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Egill Erlendsson d, Guðmundur H. Guðfinnsson a, Esther R. Guðmundsdóttir a,  
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A B S T R A C T

Tephrochronology is firmly rooted in our knowledge of volcanic history. Iceland’s Holocene explosive volcanic 
history is predominantly derived from investigations of soil sections and written archives, following the Norse 
Settlement c. 877 CE. Unsurprisingly, historically active volcanic provinces are most often the target of these 
tephrochronological investigations (e.g., Hekla, Katla, Bárðarbunga-Veiðivötn and Grímsvötn). Despite the risk 
of large explosive eruptions, some volcanic provinces – like Snæfellsjökull have received less attention. While no 
historical eruptions have been described from the glaciated central volcano, mapping from the late 1960s and 
early 1980s suggests there have been at least three explosive eruptions (producing silicic tephra) during the 
Holocene: Sn-1 (~1.8 ka BP), Sn-2 (~4.4 ka BP) and Sn-3 (~8–10 ka BP). The presence of at least two of these 
tephra layers in European stratigraphic records has been suggested. Furthermore, other (cryptotephra) horizons 
in Europe exhibit similar geochemical properties to the Snæfellsjökull province, albeit different age estimates 
than Sn-1, -2, or -3. The tephrochronological potential of Snæfellsjökull tephra is limited by our lack of funda
mental knowledge on the volcanic history and the potential range in tephra geochemistry from this stratovol
cano. As a step towards addressing this knowledge gap, we present a well-dated record of tephra stratigraphy 
from lake Laugarvatn, near Snæfellsjökull. Furthermore, we review all Snæfellsjökull-like tephra deposits to 
improve understanding of Snæfellsjökull’s post-glacial explosive volcanic activity affecting both regional and 
distal environments.

1. Introduction

Tephrochronology has the potential to be the most robust, precise 
and widespread geochronological constraint to geological archives. 
However, the technique’s value is directly dependent on our under
standing of the geochemical composition of tephra produced by explo
sive eruptions of various volcanoes, the eruption age and tephra 
distribution. Understanding the volcanic history and, specifically, the 
frequency and magnitude of past explosive eruptions, is critically 

important for gauging the reoccurrence interval and likelihood of future 
eruptions (e.g., Larsen and Eiríksson, 2008).

The partly glaciated volcanic island of Iceland is the largest 
contributor to North Atlantic tephra production and its post-settlement 
(c. 877 CE onwards) volcanic history is well documented (Fig. 1; 
þorarinsson, 1958, 1967, 1981; Larsen, 1984, 2000; þórðarson and Self, 
2003; Larsen et al., 1999; Hafliðason et al., 2000; Carey et al., 2010; 
Sigurgeirsson et al., 2013; Schmid et al., 2017). Understanding of Ice
land’s prehistoric explosive volcanic history is largely derived from 
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stratigraphic investigations of interbedded soil and tephra (þorarinsson, 
1944; Larsen and Thorarinsson, 1977; Jóhannesson et al., 1981; Larsen 
et al., 2001, 2002; Óladóttir et al. 2005, 2008, 2011a, 2011b; Larsen and 
Eiríksson, 2008; Guðmundsdóttir et al., 2011, 2016). Soil investigations 
allow for the mapping of tephra isopach contours and the depositional 
axis of tephra fallout by correlating characteristically similar tephra 
layers and their thickness, spatially (e.g., þorarinsson, 1967; 
Jóhannesson et al., 1981). While this approach provides detail to our 
understanding of past explosive volcanism, it is limited by the devel
opment, stability and distribution of soil (Dugmore and Sugden, 1991; 

Dugmore et al., 2009; Andrade et al., 2021). Lake archives are more 
frequently being used for a better understanding of volcanic history as a 
supplement to soil archives (e.g., Björck et al., 1992; Jóhannsdóttir, 
2007; Larsen et al., 2012; Striberger et al., 2012; Guðmundsdóttir et al., 
2016, 2018; Harning et al., 2016, 2019; Andrade et al., 2021). Although 
lake investigations generally consist of fewer specific data points 
(compared to soil section mapping), lake records, in theory, exhibit 
continuous sedimentation. Additionally, they record time intervals 
pre-dating establishment of widespread soil archives, when land-based 
accumulation may have been irregular or non-existent (Björck et al., 

Fig. 1. A) Digital elevation model of Iceland showing selected volcanic provinces and records with published Snæfellsjökull tephra. Volcanic provinces H = Hekla; K 
= Katla; T = Torfajökull; G = Grímsvötn; BV = Bárðarbunga-Veiðivötn; Ö = Öræfajökull. B) Map of the North Atlantic showing the location of Iceland and the 
Snæfellsjökull volcano as well as distal records with published Snæfellsjökull tephra. Green boxes mark locations with suggested Snæfellsjökull tephra discussed in 
the text. Site names and records; Svalbard = Kongressvatn, Spitsbergen; Borg = Borg Bog, Lofoten; Sammak = Sammakovuoma, Sweden; White Sea = Vodopro
vodnoe, White Sea; Kivi = Kivihypönneva, Finland; LBA = Lilla Backsjömyren, Sweden; HVD = Hovsdalur, Faroes; BGM = Ben Goram Moss, Scotland; HGM =
Högstorpsmossen, Sweden; and HDN = Hässeldalen, Sweden (Table 2), C) Hill-shade map of Snæfellsnes peninsula showing Snæfellsjökull fissure swarm, central 
volcano and caldera rim (Jóhannesson and Sæmundsson, 1998; Jóhannesson 2013; 2019). The location of lake Laugarvatn is indicated by a red star. Sites 49 and 52 
are two of the 91 soil sections logged by Jóhannesson et al. (1981) referred to in this study. D) Inset map of Iceland showing the location of Snæfellsnes peninsula in 
relation to capital city, Reykjavík. Complete list of site names and references reported in Table 2, Section 3. The * follow site names in Neðri Mýrar and Svartárvatn in 
map A) and LBA in map B) mark sites where Snæfellsjökull tephra has been dated (Table S2). (For interpretation of the references to color in this figure legend, the 
reader is referred to the Web version of this article.)
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1992; Andrade et al., 2021).
In Iceland, tephrochronological investigations through the last cen

tury have mainly focused on historically active volcanic provinces (e.g., 
Hekla, Katla, Öræfajökull, Bárðarbunga-Veiðivötn and Grímsvötn), 
leaving some volcanic provinces less studied (Fig. 1). Furthermore, 
knowledge gaps exist in relation to specific understudied coastal prov
inces (largely flanked by sea rather than land or soil archive), despite the 
possible risk of explosive eruptions (volcanic explosivity index, VEI ≥4; 
Newhall and Self, 1982), capable of impacting large parts of the 
Northern Hemisphere. The Snæfellsjökull volcano, located on a penin
sula extending 100 km off the west coast of Iceland (located 110 km 
from Reykjavík), is a prime example of one of these less studied prov
inces (Fig. 1). Regional mapping on the peninsula, from the late 1960s, 
and early 1980s indicates the distribution of three tephra layers from 
Snæfellsjökull explosive eruptions (Sigurðsson, 1966; Steinþórsson, 
1967; Jóhannesson et al., 1981). However, other tephra layers identified 
at numerous locations in Iceland, as well as in Northern Europe, have 
also been suggested to originate from Snæfellsjökull (Fig. 1; Sigvaldason 
et al., 1992; Langdon and Barber, 2001; Wastegård et al., 2009; 
Eddudóttir et al., 2015, 2016; Holmes et al., 2016; Tinganelli et al., 
2018; Vakhrameeva et al., 2020; Bates et al., 2022). Ultimately, we lack 
fundamental knowledge on the extent of post-glacial explosive volca
nism from Snæfellsjökull and the compositional range in tephra 
geochemistry.

Here we compile, curate and synthesize the state-of-the-art knowl
edge on tephra from the Snæfellsjökull volcanic system. We re-analyzed 
Sn-1, -2 and -3 (Sites 49 and 52 as described by Jóhannesson et al., 1981) 
to establish a proximal, up-to-date geochemical composition of the three 
previously described silicic tephra layers. Furthermore, we analyzed 
tephra from lake Laugarvatn located on the southwest extent of the 
Snæfellsnes peninsula, proximal to the Snæfellsjökull strato-volcano, to 
supplement the early mapping by Jóhannesson et al. (1981). The new, 
well-dated lake sediment archive contains 17 tephra layers originating 
from the Snæfellsjökull province and enhances our understanding of its 
volcanic history over the last 10,000 years. Our data are summarized 
and compared to Snæfellsjökull tephra described from sites across Ice
land and Northern Europe. This review, along with our new data, fur
thers our knowledge on the distribution of Snæfellsjökull tephra, the 
geochemical composition of the glass, as well as the age of the deposits. 
This basic research is valuable for improving the North Atlantic teph
rochronological framework. Furthermore, this fundamental knowledge 
is key for defining reoccurrence intervals and estimating the likelihood 
and type of future eruptions at Snæfellsjökull.

1.1. Geological setting

Iceland is a volcanic island located in the middle of the North 
Atlantic on a subaerially exposed microcontinent of the Mid-Atlantic 
Ridge (Einarsson, 2008; Sigmundsson et al., 2020; Foulger et al., 
2020). The island rises over 2 km from sea level and has formed through 
the interactions of the ongoing rifting at the mid-oceanic ridge and 
extensive mantle upwelling (Sigmundsson et al., 2022; Halldórsson 
et al., 2022). The oldest strata (c. 16 Ma) are located in the northwest 
and east of Iceland; however, the island continues to form as a result of 
the ongoing divergence of the North American and Eurasian plates, as 
well as the active volcanism (Denk et al., 2011; Wright et al., 2012; 
Sigmundsson et al., 2022). Iceland hosts ~32 volcanic systems with 
many of them active today (Sigmundsson et al., 2020; Catalogue of 
Icelandic Volcanos: https://icelandicvolcanos.is/). The Snæfellsnes 
volcanic zone is the westernmost province and extends WNW-ESE on the 
outermost portion of the Snæfellsnes peninsula (Fig. 1; Jóhannesson, 
2019). The central volcano’s oldest rocks are believed to be c. 800 ka BP 
and unconformably overlie and eroded the Tertiary basement 
(Jóhannesson, 1980; Jóhannesson et al., 1981, 2019).

1.2. Snæfellsjökull volcanism and tephra distribution

An estimated 20–25 Holocene eruptions have been proposed for the 
Snæfellsjökull volcanic system. Most of these eruptions were effusive, 
producing basaltic-intermediate lava flows (located on the south and 
western slopes), which extend between 5 and 7 km and cover areas 
between 4 and 18 km2 (Fig. 2B; Jóhannesson, 2019; Harðarson, 1993). 
The larger lava flows are of intermediate composition, originating from 
the Snæfellsjökull summit area, exhibiting flow lengths up to 8-km and 
areal extent up to ~30 km2 (with volumes up to 0.5 km3; Jóhannesson, 
2019). In the absence of documentation of post-settlement volcanism 
from the region, all Snæfellsjökull eruptions and lava flows are believed 
to be pre-Historic (Fig. 2b; Jóhannesson et al., 1981; Harðarson, 1993).

Three explosive eruptions have been described from the post-glacial 
era: Sn-1 (~1.8 ka BP), Sn-2 (~4.4 ka BP) and Sn-3 (~8–10 ka BP; 
Sigurðsson, 1966; Steinþórsson, 1967; Jóhannesson et al., 1981; 
Jóhannesson, 1982a, b). Jóhannesson et al. (1981, 1982a, b) correlated 
the youngest two of these eruptions to local bulk radiocarbon ages 
presented by Steinþórsson (1967; Table 1) and estimated the age of Sn-3 
based on its early (lower) stratigraphic positioning, over a diamict. 
Stratigraphic investigations of soil sections from the Snæfellsnes 
peninsula (dominantly located on the northern half), suggest tephra 
deposition (isopach orientation) towards the ENE for the three silicic 
tephra layers (Sigurðsson, 1966; Flores, 1981; Jóhannesson et al., 1981). 
Tephra volumes are estimated to 0.2–0.5 km3, equating to a VEI 4 
(Jóhannesson, 2019).

Proximal lake sediment records from the Snæfellsnes peninsula 
support the soil isopach trajectory for the most recent eruption, as Sn-1 
has been identified in Helgafellsvatn, 22 m a.s.l. (Riddell et al., 2024) 
and Baulárvallavatn, 194 m a.s.l. (Holmes et al., 2016). Tephra 
geochemistry from Snæfellsnes indicates intermediate-silicic composi
tion (~65–69 SiO2 wt%) for Sn-1 with a characteristically high Al2O3 
content (~16 wt %; Larsen et al., 2002).

Snæfellsjökull tephra has been described from over 20 sites (soil and 
lake archives) across northern Iceland (Fig. 1; Table 2). Furthermore, 
Snæfellsjökull tephra is described as diffuse layers from marine records 
on the shelf north of Iceland, as well as crypto-tephra layers from more 
than seven sites in Northern Europe and the Arctic, including Svalbard, 
Norway, Sweden, Finland and Western Russia (Fig. 1; Table 2). The Sn-1 
tephra is the most widely identified and correlated tephra layer. The 
marker layer has been described from 22 sites in Iceland and overseas, in 
addition to the ~20 sites logged by Jóhannesson et al. (1981) on the 
Snæfellsnes peninsula. The Sn-2 tephra has been identified at six loca
tions in Iceland (mainly Húnavatnssýsla), in addition to the ~70 sites 
(on Snæfellsnes peninsula) described by Jóhannesson et al. (1981). 
However, it has not yet been described from stratigraphic archives 
overseas (Fig. 1; Table 2). Finally, Sn-3 has not been described from 
beyond the Snæfellsnes peninsula, likely resulting from the unknown 
geochemistry, age uncertainty and relatively few Icelandic soil records 
extending back into the Early Holocene.

Additionally, several tephra layers have been described from Iceland 
and Northern Europe exhibiting similar evolved geochemical composi
tion to Snæfellsjökull tephra but with unknown origins. In publications, 
these tephra layers are either: 1) associated with another more active 
province like Hekla; 2) attributed to Snæfellsjökull – correctly; or 3) 
attributed to Snæfellsjökull – incorrectly. For example, the HUN tephra 
described from Húnavatnssýsla, Iceland (Eddudóttir et al., 2016; Bates 
et al., 2022), is believed to be 5.5 cal ka BP with intermediate compo
sition and was originally suggested to derive from Hekla (Eddudóttir 
et al., 2016). Additionally, stratigraphic work in the mid-1980s 
described a silicic tephra layer (tephra x) positioned between Hekla 3 
and Hekla 4 in the Askja region of Iceland (Annertz et al., 1985; Sig
valdasson et al. 1993). A similar cryptotephra layer was described from 
Sweden (LBA-2) and was well dated to a similar age of 3.6 cal ka BP. 
Both these layers present similar composition which is comparable to 
Sn-1 (Wastegård et al., 2009). From here on, we refer to these tephra 
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layers as Sn-H and Sn-X.
Younger Snæfellsjökull-like tephra has been described from the 

marine core MD99-2275 collected north of Iceland. At this site on the 
shelf, two distinct, albeit low concentration, layers of tephra were 
identified with Sn-1 composition (Larsen et al., 2002). Ultimately the 
deeper and more prominent horizon was used as the marker layer 
(Guðmundsdóttir et al., 2012). Snæfellsjökull tephra has also been 
described from “historical” sediments in Norway and the White Sea 
Region (i.e. after the Settlement of Iceland; Pilcher et al., 2005; Vakh
rameeva et al., 2020). It has been suggested that these two records 
exhibit Snæfellsjökull tephra stratigraphically above the distally 
deposited basaltic component of the Landnám tephra layer (877 AD; 
Table 2). Finally, there are several other tephra layers – from an un
known province – (e.g., Högstorpsmossen, Björck and Wastegård, 1999; 
Hässeldalen, Davies et al., 2003; Ben Goram Moss, Langdon and Barber, 
2001) where Snæfellsjökull has been suggested a possible source. Cor
relation has been hampered, however, by our limited understanding of 
the Snæfellsjökull volcanic history. These tephra layers will be further 
discussed in Section 4.

1.3. Study sites

1.3.1. Soil sections
The Sections 49 and 52, first described by Jóhannesson et al. (1981), 

were revisited and re-sampled (Fig. 1A–C). The sections are located on 
the northern side of the peninsula, located roughly 15 and 20 km to the 
northeast of the Snæfellsjokull summit, respectively. The two sites are 
approximately 1.5-m (49) and 3-m (52) exposures of peat and soil with 
interbedded tephra. It was estimated that the upper two tephra layers 
were Late Holocene in age while the lowermost tephra was assumed to 
date to the Early Holocene (Jóhannesson et al., 1981).

1.3.2. Laugarvatn, SW Snæfellsnes
A composite lake record (composed of six cores from two sequential 

drives) was collected from the Laugarvatn lake basin (64.7584◦N; 
23.6866 ◦W), located on the southwest coast of the Snæfellsnes penin
sula at c. 76 m a.s.l. The shallow (<2 m), 0.03 km2 lake basin is situated 
roughly 1.7 km from the coast and c. 6.7 km southeast of the Snæ
fellsjökull summit (1446 m a.s.l.; Figs. 1D and 2). The lake catchment is 
c. 1.08 km2 and partially contains some of the post-glacial, c. 5–8 ka BP 
Kálfatraðahraun lava, (Jóhannesson et al., 1981; Kokfelt et al., 2009). 
Notably, the deserted farmstead Laugarbrekka, birthplace of Guðríður 
þorbjarnardóttir, the first Norse woman to travel to North America, is 
located proximal to Laugarvatn (Crocker, 2023, Fig. 2). Archaeological 
remnants in the catchment area of Lake Laugarvatn and historical data 
suggest an early settlement (Crocker, 2023).

2. Methods

2.1. Soil section investigation

Tephra samples were collected from peaty soil at Sections 49 and 52 
on Snæfellsnes (Jóhannesson et al., 1981). The sections were clean, 
logged and light-colored silicic tephra was re-sampled. This was con
ducted to provide updated analysis of the tephra layers Sn-1, Sn-2 and 
Sn-3. Four samples of three silicic tephra layers were collected (Fig. S1). 
At each section, two light-colored tephra layers were sampled inter
bedded within organic rich soil and peat. Proximal to Section 49, tephra 
layers Sn-1 (K-2; c. 8 cm thick) and Sn-2 (K-4; c. 9 cm thick and 25 cm 

beneath Sn-1) were sampled from the upper 0.75 m of a c. 1.5 m 
exposure. Proximal to Section 52, in an approximately 3 m peat section, 
Sn-3 (K-1; c. 6 cm) was sampled c. 1 m from the base of the sequence and 
Sn-1 (K-3; 10 cm) was sampled c. 1.5 m stratigraphically above it. At Site 
52, Sn-2 was not sampled. The maker layer did not make up a prominent 
horizon in the section and was detected as only sporadic grains.

Furthermore, unpublished stratigraphic data (tephra and radio
carbon ages) from three previously described (Eddudóttir et al., 2016), 
peat sections in Húnavatnssýsla are discussed (Fig. S2; Doc S1). The 
Húnavatnssýsla sections Neðri Mýrar - NM, Kagaðarhóll - KAGAV and 
Stóra Búrfell - BUR, were cleaned and subsampled with monoliths in the 
field. The monoliths were taken side by side with overlapping intervals, 
often targeting a distinct layer (like Hekla 4). Visible tephra was sampled 
from the monoliths. Furthermore, non-visible tephra was identified and 
sampled by targeting peaks in magnetic susceptibility (which was 
measured at 1 cm resolution on the records (Fig. S2; Doc. S1).

2.2. Lake coring

A total of six lake sediment cores were recovered to develop a 
composite record from Laugarvatn. The cores were collected from the 
central basin (c. 1.6 m water depth) of Laugarvatn through lake ice in 
January and March 2022 (see Fig. S3). Two full sequences of strata were 
collected proximal to one another to construct a continuous overlapping 
record. Cores were taken in sequence with a lightweight piston-corer 
and 205-cm-long core tubes (70/64 mm diameter). The cores were 
transported to Denmark where they were split into “working” and 
“archive” core halves and prepared for laboratory analysis.

2.3. Core scanning

The archive core halves were analyzed in the sediment lab and 
ITRAX core facility at the Centre for GeoGenetics, Globe Institute, Uni
versity of Copenhagen. The lithology and stratigraphy of the cores were 
visually inspected and logged. ITRAX scanning was run on each of the 
sediment cores to record visual and radiographic imagery, magnetic 
susceptibility, and X-ray fluorescence (XRF; Kylander et al., 2012). 
While correlations could be made visually, an approximately 580 
cm-long composite lake core stratigraphy, ISL40x, was developed from 
the ITRAX core scan (Fig. S3).

2.4. Lake record geochronology

The working core halves were sampled to geochronologically 
constrain the sediment records. The chronological framework is built 
upon plutonium isotope analysis (Pu), radiocarbon dated macrofossils 
(14C) and two known volcanic ash horizons (tephra).

2.4.1. Pu dating
To test the preservation of modern sediments at the sediment-water 

interface, six bulk sediment subsamples (taken every 3 cm) were 
collected from the uppermost 15 cm of the composite record (ISL22-17) 
for plutonium radiometric dating. Samples were run on an ICP-MS using 
a Thermo X2 quadrupole at the Northern Arizona University, following 
procedures adapted from Ketterer et al. (2004). Peak Pu239+240 con
centration is associated with nuclear weapons testing in 1963/1964 
while the onset of global fall-out began 1952 (Kelley et al., 1999; Ket
terer et al., 2002).

Fig. 2. A) Map (modified from Evans et al., 2016) of prehistoric lava flows, with approximate ages encompassing the Snæfellsjökull volcano (Harðarson, 1993; 
Jóhannesson et al., 1981). B) Infrared satellite image mosaic (2023 and 2017) from the Laugarvatn region with approximate catchment indicated by a dashed line 
(Map.is Database, 2024; Loftmyndir, 2017; 2023). C) Oblique aerial image of Laugarvatn, located at 76 m a.s.l. on the southwest side of Snæfellsnes peninsula, 
Iceland. The Kálfatraðahraun lava, 5–8 cal. ka BP enters the northern extent of the Laugarvatn lake catchment. Remnants of the Laugarbrekka farm are visible in the 
foreground (drone image courtesy of Árni Einarsson).
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Table 1 
Unnormalized ranges in electron microprobe geochemistry data of tephra sampled on Snæfellsnes peninsula from Sites 49 and 52 (Jóhannesson et al., 1981) as well as the Laugarvatn lake record. All probe analysis were 
conducted at the University of Iceland. Volcanic systems include: Torf. = Torfajökull; B-V = Bárðarbunga-Veiðivötn; Snæfells. = Snæfellsjökull. Composition according to total alkali-silica plot divisions: B = Basalt; TB =
Trachy-basalt; BTA = Basaltic Trachy-andesite; TA = Trachy-andesite; TD = Trachydacite; R = Rhyolite. Marker layers1 Landnám; 877 AD (1073 cal. BP; Larsen, 1984; Schmid et al., 2017),2 Hekla-B; ~2800 cal. ka BP 
(Larsen et al., 2020) and3 Hekla 4; 4325 ± 8 cal. ka BP (Davies et al., 2024) highlighted in grey.

Sample site Sample ID Volc. Province 
(Composition)

n = SiO2 (wt%) TiO2 (wt%) Al2O3 (wt%) FeO (wt%) MnO (wt%) MgO (wt%) CaO (wt%) Na2O (wt 
%)

K2O (wt%) P2O5 (wt%) Total (wt%)

Site 49 Sn-1 (K3) Snæfells. (TD) 12 65.7–69.6 0.3–0.5 15.2–16.0 3.1–4.6 0.1–0.2 0.1–0.6 1.2–2.0 3.9–5.5 3.9–4.7 0.0–0.1 98.3–99.6
Site 52 Sn-1 (K2) Snæfells. (TD) 14 65.3–70.0 0.2–0.6 14.7–16.0 3.0–5.0 0.1–0.2 0.1–0.5 1.0–2.2 5.1–5.4 3.8–4.7 0.0–0.1 96.1–99.3
Site 49 Sn-2 (K4) Snæfells. (TD) 17 62.9–68.0 0.3–0.6 14.8–16.8 3.8-5-5 0.1–0.2 0.2–0.7 1.2-2-7 3.7–6.1 3.5–4.7 0.0–0.1 94.7–100.0
Site 52 Sn-3 (K1) Snæfells. (TA-TD) 20 59.6–67.2 0.3–1.2 15.2–16.3 3.9–7.5 0.1–0.3 0.3–1.5 1.5–3.9 4.7–5.6 2.9–4.2 0.0–0.4 94.5–99.5

Laug. ISL40x375a Torf. Landnám 1 (R) 12 69.8–72.3 0.2–0.3 14.5–15.6 2.3–3.2 0.1–0.2 0.1–0.3 0.8–1.0 3.0–5.5 4.5–4.7 0.0–0.1 96.6–100.6
Laug. ISL40x375a B-V Landnám 1 (B) 3 49.2–49.8 1.8–1.8 13.8–14.0 12.5–13.2 0.2–0.3 6.5–6.5 10.9–11.4 2.2–2.5 0.2–0.2 0.2–0.2 98.4–99.4

Laug. ISL40x655 Snæfells. (BTA-TA) 11 51.3–58.9 2.0–3.3 13.6–15.0 8.8–12.5 0.3–0.3 1.8–3.3 4.2–6.5 3.7–4.7 2.9–4.2 0.7–1.5 98.6–100.6
Laug. ISL40x755 Snæfells. (BTA-TD) 15 55.2–68.6 0.3–2.5 14.1–16.5 3.5–10.3 0.2–0.3 0.2–2.4 1.4–5.5 4.3–5.4 2.8–5.2 0.1–1.0 98.5–100.5
Laug. ISL40x788 Snæfells. (BTA-TA) 14 54.5–65.8 0.4–2.6 14.0–16.5 5.0–10.8 0.2–0.3 0.5–2.6 2.2–5.8 4.3–5.3 2.8–4.7 0.1–1.0 98.4–100.5
Laug. ISL40x815a Snæfells. (BTA) 11 55.0–57.5 2.1–2.6 14.1–14.7 9.1–11.0 0.2–0.3 2.1–2.6 4.6–5.8 4.0–4.9 2.8–3.9 0.7–1.1 98.5–99.7
Laug. ISL40x1013 Snæfells. (BTA-TA) 28 52.3–64.7 0.7–2.8 13.7–16.0 6.4–11.7 0.2–0.3 0.7–2.7 2.3–6.2 4.2–5.8 2.7–4.3 0.2–1.3 97.7–100.2

Laug. ISL40x1775 Hekla B 2 (BTA-TA) 15 53.6–63.4 0.8–2.2 13.8–16.1 7.0–12.9 0.2-0-3 1.3–3.2 4.3–6.8 2.7–4.4 1.2–1.7 0.3–1.3 98.4–100.2

Laug. ISL40x1898a Snæfells. (BTA-TA) 12 51.5–64.3 0.9–3.4 13.4–16.6 5.9–12.9 0.2–0.3 0.8–3.4 2.4–6.8 3.8–5.6 2.4–4.1 0.3–1.5 97.8–99.7
Laug. ISL40x1988b Snæfells. (BTA-TD) 12 54.5–68.4 0.6–2.4 14.4–15.8 4.9–10.8 0.2–0.3 0.5–2.5 1.8–5.5 3.8–5.5 1.7–4.2 0.2–1.1 98.8–100.2
Laug. ISL40x2068b Snæfells. (BTA-TA) 8 53.2–66.3 1.0–3.1 13.9–16.6 5.8–12.5 0.2–0.3 0.7–3.0 2.2–6.4 3.7–5.6 2.7–4.1 0.3–1.4 98.2–100.6
Laug. ISL40x2608b Snæfells. (TB-TD) 14 48.3–67.0 0.4–3.4 14.5–16.8 4.8–12.2 0.2–0.3 0.4–4.1 2.3–8.4 3.5–5.4 1.6–3.7 0.1–1.6 95.9–100.8
Laug. ISL40x2638b Snæfells. (BTA-TA) 10 54.0–60.4 1.1–2.5 14.3–16.9 6.3–10.7 0.2-0-3 1.3–2.5 3.2–6.0 3.7–5.4 1.4–3.3 0.4–1.1 96.3–100.2

Laug. ISL40x2638b Hekla 43 (R) 8 70.5–75.6 0.1–0.2 12.9–13.7 1.9–2.0 0.1–0.1 0.0–0.0 1.2–1.3 4.4–4.7 2.7–2.8 0.0–0.1 94.6–100.2

Laug. ISL40x2826 Snæfells. (BTA) 31 51.4–57.7 2.3–3.4 13.1–14.8 10.1–12.5 0.3–0.4 1.9–3.5 5.1–7.1 2.3–4.6 2.3–3.9 0.9–1.7 98.0–100.9
Laug. ISL40x3186 Snæfells. (TD) 28 62.5–70.8 0.7–1.1 14.0–16.1 4.3–7.1 0.2–0.3 0.4–1.2 1.3–3.0 3.8–4.9 3.4–5.1 0.1–0.4 98.6–101.2
Laug. ISL40x4624 Snæfells. (TA) 16 57.3–62.2 1.0–1.5 14.8–16.8 6.2–7.8 0.2–0.3 1.2–1.9 3.2–4.4 3.9–5.6 2.8–3.4 0.3–0.7 96.5–100.9
Laug. ISL40x4754b Snæfells. (B) 12 47.5–50.4 3.2–4.6 13.1–15.0 11.7–15.0 0.2–0.3 4.2–4.5 7.9–9.1 3.1–4.1 1.5–1.8 0.8–1.5 98.4–100.3
Laug. ISL40x5064 Snæfells. (TB-BTA) 18 48.9–55.8 2.6–3.9 13.7–14.9 10.1–13.3 0.3–0.3 2.9–4.0 5.3–7.8 1.4–4.8 1.9–3.2 1.0–1.2 97.6–100.6
Laug. ISL40x5454 Snæfells. (T–A) 11 56.8–64.2 1.0–3.9 13.7–16.6 6.0–14.3 0.2–0.3 0.9–6.9 3.0–13.2 1.4–5.5 0.6–3.5 0.3–1.2 97.3–101.3
Laug. ISL40x5684 Snæfells. (B) 14 46.9–49.8 3.3–4.4 13.0–14.8 11.8–14.6 0.2–0.3 4.0–4.5 7.5–8.9 3.4–3.8 1.4–1.9 0.8–1.5 98.0–99.4

a Cryptotephra, nonvisible tephra, concentrations identified with radiograph and XRF scan data.
b Diffused tephra layers with trace visibility, sampling was assisted with radiograph and XRF scan data.
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Table 2 
Locations describing Snæfellsjökull tephra from Iceland and Northern Europe as presented in Fig. 1. Geochemical range in select major elements.

Location Site name Medium Tephra ID/Date n 
=

SiO2 (wt 
%)

Al2O3 (wt 
%)

K2O (wt 
%)

Total (wt 
%)

Reference

1 ISL. Snæfellsnes Site 49 Soil Sn-1 14C corr. 12 65.7–69.6 15.2–16.0 3.9–4.7 98.3–99.6 This study, see Table S1; 
Jóhannesson et al. (1981)

ISL. Snæfellsnes Site 49 Soil Sn-2 14C corr. 17 62.9–68.0 14.8–16.8 3.5–4.7 94.7–100.1 This study, see Table S1
Jóhannesson et al. (1981)

2 ISL. Snæfellsnes Site 52 Soil Sn-1 14C corr. 14 65.3–70.0 14.7–16.0 3.8–4.7 96.1–99.3 This study, see Table S1
Jóhannesson et al. (1981)

ISL. Snæfellsnes Site 52 Soil Sn-3 8-10 ka 
BP

20 59.6–67.2 15.2–16.3 2.9–4.2 94.5–99.5 This study, see Table S1
Jóhannesson et al. (1981)

3 ISL. Snæfellsnes Baulárvallavatn Lake Sn-1 BL 9 63.8–67.6 14.9–16.4 3.7–4.4 96.6–99.1 Holmes et al. (2016)
4 ISL. Snæfellsnes Helgafellsvatn Lake Sn-1 HF 13 64.9–67.3 15.7–16.4 3.8–4.3 98.4100.2 Riddell et al. (2024)
5 ISL. 

Hvammsfjörður
Haukadalsvatn Lake Sn-1 HAK02 25 64.6–70.0 13.5–16.2 3.7–5.1 98.1–100.8 Harning et al. (2019)

6 ISL. Vestfirðir Reykjarförður Lake Sn-1 REY 15 63.9–70.6 14.616.3 3.7–5.0 96.5–100.6 Guðmundsdóttir et al. 
(2016)

7 ISL. Vestfirðir N. Eyvindar- 
fjarðarvatn

Lake Sn-1 NEY 8 63.6–69.3 14.5–16.4 3.2–4.9 95.698.9 Guðmundsdóttir et al. 
(2016)

8 ISL. Vestfirðir Dagverðardalur Lake Sn-1 DAG 12 64.2–69.9 14.3–16.3 3.8–5.0 94.6–100.6 Guðmundsdóttir et al. 
(2016)

9 ISL. Vestfirðir N. Hvalárvatn Lake Sn-1 NHV 12 61.6–68.1 14.7–16.1 3.5–4.8 94.9–97.0 Guðmundsdóttir et al. 
(2016)

10 ISL. Vestfirðir Skorarvatn Lake Sn-1 SKO 12 64.5–69.4 14.6–16.1 3.7–4.8 97.0–98.8 Guðmundsdóttir et al. 
(2016)

ISL. Vestfirðir Skorarvatn Lake Sn-1 SKR 23 63.9–69.7 14.7–16.3 3.2–5.3 97.5–99.0 Harning et al. (2018)
11 ISL. Vestfirðir Tröllkonuvatn Lake Sn-1 TRK 10 63.6–68.8 14.8–16.1 3.7–4.7 96.4–98.8 Harning et al. (2018)
12 ISL. 

Húnavatnssýsla
Hafratjörn Lake Sn-1 HAF 11 64.9–66.4 15.7–16.1 3.8–4.1 96.2–98.6 Tinganelli et al. (2018)

​ ISL. 
Húnavatnssýsla

Hafratjörn Lake Sn-2 HAF 8 62.7–71.0 13.3–16.5 2.6–4.6 96.8–99.3 Tinganelli et al. (2018)

13 ISL. 
Húnavatnssýsla

Tindar Soil Sn-2 TIN 19 61.2–67.5 15.3–16.3 3.1–4.4 96.2–99.5 Möckel et al. (2017)

14 ISL. 
Húnavatnssýsla

Kagaðarhóll Soil Sn-1 KAGAV 5 63.1–66.5 13.8–16.3 1.5–4.4 98.2–99.0 Bates et al. (2022)

ISL. 
Húnavatnssýsla

Kagaðarhóll Soil Sn-2 KAGAV 8 63.0–67.9 15.6–16.4 3.1–4.3 96.8–99.9 Unpublished – See Table S1

15a ISL. 
Húnavatnssýsla

Kagaðarhóll P-lake Sn-2 KAGA 11 61.5–67.9 16.2–16.9 3.0–5.0 100–100 Eddudóttir et al. (2015)

ISL. 
Húnavatnssýsla

Kagaðarhóll P-lake Other HUN 
5.5ka

7 56.2–56.9 15.5–17.6 1.7–2.6 100–100 Eddudóttir et al. (2015)

16a ISL. 
Húnavatnssýsla

Stóra Búrfell Soil Sn-2 BUR 10 61.9–66.4 16.1–16.8 3.2–5.3 100–100 Eddudóttir et al. (2015)

ISL. 
Húnavatnssýsla

Stóra Búrfell Soil Other HUN 
5.5ka

7 56.5–58.5 15.5–18.0 1.9–2.3 100–100 Eddudóttir et al. (2015)

17 ISL. 
Húnavatnssýsla

Barðalækartjörn Soil Other HUN 
5.5ka

19 55.7–57.4 15.1–15.9 2.0–3.2 97.9–99.7 Eddudóttir et al. (2016)

18 ISL. 
Húnavatnssýsla

Neðri Mýrar Soil Sn-2 NM 19 62.1–67.7 14.7–16.4 3.0–4.6 97.5–99.2 Unpublished – See Table S1

ISL. 
Húnavatnssýsla

Neðri Mýrar Soil Other HUN 
5.5ka

8 56.1–57.0 15.2–15.8 1.5–2.6 98.2–100.1 Unpublished – See Table S1

19 ISL. 
Húnavatnssýsla

Blöndulón Soil Sn-1 BL223 – 65.4–67.3 15.7–16.6 3.8–4.1 96.6–100.0 Styrmisson (2020)

20 ISL. NE Askja Soil Other Tephra X; 
3.6ka

28 58.3–67.2 13.0–17.5 3.0–4.2 N.A. Sigvaldason et al., 1992; 
Annertz et al., (1985)

21 ISL. N Svartárvatn Soil Sn-1 Sn 6 65.869.3 15.2–16.3 3.9–4.6 N.A. Larsen et al. (2002)
22 ISL. NE Lögurinn Lake Sn-1 LL 16 62.6–66.5 14.4–15.3 3.9–4.2 100–100 Striberger et al., (2011); 

Guðmundsdóttir et al., 
(2016)

23 ISL. Shelf MD99-2275 Marine Sn-1 431 2 63.7–65.4 15.2–15.6 4.0–4.5 94.4–97.2 Larsen et al. (2002)
ISL. Shelf MD99-2275 Marine Sn-1 455 2/ 

5
63.6–69.5 14.6–15.9 3.8–4.7 96.8–100.0 Larsen et al., (2002); 

Guðmundsdóttir et al. 
(2012)

24 Svalbard Kongressvatn Lake Sn-1 KONG39 28 66.7–70.2 15.1–16.1 4.2–4.7 96.2–99.1 D’Andrea et al., 2012
25 SE. Sammak. Sammakovuoma Peat Sn-1 SB-2 26 63.5–70.6 15.2–18.1 3.2–4.9 98.7–102.0 Watson et al. (2016)
26 SE. Sammak. Sammakovuoma Lake Sn-1 SL-2 19 62.0–70.2 14.7–16.2 3.4–4.7 95.5–100.7 Watson et al. (2016)
27 SE. LBA Lilla 

Backsjömyren
Peat Other LBA-2; 

3.6 ka
8 63.8–67.8 15.2–16.2 3.6–4.3 96.0–99.8 Wastegård et al. (2009)

28 FIN. Kivi Kivihypönneva Peat Sn-1 KIVI 76 1 67.1 15.9 4.0 99.2 Kalliokoski et al. (2023)
29 RUS. White Sea Vodoprovodnoe P-Lake Other VOD1-4; 

H
14 62.2–67.1 15.3–17.2 2.9–4.3 96.4–99.9 Vakhrameeva et al. (2020)

30 NO. Lofoten Borg Bog Peat Other BB26-27; 
H

31 58.7–69.3 14.5–17.0 1.3–4.0 94.8–100.1 Pilcher et al. (2005)

Sites and corresponding references include: Snæfells. = Fagrahlíð, Fróðárhreppur (Jóhannesson et al., 1981; Steinþórsson, 1967); Svartár = Svartárvatn (Larsen et al., 
2002); LB = Lilla Backsjömyren (Wastegård et al., 2009); N.M. = Neðri Mýrar (Eddudóttir et al., 2016/unpublished); ISL40x = this study). Country: ISL. = Iceland; SE 
= Sweden; FIN. = Finland; RUS. = Russia NO. = Norway. H = historic and P-Lake = palaeo lake. By location; Sn-1 (22); Sn-2 (6); Sn-3 (0); Sn-x (2); Sn-H (4); Sn-Post 
Landnám (2).
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2.4.2. 14C dating
Macrofossils for 14C analysis were retrieved from residues derived 

from wet sieving through a 250 μm mesh. Plant material was identified 
and isolated using tweezers and a binocular microscope. Radiocarbon 
ages were obtained through accelerator mass spectrometry (AMS) at the 
Ångström Laboratory, Uppsala University, Sweden. To enhance preci
sion and reduce uncertainty, no dates of bulk sediment samples were 
used to construct the age-depth model. All radiocarbon ages are either 
terrestrial and/or aquatic macrofossils (Supplementary Table S2). At 
several intervals (ISL40x655, 2316, 4181 and 4624) both terrestrial and 
aquatic macrofossils were dated, with the results giving statistically 
indistinguishable ages, suggesting minimal lake water and reservoir 
offset. Radiocarbon ages from key sites are (re-)calibrated with CALIB 
8.20 (Stuiver and Reimer, 1993; Table S2).

2.4.3. Tephrochronology and analysis
Twenty tephra samples from Laugarvatn lake cores were extracted 

from specific horizons identified visually and or via x-ray/XRF data. 
Tephra samples were cleaned of humic material, sieved (63 and 125 
μm), dried, mounted in epoxy, polished and carbon-coated for 
geochemical analysis. Tephra glass geochemistry was analyzed at the 
University of Iceland using a JEOL JXA-8230 electron probe micro- 
analyzer (EPMA). The acceleration voltage was 15 kV, the beam cur
rent 5 nA (silicic) or 10 nA (basaltic), with a beam diameter of 5 or 10 
μm. The standards A99 (for basaltic tephra), ATHO and Lipari Obsidian 

(both for silicic and intermediate tephra), were measured prior to, and 
after, the analyses to verify consistency in analytical conditions 
(Jarosewich, 2002; Óladóttir et al., 2008; Kuehn et al., 2011). Data were 
then inspected for, and cleaned of, anomalies and analyses with sums 
<95 % and >101 % were discarded. Mean and standard deviation 
electron microprobe data are presented in Table 1 (full datasets in 
Table S1).

2.5. Age-depth model

A Bayesian age-depth model was created in “Rbacon” (v. 2.5.0; 
Blaauw and Christen, 2011) using the IntCal20 dataset (Reimer et al., 
2020). Model constraints include eighteen 14C ages, six Pu samples of 
radiometric constrain and two tephra marker layers. The plots were 
created in RStudio (R version 4.2.13.3.3; R Core Team, 2022). Models 
were optimized using the mean accumulation rates (acc. mean) of 1.5 yr 
cm− 1 and a thickness-value of 25. Additionally, the “slump” function 
was used on tephra layers exceeding 50 mm (2814–2872 mm and 
4276–4750 mm composite depth). The slump function creates an abrupt 
sediment accumulation within the age-depth model, representing an 
event characterized by the rapid deposition of a thick tephra layer. Note 
14C ages (grey color at 2316 mm) are deemed outliers (too old) and were 
omitted from the age-depth model (Table S2).

a Sites 15 and 16 (Eddudóttir et al., 2015) are all SEM data, not microprobe. Microprobe data for the four tephra layers is presented in the supplementary section.

Fig. 3. Selected bi-plots of Sn-1, Sn-2 and Sn-3 tephra sampled from sections on Northern Snæfellsnes peninsula. Note the compositional variations of Sn-3 compared 
to the younger tephra layers. Full data are provided in Supplementary Table S1.
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3. Results

3.1. Description of soil section tephra and geochemistry

3.1.1. Snæfellsjökull Sn-1
A total of 14 and 12 microprobe points analysis were obtained from 

Sn-1 tephra collected at Sites 49 and 52, respectively. Major elemental 
compositions of each sample are presented in Table 1. Both samples 
exhibit SiO2 values ranging from 65 to 69 wt%, ~15–16 wt% Al2O3 and 
mean K2O values ~3.9–4.7 wt% (Fig. 3; Table 1). Due to the strati
graphic positioning of the tephra within the sections and the general 
congruence in geochemical composition, we assume both these tephra 
layers correspond to the silicic tephra Sn-1 described by Jóhannesson 
et al. (1981).

3.1.2. Snæfellsjökull Sn-2
A total of 21 microprobe points were analyzed from Sn-2 tephra 

collected at Site 49 (Table S1). The major elemental compositions are 
presented for the sample in Table 1. The glass exhibits SiO2 weight 
percentage values ranging from ~63 to 68 wt%, 14.8–16.8 wt% Al2O3 
and K2O values ~3.5–4.7 wt%. The geochemical composition of Sn-2 is 
indistinguishable from Sn-1 at this site (Fig. 3). However, due to the 
stratigraphic positioning beneath Sn-1, we assume these tephra layers 
correspond to the silicic tephra layer Sn-2 as described by Jóhannesson 
et al. (1981).

3.1.3. Snæfellsjökull Sn-3
A total of 20 microprobe points were analyzed from the Sn-3 tephra 

collected at Site 52 (Table S1). The major elemental composition is 
presented in Table 1. The glass has lower SiO2 and K2O contents 
(~60–67 wt% and ~2.9–4.2 wt%, respectively), than Sn-1 and Sn-2. 
However, the Sn-3 tephra exhibits a similar Al2O3 composition 15–16 
wt% (Table 1). The geochemical composition of Sn-3 is distinguishable 
from Sn-1 (and Sn-2) based on several key elements such as TiO2, MgO 
and CaO. The compositional characteristics of Sn-1, Sn-2 and Sn-3 are 
highlighted in bi-plots and exhibit deviation in Sn-3 composition rela
tive to the younger Snæfellsjökull tephra (Fig. 3).

3.2. Laugarvatn – 76 m a.s.l

Changes in the depositional environment of Laugarvatn are revealed 
based on variations in lithology, geochemical composition and organic 
content over the last 10.0 ka (Fig. 4). For simplicity, the Laugarvatn 
record is classified into two sedimentary lithofacies: gyttja (LF-1) and 
tephra (LF-2).

3.3. Laugarvatn sediments

3.3.1. Lithofacies 1
LF1 consists of dark brown to reddish (crudely-) laminated silty 

gyttja with occasionally interbedded silt. LF-1 exhibits a combination of 

Fig. 4. Stratigraphic data (visual, radiograph, sedimentological log, magnetic susceptibility (MS), normalized titanium, iron and potassium (Ti; Fe; K)) from Lau
garvatn. Simplified stratigraphic logs with tephra layers position indicated. Radiocarbon age details listed in Table S3.
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low magnetic susceptibility (MS) and titanium (Ti) values with a char
acteristically low (light) X-ray derived density (Fig. 4). These sediment 
characteristics are indicative of strata derived from biogenic accumu
lation with relatively minimal minerogenic input. We interpret LF-1 as 
the result of predominantly biogenic accumulation deposited within the 
lake during periods without tephra input or other forms of minerogenic 
sedimentation, i.e., inflow of glacial meltwater (e.g., Larsen et al., 2015).

3.3.2. Lithofacies 2
LF2 consists of mm to decimeter-scale beds/lamina of high concen

tration of tephra material. LF-2 is characterized by dark grey to black 
and light grey to whitish tephra in some cases mixed within beds (salt 
and pepper). The glass ranges from silt to gravel-size and is character
ized by a darkened radiogram (high density), relatively elevated MS 
values and high Ti-counts indicating minimal organic material. We 
interpret LF-2 as predominantly volcanic glass originating mostly from 
primary tephra fall-out from explosive volcanism or proximal effusive 
eruptions (cf. Jóhannesson, 1977). The transition from LF-1 to LF-2 is 
often sharp at the lower boundary but can be more gradational and 
diffused at its upper contact. These transitions are pronounced in the 
optical image, radiogram and XRF data (Fig. 4). Potassium (K) counts 
are high in association with silicic tephra layers (e.g. light color tephra 
layer c. 320 cm; Fig. 4). With the aid of the radiograph and XRF scan 
data, low concentration cryptotephra could be identified and sampled 
despite not exhibiting visible LF-2 characteristics (e.g., ISL40x375; 
Landnám; Supplementary Fig. S4). Details of each specific tephra hori
zon are systematically described in the supplementary section Doc. 
S2/and in Section 3.5.

3.4. Laugarvatn age-depth model

The age-depth model, spanning the last 10.0 cal ka BP (or spanning 
the last 10,000 (calendar) years, was constructed from eighteen radio
carbon ages and two tephra marker layers; Landnám tephra and Hekla B 
(Fig. 4; Table 1 and S1). Td S1). The mean 95 % confidences range is 284 
yrs (6–375 yrs in range; Fig. 3). To enhance precision and reduce un
certainty, no dates of bulk sediment samples were used to construct the 

age-depth model. All radiocarbon ages were measured from either 
terrestrial and/or aquatic macrofossils (Supplementary Table S2). At 
several intervals (ISL40x655, 2316, 4181 and 4624) both terrestrial and 
aquatic macrofossils were dated, with the results giving statistically 
indistinguishable ages, suggesting minimal lake water and reservoir 
offset.

3.5. General description of Laugarvatn tephra

Tephra identified within the Laugarvatn lake record range from 
crypto-tephra (non-visible) layers, recognized and sampled with the aid 
of the radiographs and the XRF scan data, to coarse beds of glass 
exceeding 40 cm thickness (Fig. 4; Table 1; Fig. S4). Of the 19s analyzed 
tephra horizons in the Laugarvatn record, two are correlated to known 
marker layers, namely ISL40x375 (Landnám, ~877 AD/1073 cal. BP; 
Larsen, 1984; Schmid et al., 2017) and ISL40x1775 (Hekla B, ~2800 cal. 
BP; Larsen et al., 2020). Furthermore, a small concentration of tephra 
characteristic of Hekla 4 can be identified in ISL40x2638. However, 
given the non-definitive peak in scan data and low concentration of 
tephra we refrain from defining this as a tephra marker layer or using it 
in the age-depth model despite its similar age. Fifteen of the remaining 
17 tephra layers exhibit evolved glass with geochemical composition 
characteristic of the Snæfellsjökull volcanic province (Fig. 5; Table 1). 
The other two layers dominantly exhibit basaltic composition and are 
also assumed to originate from Snæfellsjökull. We exclude tephra hori
zons potentially corresponding to Snæfellsjökull marker layers from the 
age-depth model and independently assess their age.

The Snæfellsjökull marker layers generally exhibit chemistry that 
ranges from trachy-andesite to trachydacite to rhyolite (~60–70 wt % 
SiO2; Fig. 5). The Snæfellsjökull tephra analyzed from the Laugarvatn 
lake record exhibits similarly evolved chemistry, but the tephra ranges 
from basalt to rhyolite (~47–70 wt% SiO2; Fig. 5). Tephra layers from 
Laugarvatn (and from abroad) often present an internal range in SiO2 
weight percentage (anywhere from 5 to 15 wt% in variation). Accord
ingly, we present unnormalized geochemical ranges from the major 
elemental composition of the tephra layers (as average values may not 
be the most representative; Table 1).

Fig. 5. Total alkali-silica (TAS; Le Maitre et al., 2002) diagram plotting all normalized tephra (excluding Landnám and Hekla B; ISL ISL40x375 and 1775 respec
tively) analyzed from the Laugarvatn record (grey crosses), in addition to the Sn-1, Sn-2 and Sn-3 tephra sampled from section Sites 49 and 52 (open circles).
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We further highlight this range in chemistry through several plots to 
best depict the potential spread in the composition of the tephra layers 
(Fig. 6). Notably, reworking and background tephra entering the 
catchment likely influence these data to some extent. However, we feel 
this is a more objective means of presenting the results. A detailed 
description of the Laugarvatn tephra sequence including; characteris
tics, modeled age (2-sigma range) and probable source for all tephra 
(base to top) can be found in the supplementary section (Doc. S1).

4. Discussion

4.1. Laugarvatn and Snæfellsjökull volcanic history

The Laugarvatn lake record supplements the stratigraphic mapping 
conducted along the Snæfellsnes peninsula (Jóhannesson et al., 1981). 
Isopach contours from Sn-1, Sn-2 and Sn-3 maps are not extended over 
the lake catchment but trace amounts of tephra have presumably 
influenced the catchment during these events (due to the lake proximity; 
Fig. 7). The lake record provides a southerly (and local) perspective to 
tephra fallout from Snæfellsjökull, recording smaller local effusive vol
canic activity and new details to Snæfellsjökull’s volcanic history.

4.1.1. Marker layers Sn-1, -2 and -3
Both the prominent stratigraphic nature and age of the ISL40x1013 

tephra (less so the geochemistry), are suggestive of Sn-1 tephra depo
sition into the Laugarvatn lake catchment (Fig. 4). While the roughly 
1.5 cm thick salt-and-pepper tephra layer is characterized by SiO2 
dominantly ranging between ~52 and 57 (wt%), it also exhibits glass 
composition ranging from ~63 to 65 wt % (Table 1). This is notably 
lower SiO2 (wt%) than the Sn-1 tephra sampled from the northern half of 
the peninsula (Site 49 and 52) or any other location where Sn-1 is 
described (~62–70 wt%; Table 2). The ISL40x1013 tephra layer has a 

modeled age of 1690 cal. BP (1601–1815), which aligns well with the 
two previous ages established for the Sn-1 tephra (Fig. 8A; Steinþórsson, 
1967; Jóhannesson et al., 1981; Larsen et al., 2002).

While the Sn-2 tephra layer is described from soil sections on the 
Snæfellsnes peninsula (Jóhannesson et al., 1981) and from the Húna
vatnssýsla region in Iceland (Eddudóttir et al., 2015, 2016; Möckel et al., 
2017; Tinganelli et al., 2018; Bates et al., 2022), it has not yet been 
described further afield. Within the Laugarvatn lake record, there is no 
prominent or light-colored tephra layer coincident with the estimated 
age of Sn-2 tephra (~4.4 ka BP). There are two tephra layers with similar 
age to Sn-2 (ISL40x2638; ~4.3 ka BP and ISL40x2866; ~4.7 ka BP). 
However, these tephra exhibit lower SiO2 composition (~54–60 and 
~51–58 SiO2 wt%, respectively; Table 1). In addition to the first and 
only age prescribed to the Sn-2 (Steinþórsson, 1967; Jóhannesson et al., 
1981), the deposit is further constrained by radiocarbon ages of twigs in 
contact with the tephra layer, collected from the Neðri Mýrar section, 
Northern Iceland (Table S2; Eddudóttir et al., 2016). The ISL40x2638 
tephra layer has a modeled age of 4349 cal. ka BP (4148–4575), which 
aligns well with the previous ages of the Sn-2 tephra from Snæfellsnes, 
although it is slightly younger than the ages from Húnavatnssýsla 
(Fig. 8; Table S2; Steinþórsson, 1967; Jóhannesson et al., 1981). How
ever, ISL40x2638 also exhibits a low concentration of rhyolitic glass 
characteristic of Hekla 4 (4325 ± 8 years BP; Davies et al., 2024). While 
it is unclear if these shards reflect a peak concentration (layer) in Hekla 4 
or are rather background deposition, it does suggest that the stratum is 
likely younger than Sn-2 given the stratigraphic positioning of the two 
layers (Doc. S1).

Since the early descriptions and mapping of Sn-3 by Steinþórsson 
(1967) and then Jóhannesson et al. (1981), correlations have been 
challenging due to its unknown geochemistry and unprecise age (~8–10 
cal. ka BP). However, ISL40x5454 exhibits similar chemistry (to Sn-3 
from Site 52) and an age (9.2 cal ka BP) within the 8–10 cal. ka BP 

Fig. 6. Violin plots showing the SiO2 content (wt%) of glass for each tephra layer distributed throughout the Laugarvatn lake record. Note marker layers Landnám 
and Hekla B are presented in grey color while all tephra attributed to Snæfellsjökull are presented in red. Furthermore, small portion of ISL40x2638 contains rhyolitic 
shards characteristic of Hekla 4 (Table 1). However, due to the low concentration of rhyolitic tephra, we do not recognize this as a constraining marker layer, albeit 
acknowledge the geochronological overlap with the Laugarvatn record. (For interpretation of the references to color in this figure legend, the reader is referred to the 
Web version of this article.)
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Fig. 7. Isopach maps of Sn-1, Sn-2 and Sn-3 after Jóhannesson et al. (1981) with new age estimates (this study) modified from Icelandicvolcanos.is in relation to 
Laugarvatn (location indicated by a red star). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of 
this article.)
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estimate proposed by Jóhannesson et al. (1981). Given the similarities, 
we suggest this is the first time Sn-3 has been described from a lake 
record (or any stratigraphic record outside the mapping of Jóhannesson 
et al., 1981). As a result, we effectively date the tephra layer to 9.2 cal ka 
BP (9028–9387), with the modeled age from the Laugarvatn lake record. 
Interestingly, while Sn-1 and Sn-2 tephra from Laugarvatn exhibit less 
silicic composition (compared to what is distally described), the Sn-3 
tephra from Laugarvatn exhibits a similar compositional range to what 
is recorded from Site 52 north of the Snæfellsnes peninsula (Tables 1 and 

2).

4.1.2. Potential new marker layers Sn-X, Sn-H and Sn-L
In addition to the three previously described silicic tephra layers 

from Snæfellsjökull (Jóhannesson et al., 1981), we further discuss three 
additional tephra, Sn-X, Sn-L and Sn-H, with the potential of widespread 
deposition and correlation. We summarize their composition (Fig. 9; 
Table S1), their various correlations (Fig. 10), and their age constraints 
as well as compare them to modeled ages of tephra from the Laugarvatn 

Fig. 8. Mosaic of plots summarizing geochronological constraints on Snæfellsjökull tephra that has been identified, correlated and dated from numerous locations in 
Iceland and Northern Europe. Radiocarbon age details are presented in Table S2. Modeled ages are derived from the Laugarvatn lake record. Radiocarbon age 
cumulative probability curves were created in Calib 8.2 (Reimer et al., 2020) while Sn-X tephra age was modeled in RStudio (R version 4.2.13.3.3; R Core Team, 
2022). Note the x-axis scale variation on the plots and the reversal on plot B.
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record (Fig. 8). We have subdivided all the geochemical data (Table S2) 
for tephra layers from Snæfellsjökull into these marker layers (Fig. 9) .

The Sn-X tephra has been identified in Iceland (tephra x; Annertz 
et al., 1985; Sigvaldason et al., 1992) and Sweden (LBA-2; Wastegård 
et al., 2009). The Sn-X geochemical composition is like that of Sn-1 and 
Sn-2 (Fig. 9; Table 1). While the tephra is stratigraphically located be
tween Hekla 3 and Hekla 4 in Iceland, the deposit is best constrained to 
~3.6 cal ka BP by the recalibrated age-depth model from Wastegård 
et al. (2009) derived from the Lilla Backsjömyren (LBA) site in Sweden 
(Fig. 8B). There are two cryptotephra horizons (ISL40x2068 and 
ISL40x1988) in the Laugarvatn lake core that have similar trachydacite 
chemistry, albeit are slightly younger in age, ~3.2 and 3.1 cal ka BP, 
respectively. It is unclear whether either of these tephra deposits 
correspond to Sn-X or reflect some phase of volcanic activity following 
the eruption that deposited the Sn-X tephra.

The Laugarvatn lake record exhibits one distinct silicic tephra layer 
at roughly 320 cm, (ISL40x3186), which we call Sn-L. The Sn-L tephra 
(~1 cm thick) is the only white-ish layer visible in the Laugarvatn record 
and exhibits a trachydacitic composition (ranging from 62.5 to 70.8 SiO2 
wt %; Table 1; Fig. 9). The Laugarvatn age depth model suggests the Sn-L 
tephra was deposited ~5.3 cal ka BP (5075–5464; Fig. 4; 6). So far, no 
tephra has been described distally that we can correlate to the Sn-L 
tephra.

The Sn-H (HUN) tephra was first described in Húnavatnssýsla, Ice
land (Eddudóttir et al., 2015, 2016). The tephra is constrained to ~5.5 
cal ka BP by two radiocarbon ages of twigs in contact with the tephra 
layers at the Neðri Mýri section, Northern Iceland (Fig. 8; Eddudóttir 
et al., 2016; Doc. S1; Table S2). While distally deposited Snæfellsjökull 
tephra generally exhibit composition >60 wt% SiO2 (and up to 70 wt%), 
in contrast, the Sn-H displays a homogeneous composition <60 wt% 
SiO2 (~56–57.5; Fig. 9). However, the compositional similarities 
(elevated TiO2) to Snæfellsjökull tephra are indicative of its origins. At 
this point, the tephra layer has not yet been described from outside of 

the Húnavatnssýsla region.
Although similar in age, Sn-L and Sn-H (5.3 and 5.5 cal ka BP 

respectively; Fig. 8D), exhibit two distinct chemistries (Fig. 9). There are 
two potential scenarios: the ISL40x3181 tephra is either 1) a new (Sn-L) 
silicic tephra layer from Snæfellsjökull, yet to be mapped or described, 
or 2) the deposit reflects deposition from the same, albeit more silicic 
component, of the Sn-H tephra described from Húnavatnssýsla 
(Eddudóttir et al., 2016) and would presumably have an age closer to 
~5.4 cal ka BP (Figs. 8 and 10). At this point, we favor the first scenario 
and deem the later less likely.

4.1.3. Laugarvatn and local effusive volcanism
While the tephra sampled from the Laugarvatn lake record generally 

exhibits grain sizes ranging from 63 to 250 μm, one thick (c. 40 cm) 
tephra deposit (at roughly 430 cm) is coarser and stands out from the 
stratigraphic record (Fig. 3). The thick and coarse nature of the deposit, 
consisting of fine to gravel size particles (up to 2.5 cm), was challenging 
to core through and retrieve. The deposit is devoid of visible bedding, 
exhibiting a massive structure. The tephra has consistent geochemistry 
from its base to the top of the bed (~57–62 wt% SiO2) and is believed to 
have been deposited rapidly ~6.8 cal ka BP (6785–6928). Despite 
minimal geochronological constraints on the age of the Snæfellsjökull 
lavas, Kálfatraðahraun (estimated to be between 5 and 8 cal. ka BP), is 
the only lava that enters the Laugarvatn catchment (Fig. 2; Harðarson, 
1993; Kristjánsson et al., 2010). Whole rock geochemistry from the 
Kálfatraðahraun lava suggests SiO2 composition of 56.86 wt% and P2O5 
content of 0.48 wt% (Table S1). The average P205 for ISL40x4624 is 0.47 
wt% (Table S1). Given the thick and coarse nature of the deposit, the 
approximate age as well as the similarity in whole rock geochemistry, 
we suggest the ISL40x4624 deposit likely originates from wash-in and 
local tephra production during the formation of the Kálfatraðahraun 
lava. This effectively constrains the age of the eruption and lava to c. 6.8 
cal ka BP.

Fig. 9. Violin plots of Snæfellsjökull marker layers Sn-1, Sn-2 and Sn-3, as well as Sn-X, Sn-H and Sn-L, displaying the range in SiO2 (wt%). Marker layers are 
presented in stratigraphic order with estimated ages, number of probe points (n = #) and the number of sites (within parenthesis). All probe data are available 
in Table S1.
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While basaltic lavas flanking Snæfellsjökull have been described and 
analyzed for whole rock geochemistry (Harðarson, 1993; Kristjánsson 
et al., 2010), little work has gone into characterizing the basaltic tephra 
deposits. The Laugarvatn lake record contains three horizons with 
basaltic tephra: ISL40x5684, 4754 and 2608 (Fig. 6; Table 1). The age of 
the youngest layer, ISL40x2608, is ~4.3 cal ka BP (4091–4523) and it is 
partly composed of a distinct basaltic glass component ranging from 
~48.0 to 49.5 wt% SiO2 and a P2O5 of ~1.5 wt%. This population of 
glass exhibits a similar composition to the whole rock geochemistry 
from the Hnausahraun lava (~48.9 wt% SiO2 and ~1.1 wt% P2O5), 
which extends over 6 km in length to the sea, roughly 5 km north of 
Laugarvatn. Accordingly, the age of the Hnausahraun lava is estimated 
to be between 4 and 5 cal. ka BP (Jóhannesson et al., 1981; Evans et al., 
2016), which given the correlation, the Laugarvatn age-depth model 
further constrains to ~4.3 cal ka BP. The two remaining basaltic tephra 
layers reflect two (most likely) effusive eruptions dated to 6.9 and 9.7 ka 
BP according to the age-depth model from Laugarvatn. No correlation to 
specific lava flows has yet been made.

Together with the Sn-X and Sn-H tephra layers, some 19 potential 
tephra layers with Snæfellsjökull affinities are presently known. 

However, of the 17 horizons/layers found in Laugarvatn with Snæ
fellsjökull affinities there are 6 or 7 horizons that cannot be certified as 
true tephra layers without additional support from soils sections or lake 
cores in the Snæfellsnes area. Three horizons dated to 3.0, 3.1 and 3.2 ka 
show a range of glass compositions without any distinct grouping which 
raises questions about reworking. Likewise, the four 1.3–1.4 ka tephra 
horizons detected above the 1.5 cm thick salt-and-pepper tephra layer, 
representing the 1.7 ka Sn-1, show similarities in the compositional 
range that could indicate reworking. To resolve this, further work in the 
area is needed. These 6–7 horizons represent one third of the known 
tephra record with Snæfellsjökull affinities, which highlights the need 
for a more detialed investigation on its younger explosive history.

4.2. Snæfellsjökull-like tephra

A number of other Icelandic tephra with unknown volcanic prov
inces (e.g. Hässeldalen, Högstorpsmossen, Ben Goram Moss, Svínavatn 
SSn) have been tentatively attributed to Snæfellsjökull (Björck and 
Wastegård, 1999; Boygle, 1999; Langdon and Barber, 2001; Davies 
et al., 2003). These tephra exhibit a similar evolved composition; 

Fig. 10. Correlations of Snæfellsjökull tephra from the Laugarvatn lake record, the Snæfellsnes peninsula (Jóhannesson et al., 1981), N (E and W) Iceland and 
Northern Europe (Fig. 1; Table 2). Solid and stippled grey lines mark strong and tentative correlation, respectively.
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however, we suggest the Hässeldalen, Högstorpsmossen, Ben Goram 
Moss and Svínavatn SSn tephra layers are unlikely to originate from 
Snæfellsjökull volcanism. Using the Al2O3 wt% as a determining char
acteristic, as suggested by Wastegård et al. (2018), these layers exhibit 
unique and distinct chemistry in comparison to all Snæfellsjökull glass 
data Fig.11).

4.3. Future volcanism from Snæfellsjökull based on its history

Abundant evidence suggests an explosive eruption from Snæ
fellsjökull about 1800 years ago (~1.7 cal ka BP) deposited tephra 
across North Iceland, the North Atlantic and Northern Europe (Fig. 10). 
The widespread tephra Sn-1 has been described from marine, terrestrial 
and lacustrine archives (although not yet from an ice core), representing 
a widespread and important Late Holocene marker layer. While Sn-2 
(~4.5 cal ka BP - roughly 2.8 ka prior) was previously thought to be 
the preceding explosive eruption from Snæfellsjökull, it is likely that Sn- 
X (~3.6 cal ka BP – roughly 1.8 ka prior) is in fact the pen-ultimate 
(Fig. 10). The Sn-X tephra has been identified in Northeast Iceland 
(Annertz et al., 1985; Sigvaldason et al., 1992) and Northern Europe 
(Wastegård et al., 2009), suggestive of a distally deposited explosive 
eruption (Figs. 1 and 10). While little is known regarding the distal 
deposition of the Sn-2 or Sn-L tephra, we also note that there are roughly 
1700 years between Sn-X (~3.6 ka BP) and Sn-L (~5.3 ka BP).

Results from the Laugarvatn record may suggest that the eruptions 
producing these widespread marker layers were followed by a period of 
smaller scale unrest as indicated by a series of subsequent tephra hori
zons. These findings could indicate more frequent volcanic activity and 
consequently a shorter (and regular) reoccurrence interval of ~1800 
year at Snæfellsjökull. Despite suggestions of a historical eruption(s) 
from Snæfellsjökull (Pilcher et al., 2005; Plunkett and Pilcher, 2018; 
Vakhrameeva et al., 2020), we find no evidence of such post-settlement 
deposits within the Laugarvatn lake record nor elsewhere in Iceland. In 
summary, the last two distally deposited tephra from Snæfellsjökull 
occurred roughly 1800 and 3600 years ago. If this pattern is indicative of 
upcoming activity from the volcanic system, it would not be unusual to 
experience an eruption from Snæfellsjökull in the near future.

5. Conclusions

- A critical review of (suggested) Snæfellsjökull tephra supplemented 
with a new high-resolution – well-constrained lake record from 

Laugarvatn, located proximally on the Snæfellsnes peninsula, sug
gests the volcanic province may have produced over a dozen 
explosive eruptions during the last 10 ka BP.

- In addition to the previously described Sn-1 (1.7 cal ka BP), Sn-2 (4.4 
cal ka BP) and Sn-3 (9.2 cal ka BP), we introduce three new potential 
Snæfellsjökull tephra markers, Sn-X (~3.6 cal ka BP), Sn-L (~5.3 cal 
ka BP) and Sn-H (~5.5 cal ka BP).

- Furthermore, we identified three additional tephra layers (~4.7, 
~6.8 and ~8.0 cal ka BP) of dominantly intermediate composition as 
well as three basaltic tephra layers (~4.3, ~6.9, and ~9.7 cal ka BP) 
originating from the Snæfellsjökull volcanic province.

- At least two explosive eruptions from Snæfellsjökull have deposited 
tephra in Northern Europe: Sn-1 roughly 1.7 cal ka BP and Sn-X 
roughly 3.6 cal ka BP, exhibiting an ~1800-year reoccurrence 
interval.

- The Sn-1 tephra is an important Late Holocene marker layer depos
ited across the northern part of Iceland and its shelf area. Further
more, the deposit is widespread across northwestern Iceland, where 
Late Holocene Hekla marker layers are less common.

- The Sn-2 tephra exhibits indistinguishable geochemistry from Sn-1, 
however, it is deposited stratigraphically underneath Hekla 4 (in N 
Iceland), whereas the Sn-X tephra (also with similar geochemistry) is 
deposited between Hekla 3 and 4.

- The Sn-3 tephra described by Jóhannesson et al. (1981) has a silicic 
geochemical composition ranging from ~57 to 64 SiO2 (wt %), 
characteristically elevated Al2O3 (>15 wt %) and an estimated age of 
9.2 ka BP. The Sn-3 tephra exhibits greater wt % of CaO, TiO2, MgO 
and FeO than Sn-1 and Sn-2.

- The bi-modal Landnám tephra layer is present in the Laugarvatn 
record as a cryptotephra and was identified with the use of XRF scan 
data – by the positive excursion in potassium (K). Despite suggestions 
of historical eruption(s) from Snæfellsjökull (Pilcher et al., 2005; 
Plunkett and Pilcher, 2018; Vakhrameeva et al., 2020), no historical 
tephra from Snæfellsjökull is identified within the Laugarvatn 
record.

- Despite several Northern European cryptotephra findings with un
known origin (Hässeldalen, Högstorpsmossen; Ben Goram Moss) 
having similar composition to Snæfellsjökull, we suggest these are 
unlikely correlations given their absence of characteristically 
elevated Al2O3 (>14 wt %) of Snæfellsjökull tephra.

Fig. 11. Biplots comparing weight percentage of (A) CaO verse SiO2 and B) Al2O3 verse FeO) for all Snæfellsjökull tephra (n = 469) with all Laugarvatn tephra (n =
313; excluding Landnám and Hekla B; Tables 1 and 2) compared to four Icelandic tephra of unknown volcanic origin which have been associated with Snæfellsjökull: 
Hässeldalen (Davies et al., 2003), Högstorpsmossen (Björk and Wastegård, 1999), Ben Goram Moss (Langdon and Barber, 2001) and Svínavatn SSn tephra (Boygle, 
1999). While major element compositions for the tephra are generally like Snæfellsjökull (Table S1), they do not exhibit the distinctly elevated Al2O3 (dominantly 
>14 wt%).
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Jóhannesson, H., 1982b. Yfirlit um jarðfræði Snæfellsness. Árbók Ferðafélags ́Islands, 
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Jóhannesson, H., 2019. Snæfellsjökull. In: Oladóttir, B., Larsen, G., Guðmundsson, M.T. 
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Jóhannsdóttir, G.E., 2007. Mid Holocene to Late Glacial Tephrochronology in West 
Iceland as Revealed in Three Lacustrine Environments. University of Iceland, p. 170. 
Unpublished thesis. 
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Kjær, K.H., 2011. Climatic control of the surge periodicity of an Icelandic outlet 
glacier. J. Quat. Sci. 26 (6), 561e565. https://doi.org/10.1002/jqs.1527.

Striberger, J., Björck, S., Holmgren, S., Hamerlık, L., 2012. The sediments of Lake 
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þorarinsson, S., 1958. The Öræfajökull eruption of 1362. Acta Nat. Isl. II, 1–100.
þorarinsson, S., 1967. The eruptions of Hekla in historical times. In: Einarsson, T., 

Kjartansson, G., Thorarinsson, S. (Eds.), The Eruption of Hekla 1947-48 I, 1-177 
Societas Scientiarum Islandica, Reykjavík.

þorarinsson, 1981. Greetings from Iceland. Geogr. Ann. 63A, 109–118.
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