislason and
Oelkers, 2003). Presence of basaltic and andesitic shards in d18/1 peat core suggests that
lower temperatures in northern latitudes could result in lower dissolution rates. Nevertheless,
the tendency of shards with low SiO2 content to be dissolved over time is clear. Watson et
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al. (2016) suggested that dominance of peatland based tephrochronology record in northern
Europe may underestimate the number of basaltic tephra due to preservation issues of
basaltic glass in acidic environment.

7.4 Challenges of cryptotephra studies
During the study a couple of challenges arose with tephra identification and analysis. It was
planned to acquire point analyses of major elements on >5 individual shards within each
sample. It was impossible to extract sufficient number of shards from Kola cores for EPMA
analysis due to the lack of material and very sparse cryptotephra layers. Moreover, the tephra
layer with 5000 shards/gdw at the depth of 30-32 cm in Nammajärvi core failed to provide
sufficient data because the tube with the sample was damaged during centrifugation.
It was unclear at the beginning of the Master’s project whether it would succeed. Until
recently no one had tried to explore the tephrochronological potential of Arctic Finland and
Russia. The cryptotephra study of the White Sea region across the past 1800 years was
published in early 2020 (Vakhrameeva et al., 2020) and we were not aware of it. But the
cryptotephra findings described in the article and thesis highlight the potential for utilizing
tephra layers in more northerly areas and extending tephrochronology framework to the
European Arctic.

8 Conclusions
1) Cryptotephra layers from six Icelandic volcanic systems were identified in two
cores from Finnish Lapland and Kola peninsula, Russia. The volcanic systems that
deposited tephra to North Finland and Russia are; Hekla, Veiðivötn-Bárðarbunga,
Grímsvötn, Öræfajökull, Askja and Katla.
2) Tentative correlations to dated tephra layers are proposed to the Glen Garry/A-2000
(2176 BP), CLA-L1 tephra (post AD 1000, possible correlation to G-1354
eruption), Öræfajökull 1362 and Katla SILK YN (1676 BP). The correlations are
provisional due to few geochemical data points and no 14C dates within the cores.
3) An important result is discovery of at least four basaltic layers in these distal
settings of Finland and Russia. This highlights the potentially vast distribution of
basaltic tephra and the utilization of basaltic tephrochronology in distal areas.
4) This study in Finnish Lapland and Kola peninsula demonstrates a great potential for
tephrochronology in the Arctic. Further research supported by other dating methods
such as 14C is required for establishing robust correlations and developing regional
tephrochronological framework.
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Appendix
Table 1. Loss on ignition data. BSH-19, d18/1, M-15 and Nammajärvi cores.
BSH19

82

Depth
,m
0,000,05
0,050,10
0,100,15
0,150,20
0,200,25
0,250,30
0,300,35
0,350,40
0,400,45
0,450,50
0,500,55
0,550,60
0,600,65
0,650,70
0,700,75
0,750,80
0,800,85
0,850,90
0,900,95
0,951,00
1,001,05
1,051,10
1,101,15

LOI,
%
90,48
92,59
91,30
94,12
97,50
95,00
97,56
99,45
96,77
95,83
94,29
97,22
93,33
95,65
94,74
97,14
92,00
97,44
97,62
91,89
97,14
95,83
99,23

d18/1

Depth
,m
0,750,85
0,850,95
0,951,05
1,051,15
1,151,25
1,251,35
1,351,45
1,451,55
1,551,65
1,65175
1,751,85
1,851,95
1,952,05
2,052,15
2,152,25
2,252,35
2,352,45
2,452,55
2,552,65
2,652,75

LOI,
%
95,49
95,62
95,73
95,18
96,90
95,12
95,14
95,47
96,35
97,51
95,63
97,28
97,22
98,29
97,40
98,94
97,81
97,26
95,95
94,83

M-15

Depth
,m
1,451,55
1,551,65
1,651,75
1,751,85
1,851,95
1,952,05
20,52,15
2,152,25
2,252,35
2,352,45
2,452,55
2,552,68

LOI,
%
98,03
98,51
97,98
97,85
97,78
97,84
98,37
98,76
97,59
97,58
97,13
92,56

N

Depth
,m
0,000,02
0,020,04
0,040,06
0,060,08
0,080,10
0,100,12
0,120,14
0,140,16
0,160,18
0,180,20
0,200,22
0,220,24
0,240,26
0,260,28
0,280,30
0,300,32

LOI,
%
37,78
37,61
37,60
38,26
37,84
39,33
37,50
37,39
41,94
40,00
38,89
38,46
37,36
38,05
39,64
37,08

1,151,20
1,201,25
1,251,30
1,301,35
1,351,40
1,401,45
1,451,50
1,501,55
1,551,60
1,601,65
1,651,70
1,701,75
1,751,80
1,801,85
1,851,90
1,901,95
1,952,00

95,65
95,65
95,45
96,67
98,75
91,18
99,01
93,02
85,42
78,57
86,11
87,88
69,05
82,86
51,79
48,84
16,77

Table 2. Magnetic susceptibility measurements, Nammajärvi core.
Depth, mm Magnetic susceptibility, SI*10-6
0
38
2
46
4
49
6
49
8
49
10
49
12
50
14
46
16
48
18
45
20
45
22
45
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24
26
28
30
32
34
36
38
40
42
44
46
48
50
52
54
56
58
60
62
64
66
68
70
72
74
76
78
80
82
84
86
88
90
92
94
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98
100
102
104
106
108
110
112
114
116
118
120
122
124
126
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35
42
43
46
52
55
57
57
53
48
44
41
40
45
47
49
50
51
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53
52
55
52
54
49
49
53
52
54
53
54
56
59
59
60
63
61
62
63
60
59
58
57
57
55
56
55
57
55
54
53
52

128
130
132
134
136
138
140
142
144
146
148
150
152
154
156
158
160
162
164
166
168
170
172
174
176
178
180
182
184
186
188
190
192
194
196
198
200
202
204
206
208
210
212
214
216
218
220
222
224
226
228
230

53
54
53
52
54
54
53
53
52
49
50
52
53
53
49
49
51
55
55
52
53
53
55
53
55
54
52
51
51
49
48
50
51
51
52
50
50
50
51
49
50
51
51
51
50
51
52
52
53
53
55
53

85

232
234
236
238
240
242
244
246
248
250
252
254
256
258
260
262
264
266
268
270
272
274
276
278
280
282
284
286
288
290
292
294
296
298
300
302
304
306
308
310
312
314
316
318
320

86

53
55
57
57
56
51
46
47
52
57
61
62
64
63
61
59
55
56
53
51
54
67
83
73
55
51
52
51
50
51
50
50
49
49
49
50
51
50
48
48
46
43
44
47
49

Table 3. Summary of cryptotephra findings in Nammajärvi core.
Sample ID

N1
N2
N10
N13
N15
N16

Core depth,
cm

Shards/gdw
Colorless

Brownish

Brown

Total

0-2
2-4
18-20
24-26
28-30
30-32

311
46
212
187
36
11

22
9
0
0
171
4978

0
0
12
0
81
438

333
55
224
187
288
5427

Table 4. Electron microprobe analysis results (normalized).
SiO2

TiO2

Al2O3

FeO

Mn
O

Mg
O

CaO

Na2O

K2O

P2O5

Total
%

64,78

0,86

16,29

7,70

0,26

0,94

4,26

2,87

1,71

0,32

100

67,73

1,25

14,57

4,40

0,15

1,02

2,44

5,38

2,75

0,30

100

50,35

1,61

14,33

12,1
7

0,25

7,09

11,8
0

2,11

0,18

0,12

100

63,01

0,90

15,85

7,78

0,21

1,17

4,51

4,48

1,75

0,32

100

49,18

1,55

15,53

0,21

8,45

0,29

0,23

100

1,34

15,85

0,29

1,54

12,3
1
4,39

2,00

59,43

10,2
4
8,81

5,79

2,07

0,48

100

50,10

2,86

14,31

0,23

5,00

9,60

2,93

0,67

0,33

100

48,72

1,59

15,48

0,17

8,48

0,31

0,19

100

0,22

14,00

0,09

0,00

12,4
2
1,01

2,14

72,65

13,9
7
10,5
0
3,15

5,49

3,39

0,01

100

49,41

1,55

15,41

0,14

8,28

0,32

0,20

100

1,56

14,11

0,24

7,08

12,3
3
11,9
8

2,11

50,27

10,2
4
12,2
1

2,19

0,19

0,17

100

d18/1
0-10 cm

75-85 cm

Nammajärvi
0-2 cm

2-4 cm

18-20 cm

87

24-26 cm

48,98

1,59

15,58

10,5
5

0,16

8,57

12,0
6

2,01

0,29

0,20

100

28-30 cm

48,73

2,08

14,43

0,16

7,15

0,24

0,20

100

1,64

15,27

0,19

8,53

11,8
4
12,1
7

2,52

49,31

12,6
5
10,3
0

2,09

0,31

0,18

100

48,61

4,30

13,57

0,25

4,99

9,73

2,93

0,85

0,42

100

60,75

1,15

16,13

14,3
6
8,46

0,27

1,60

5,10

4,56

1,63

0,33

100

62,52

0,79

16,14

7,20

0,26

1,13

5,10

5,11

1,41

0,34

100

30-32 cm

88

