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Abstract

The Vedde Ash, originating from the Katla central volcano, Iceland, and taken to be dispersed across the North Atlantic and
Europe at~ 12 ka BP, is widely used as a geochronological marker. However, distal tephra layers with compositions like the
Vedde Ash but of younger ages question the reliability of Vedde-like tephra layers as robust age control. Vedde-like tephra
layers are rare in Icelandic sedimentary sequences and, where present, lack firm age control. Providing well-constrained
local records of Early Holocene Katla layers is therefore critical to assess uncertainties related to the use of the Vedde Ash.
Here we report three visible and stratigraphically separated Early Holocene Katla tephra layers from Torfdalsvatn, a lake
in north Iceland, each with chemistry similar to the Vedde Ash. Using high-resolution '*C chronologies, we provide ages
(+ 1o) for these tephra layers of 11,315+ 180, 11,295+ 195, and 11,170+ 195 cal a BP. These observations reinforce that
multiple explosive eruptions of Katla occurred over a 1000-year interval in the Early Holocene and challenge the precision
of some paleoclimate records using the Vedde Ash as a geochronometer where age control is equivocal. This may lead to a
re-evaluation of age models for some Early Holocene North Atlantic records.
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Introduction

The Vedde Ash was first described in lake sediments from
the Alesund and Nordfjord regions of western Norway
(Mangerud et al. 1984). Since then, it has been used as a
widespread marker, present as a visible layer or cryptotephra
in Greenland ice cores (e.g., Cook et al. 2022) and North
Atlantic and Europe sedimentary records (Lane et al. 2011;
Bronk Ramsey et al. 2015; Haflidason et al. 2018). In distal
locations, its composition is generally rhyolitic. However,
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some sites, including the type locality in Norway, also
contain a substantial and rather diverse mafic component
(Mangerud et al. 1984; Birks et al. 1996; Davies et al. 2001;
Koren et al. 2008; Lane et al. 2012). Bayesian modeling of
radiocarbon ages from sediments in Europe places the time
of Vedde Ash deposition at 12,023 +43 cal a BP (Bronk
Ramsey et al. 2015), which is statistically indistinguishable
to the age determined from layer counting in Greenland ice
cores (12,121 + 114 cal a BP, Rasmussen et al. 2006). Given
that the Vedde Ash lies within the middle of the Younger
Dryas Stadial (or Greenland Stadial 1, 12,900 to 11,700 cal a
BP, Rasmussen et al. 2006), an abrupt cold event within the
Late Glacial to Holocene transition (Mangerud et al. 1974),
studies have leveraged its age and widespread distribution to
synchronize North Atlantic paleoclimate records and assess
leads/lags in the past climate system (Bakke et al. 2009;
Lane et al. 2013).

While the Vedde Ash ‘s composition and analytical age
constraint have been relied on for age control, other compo-
sitionally similar tephra layers from the Katla volcano have
also been identified in the Late Glacial to Early Holocene
period (e.g., Lane et al. 2012). These include but are not
limited to the Dimna Ash (> 15,100 cal a BP, Koren et al.
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2008), the Abernethy Tephra (11,790 to 11,200 cal a BP,
Macleod et al. 2015), the Suduroy Tephra (8160 to 7880
cal a BP, Wastegéard 2002), as well as tephra glass found
on the South Iceland Rise that may be up to 3000 years
older than the Vedde Ash (Bond et al. 2001; Thornalley
et al. 2011). However, few sites in Iceland contain these
silicic Katla tephra layers, presumably due to substantial
ice sheet presence through the Younger Dryas that lingered
into the Early Holocene (e.g., Patton et al. 2017). Based on
compositional similarities, correlations have been proposed
between the Skoégar Tephra in north Iceland (Norddahl and
Haflidason 1992) and the S6lheimar Ignimbrite adjacent to
Katla volcano have been proposed (Lacasse et al. 1995),
but these deposits lack independent age control needed
for confirmation. The Sélheimar Ignimbrite is present as
outcrops on the southern flanks of Katla, implying that
these slopes were ice-free when it was formed, ruling out
a Younger Dryas or older age due to local ice sheet cover
at this time (Geirsdottir et al. 2000, 2022). Furthermore,
the Sélheimar Ignimbrite also lacks the basaltic component
present in the Vedde Ash at its type locality and features a
distinct intermediate component (Lane et al. 2012; Tom-
linson et al. 2012).

Torfdalsvatn, a lake in north Iceland (66.06° N, 20.38°
W, Fig. 1a), contains the longest known lake sedimentary
record in Iceland. Based on conventional radiocarbon (14C)
ages and tephra layer compositional analysis, Torfdalsvatn’s
record has been suggested to include the Vedde Ash, among
others (Bjorck et al. 1992; Rundgren 1995). However, these
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records precede recent advancements in '*C calibration as
well as the recognition of multiple silicic Katla tephra lay-
ers during the Late Glacial period. Here we present new
and expanded compositional datasets of tephra layers from
Torfdalsvatn’s earliest sediment, and improved age control
based on new '“C ages, updated radiocarbon calibration
curves (Reimer et al. 2020), and Bayesian modeling (Bronk
Ramsey 2009; Blaauw and Christen 2011). We argue that
contrary to conclusions in earlier studies, Torfdalsvatn does
not contain the Vedde Ash. Instead, our results show that
three visible tephra layers in Torfdalsvatn’s oldest sediment
have similar geochemical composition to the Vedde Ash but
are significantly younger, which may limit the utility of simi-
lar tephra found in distal settings as precise chronometers
(e.g., Lane et al. 2012).

Materials and methods
Sediment core collection

In February 2012, we recovered a continuous lake sedi-
ment core (TORF12-1A-1B) using a Bolivia coring system
from a lake-ice platform above the deepest part of the lake
(5.8 m depth, Fig. 1b). TORF12-1A-1B was collected in
1.5 m increments until reaching deglacial sediment and
bedrock refusal at the bottom. For this study, we focus on
the deepest segment, which contains visible tephra layers
deposited shortly after local deglaciation (Fig. 2). Another
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Fig. 1 Overview map of Iceland. a Locations of Katla and Hekla cen-
tral volcanos (triangles) and terrestrial (green) and marine sites (blue)
mentioned in the text. b Close-up of Torfdalsvatn, its bathymetry
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(1-m isolines, Axford et al. 2007), and location of lake sediment core
sites for TORF12-1A-1B (this study) and 04-TORF-01 (Axford et al.
2007). Base imagery courtesy of Loftmyndir ehf
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sediment core from a shallower part of the lake was col-
lected using a Nesje coring system in 2004 (04-TORF-01,
Fig. 1b), which reaches deglacial sediment at the base
(Axford et al. 2007). Images of 04-TORF-01 were taken at
the University of Minnesota’s LacCore facility and capture
the relative stratigraphy of core TORF12-1A-1B in high
resolution (Fig. 2).

Tephra compositional analysis

From TORF12-1A-1B, 4 visible tephra layers were sampled
at 845, 837, 835.5, and 827 cm depth, sieved to isolate glass

04-TORF-01
Axford et al. (2007)
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Fig.2 Simplified stratigraphy of lake sediment core TORF12-1A-1B
(middle) compared to 04-TORF-01 (Axford et al. 2007) and that from
Bjorck et al. (1992). Correlation of this study’s key tephra layers is
indicated with dotted gray lines. Sediment core images for 04-TORF-

fragments between 125 and 500 um, and embedded in epoxy
plugs. Individual glass shards (n = 142) were analyzed at
the University of Iceland on a JEOL JXA-8230 election
microprobe using an acceleration voltage of 15 kV, beam
current of 10 nA, and beam diameter of 10 um. The inter-
national A99 (mafic) and Lipari obsidian (felsic) standards
were used to monitor for instrumental drift and maintain
consistency between measurements (Table S1, Supplemen-
tal Data). Tephra origin was assessed using the systematic
procedures outlined in Jennings et al. (2014) and Harning
et al. (2018) that is underpinned by an extensive compilation
of glass compositions (> 10,000 mostly published analyses)

Bjorck et
al. (1992)
Legend
Rhyolitic tephra
980 === Basaltic tephra
E oytia
E Clay/clayey-gyttja
E Laminated silty-clay
@ Radiocarbon date
(ka BP)
1030
G10ka Series
1080
Tv-1
1130 A
1180 A

01 taken at the University of Minnesota’s LacCore facility, and close-
up images of the tephra layers are provided in the Supplemental
Material (Fig. S2). See Table 1 for complete radiocarbon information
from all three sediment cores
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of tephra from key proximal locations in Iceland, represent-
ing all tephra-producing volcanic systems. Briefly, based on
SiO, wt% vs total alkali (Na,O +K,0) wt%, we determine
whether the tephra volcanic source is mafic (tholeiitic or
alkalic), intermediate, and/or rhyolitic. We then objectively
discriminate the source volcanic system through a detailed
series of bi-elemental plots produced from available com-
positional data on Icelandic tephra (Fig. S1, Supplemental
Data).

In addition to the 4 tephra layers analyzed by electron
microprobe above, we also use the G10ka Series (formerly
Saksunarvatn Ash), which has been geochemically identi-
fied in previous Torfdalsvatn records (Bjorck et al. 1992;
Alsos et al. 2021), and is easily identifiable by its>20 cm
thickness and coarse-grained nature (Fig. 2, 755 to 781 cm
depth). However, instead of using the single age from the
Greenland ice core (e.g., Alsos et al. 2021), we apply an age
of 10,400 cal a BP to the lower limit based on the recent
recognition that it was generated from multiple eruptions
between 10,400 and 9900 cal a BP (e.g., Jennings et al.
2014; Harning et al. 2018, 2019; Oladéttir et al. 2020).

Radiocarbon

We obtained 10 bulk sediment “C dates from Torfdalsvatn,
8 from TORF12-1A-1B (Table 1) and 2 from a neighboring
core (TORF12-2A, Table S4, Supplemental Material). As
bulk sediment '4C in Icelandic lakes may be stratigraphi-
cally too old due to the introduction of old carbon from the
catchment (Geirsdottir et al. 2009), the latter two dates,
which straddle the well-dated Hekla 4 tephra (4,260 cal a
BP, Dugmore et al. 1995; Florian 2016), are used to test
the reliability of bulk sediment '“C dates in Torfdalsvatn.

All bulk sediment '“C dates were processed in the Arizona
Climate and Ecosystem (ACE) Isotope Laboratory, North-
ern Arizona University. Samples were acidified with HCI to
remove carbonate, combusted at 1030 °C into CO, with an
elemental analyzer (vario ISOTOPE select, Elementar), and
then analyzed on a Mini Carbon Dating System (MICADAS,
IonPlus). All results were corrected for isotopic fractionation
according to conventions of Stuiver and Polach (1977), with
8!3C values measured on prepared graphite using the AMS
spectrometer. These latter values can differ from sample
8'3C values and are therefore not reported.

Age modeling

Before constructing age models for the Bjorck et al. (1992)
and TORF12-1A-1B sediment records, we tested for the
possibility of temporal outliers using Outlier Analysis, an
objective Bayesian statistical analysis (Bronk Ramsey 2009),
in OxCal v4.4 (Bronk Ramsey 2023). Age models for the
Bjorck et al. (1992) and TORF12-1A-1B sediment records
were then created using the R package rbacon, default set-
tings (Fig. 3; Blaauw and Christen 2011; R Core Team
2021), and the IntCal20 calibration curve (Reimer et al.
2020).

Results and interpretations
Lithostratigraphy
For TORF12-1A-1B, we divide the lithostratigraphy into

five units: laminated silty-clay, clay/clayey-gyttja, gyttja,
visible basaltic tephra, and visible rhyolitic tephra (Fig. 2).

Table 1 New and previously published lake sediment radiocarbon information used in this study

Lab ID Depth (cm) Material Conventional *C age + o Calibrated age BP+o Reference
NAU ACE 3914.1.1 750 Bulk sediment 8815+95 9910215 This study
NAU ACE 3915.1.1 783 Bulk sediment 9175+93 10,365+ 120 This study
NAU ACE 3916.1.1 804 Bulk sediment 9357+91 10,565 + 140 This study
NAU ACE 3917.1.1 814 Bulk sediment 9274+93 10,435+ 135 This study
NAU ACE 3918.1.1 824 Bulk sediment 9721+94 11,035+210 This study
NAU ACE 3919.1.1 833 Bulk sediment 10,053 +104 11,580 +225 This study
NAU ACE 3920.1.1 843 Bulk sediment 9982 +93 11,475 +£205 This study
NAU ACE 3921.1.1 850 Bulk sediment 10,041+95 11,545+ 195 This study
Ua-1892 1035 Bulk sediment 8540+230 9520370 Bjorck et al. (1992)
Ua-1891 1052 Bulk sediment 8860+250 9880320 Bjorck et al. (1992)
Ua-1890 1060 Moss macrofossil 9180+210 10,330+370 Bjorck et al. (1992)
Ua-1889 1085 Bulk sediment 98904290 11,340+ 540 Bjorck et al. (1992)
Ua-1888 1095 Bulk sediment 94704200 10,800 290 Bjorck et al. (1992)
Ua-1887 1122 Bulk sediment 10,550 +240 12,400+ 340 Bjorck et al. (1992)
NSRL-14518 432 Humic acid 9100+25 10,240+ 10 Axford et al. (2007)
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Fig.3 Torfdalsvatn lake sediment age models for a Bjorck et al.
(1992) based on six “C ages (blue), and b TORF12-1A-1B based
on eight '*C ages (blue) and one marker tephra layer (green). Tephra
layers ages constrained from these models are marked in yellow. Red

The base of the core at 879 cm up to 834 cm depth is
comprised of laminated silty-clay. Above the basal unit,
from 834 to 824 cm, is clay/clayey-gyttja. The deepest
part of sediment core 04-TORF-01, which correlates to
TORF12-1A-1B (Fig. 2), is further characterized by high
magnetic susceptibility and low organic carbon (< 1%)
(Axford et al. 2007), which along with the intermittent
laminations are consistent with Icelandic lake sediments
deposited in a freshly deglaciated environment (e.g., Larsen
et al. 2012; Harning et al. 2016; Geirsdéttir et al. 2022).
The remainder of both sediment cores is comprised of
organic gyttja, and from core 04-TORF-01, relatively low
magnetic susceptibility and high organic carbon up to 8%,
all consistent with a non-glacial catchment and productive
aquatic system (Axford et al. 2007). Throughout all units,
there are intercalated tephra layers of varying thickness
and color. The tephra layers sampled and analyzed in this
study are located at 845, 837, 835.5, and 827 cm depth.
The relative stratigraphy of core TORF12-1A-1B is well
replicated in core 04-TORF-01 and the core from Bjorck
et al. (1992), with the primary differences being the over-
all length of each sediment record (Fig. 2). 04-TORF-01
was collected from a slightly shallower region of the lake
where less sediment accumulation is expected compared
to the depocenter of the lake where TORF12-1A-1B was
collected from (Fig. 1b). Bjorck et al. (1992) do not report
their coring location. However, based on our team’s collec-
tive experience coring Torfdalsvatn since 2004, where no
records have exceeded 900 cm length, the overall length of
the Bjorck et al. (1992) sediment core (1195 cm) is longer

Age (cal a BP)
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lines reflect mean values of model iterations, the gray lines denote
the 95% confidence envelope, and darker shading reflects more likely
ages. See Table 1 for complete radiocarbon information

than expected, possibly due to angling of the coring device
during collection.

Chronology

Calibrated age models for the sediment record of Bjorck
et al. (1992) and TORF12-1A-1B both show linear sedi-
mentation rates (Fig. 3), and outlier analysis confirms that
neither sediment core has '“C outliers (Table S3 and S4,
Figs. S3 and S4). While both records show similar and slight
age reversals of mean '*C ages (NAU ACE 3916.1.1 and
3917.1.1, this study; Ua-1889 and 1888, Bjorck et al. 1992,
Table 1), their uncertainties substantially overlap and are
not identified as problematic through their posterior prob-
abilities determined through Outlier Analysis (Tables S3 and
S4) or bacon age models (Fig. 3).

Bulk sediment “C ages above (4305 + 115 cal a BP)
and below (4675 +90 cal a BP) the Hekla 4 tephra layer
(4260 cal a BP, Dugmore et al. 1995) in Torfdalsvatn
(Table S5) show minimal differences between '*C ages and
the acknowledged age of Hekla 4 on the order of centuries.
Similarly, bulk sediment l4c ages above (9910215 cal
a BP) and below (10365 + 120 cal a BP) the G10ka Series
tephra (Fig. 2) are consistent with independent age esti-
mates for these tephra units that range from 10,400 to
9900 cal a BP (éladéttir et al. 2020). Possible uncertain-
ties in bulk sediment '*C ages in Iceland can result from
the introduction of inorganic carbon (geothermal activity)
and old organic carbon (erosion) (e.g., Geirsdéttir et al.
2009; Ascough et al. 2011). While lakes located in the
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active volcanic zone show a freshwater reservoir effect,
where '“C ages are influenced by CO, delivered by geo-
thermally mediated groundwater (Ascough et al. 2011),
Torfdalsvatn’s location is well outside active volcanic
zones in Iceland and thus removed from major geothermal
activity (Flévenz and Semundsson 1993). Consequently,
the influence of such activity on the lake water '*C is mini-
mal. In a freshly deglaciated landscape, like we infer from
Torfdalsvatn’s sediment characteristics, old organic carbon
was likely removed entirely by the pre-existing ice sheet,
making erosion of stratigraphically old organic carbon
into the lake improbable as well. The minimal differences
between the age of the Hekla 4 and G10ka Series tephra
layers and bounding bulk sediment '“C ages reinforce this
conclusion and suggest that the bulk sediment '*C ages
from Torfdalsvatn’s basal section provide reliable maxi-
mum ages of sedimentary deposition and age constraint for
the intercalated Early Holocene tephra layers.

Tephra layer descriptions
12TORF-1B-108 (Tv-1)

A 0.6 cm thick, black basalt tephra of very fine ash is present
at 845 cm depth (Table 1, Fig. 2) and has a modeled age of
11,390 + 180 cal a BP (Fig. 3b). The tephra layer is com-
prised of pristine and vesicular, sideromelane grains, poorly
to non-vesicular black translucent to opaque grains, and grey
microcrystalline grains. All 17 grains analyzed have alkalic
basalt composition consistent with the Hekla volcanic sys-
tem (Fig. 4a and S1; Table S2). The similar homogenous
composition and thickness to the lowermost tephra layer
described by Bjorck et al. (1992) correlate this to the Tv-1
tephra layer (Fig. 4a).

12TORF-1B-100 (Tv-2a)

A 1.1 cm thick, black and white (i.e., salt and pepper tex-
tured) layer of medium grain ash is located at 837 cm depth
(Fig. 2) and has a modeled age of 11,3154+ 180 cal a BP
(Fig. 3b). The tephra layer has sharp upper and lower con-
tacts with surrounding sediment (Fig. 2) and is comprised
of silicic and basaltic grains with delicate protrusions
(Fig. 5a). The 41 grains analyzed are alkalic in composition
and consistent with the Katla volcanic system (Fig. 4b, c
and S1; Table S2). These range from basalt (n=20) to low-
Si0, (n=2) and high-SiO, intermediate (n=1), to rhyolite
(n=18). The similar bimodal compositional range (Fig. 4b)
and thickness between the 12TORF-1B-100 tephra and
the Tv-2 tephra described by Bjorck et al. (1992) support
a correlation.
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12TORF-1B-99 (Tv-2b)

A 0.9 cm thick, black and white layer (i.e., salt and pepper
textured) of medium grain ash is located at 835.5 cm depth
(Fig. 2) and has a modeled age of 11,295+ 195 cal a BP
(Fig. 3b). The tephra layer has sharp upper and lower con-
tacts with surrounding sediment (Fig. 2) and is comprised
of silicic and basaltic grains featuring delicate protrusions
(Fig. 5b). All 44 grains analyzed exhibit alkalic composi-
tions consistent with the Katla volcanic system (Fig. 4 and
S1; Table S2). These range from basalt (n=19) to low-SiO,
(n=4) and high-SiO, intermediates (n=2), and rhyolites
(n=19). This bimodal compositional range is identical to
that of the Tv-2a tephra below (Fig. 4b). Although not ana-
lyzed for composition in Bjorck et al. (1992), the authors
note the presence of two tephra horizons above Tv-2, which
we correlate to Tv-2b and Tv-2c in TORF12-1A-1B based
on stratigraphic position (Fig. 2).

12TORF-1B-90 (Tv-2¢)

A 0.4 cm thick, dark layer of fine to medium grain ash is
located at 827 cm depth (Fig. 2) and has modeled age of
11,170+ 195 cal a BP (Fig. 3b). While the tephra layer has
sharp upper and lower contacts with surrounding sediment
(Fig. 2), there is a minor component of lithic and crystal
fragments (Fig. 5c), which likely results from sampling-
induced contamination due to the thin nature of the tephra
layer. Of the 40 grains analyzed, 33 (83%) exhibit alkalic
compositions, where the composition of 28 grains indicates
origin from Katla, while five alkali basalt grains are consist-
ent with the Hekla volcanic system (Fig. 4). The dominant
Katla tephra grains range from basalt (n =7) to basaltic ice-
landite to icelandite (n=3) and rhyolite (n=18). The seven
tholeiite basalt tephra grains are consistent with origin from
the Kverkfjoll volcanic system (Fig. S1 and Table S2). The
presence of non-Katla tephra grains likely reflects similarly
timed eruptions from the Kverkfjoll and Hekla volcanic
systems.

Discussion
Evidence for primary tephra deposits

Torfdalsvatn’s stratigraphic record includes four distinct
Early Holocene tephra layers (Fig. 2). The lowermost layer
has a Hekla basalt composition (Tv-1, Fig. 4a), and the
uppermost three have bimodal Katla chemical composition
(Tv-2a, Tv-2b, and Tv-2c, Fig. 4b—d). Previous lake sedi-
ment studies from Torfdalsvatn suggest that the 9 cm of
sediment immediately following the first silicic Katla tephra
layer (Tv-1), which includes two unanalyzed tephra layers
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Fig.4 Example source discrimination biplots. a Basaltic Hekla Tv-1
tephra, b basaltic Katla tephra layers endmembers in Torfdalsvatn
compared with similar tephra layers from Iceland and Europe (Nord-
dahl and Haflidason 1992; Lane et al. 2012; Geirsdottir et al. 2022),
¢ rhyolitic Katla tephra layer endmembers in Torfdalsvatn compared
with similar tephra layers from Iceland (Bjorck et al. 1992; Nord-
dahl and Haflidason 1992; Geirsdottir et al. 2022), and d Greenland

correlated to Tv-2b and Tv-2c (Fig. 2), resulted from rede-
position of older sediments based on similar pollen spec-
tra to those in lower levels (Bjorck et al. 1992; Rundgren

Vedde Ash (Scotland) @ Vedde Ash (Norway)

Abernethy Tephra (Scotland)
Vedde Ash (NGRIP) ¢ Katla 12248 BP (NGRIP)

and Europe (Mortensen et al. 2005; Matthews et al. 2011; Lane et al.
2012). Tv-1, Tv-2, and NGRIP tephra layer geochemistries are aver-
age values and standard deviations (Bjorck et al. 1992; Mortensen
et al. 2005). Uncertainty from standard analyses shown in upper right
corners of ¢ and d (light gray). Please see the supporting data for raw
data and further discrimination plots

1995). However, this does not require the sediment to be
reworked and could simply be due to the presence of simi-
lar plant assemblages in the catchment. Moreover, based
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Fig. 5 Electron microprobe backscatter images for a Tv-2a (TORF-1B-100), b Tv-2b (TORF-1B-99), and ¢ Tv-2c (TORF-1B-90)

on the sediment lithostratigraphy (“Lithostratigraphy” sec-
tion), the landscape was freshly deglaciated, suggesting there
was minimal development of catchment soil and vegetation
available for redeposition. In distal regions, shard count-
ing is often used to identify cryptotephra layers not visible
to the naked eye (maximum shard count) and evaluate the
possibility of reworked tephra sequences (e.g., Lowe 2011).
However, in proximal volcanic regions, such as Iceland, the
presence of pure, visible tephra layers will result in orders
of magnitude higher counts in the tephra layers compared
to background sediment, which itself is often comprised of
tephra due to the volcanic origin of Icelandic soil (Arnalds
2004).

For proximal volcanic locations, tephra grain morphol-
ogy and rounding are key tools to differentiate between
primary and reworked tephra layer deposits (Wilcox and
Naeser 1992; Leahy 1997; Gudmundsdéttir et al. 2011;
Lowe 2011; Oladéttir et al. 2011). Primary tephra layers
also feature (1) sharp contacts, (2) uniform geochemical
compositions, (3) minimal incorporation of exotic material
(e.g., lithic fragments, biological microfossils), (4) lack of
sedimentary structure such as turbidites and discontinuous

@ Springer

layers, and (5) spatial distribution of the layer across dif-
ferent locations (Lacasse et al. 1998; Boygle 1999; Shane
et al. 2006; Gudmundsdoéttir et al. 2011; Lowe 2011). Based
on these criteria, we argue that all three tephra layers are
primary deposits. Specifically, the three Katla tephra lay-
ers in Torfdalsvatn have sharp contacts separated by non-
volcanic sediment (Fig. S2), tight geochemical populations
(Fig. 4), non-rounded shard morphometry (Fig. 5), do not
contain substantial exotic material, feature large grain sizes
(Fig. 5) that cannot be readily mobilized by wind, feature
depositional textures and structures that are not compat-
ible with deposition via turbidity currents, are present in all
three sediment records from the same lake (Fig. 2) and pos-
sible correlations elsewhere around Iceland (see the “Pos-
sible correlations for Torfdalsvatn tephra layers in Iceland”
section). The close similarity between bulk sediment '*C
ages bounding the well-dated G10ka Series and Hekla 4
tephra layers suggests that reworking of catchment material
is minimal around Torfdalsvatn throughout the Holocene,
particularly following tephra deposition, which is known to
lead to intensified erosion in other Icelandic environments
(e.g., Geirsdattir et al. 2020). In conjunction with Bayesian
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age modeling, these lines of evidence demonstrate that the
three Early Holocene tephra layers found in Torfdalsvatn
were generated from separate Katla eruptions between
11,315+ 180 and 11,170+ 195 cal a BP.

Torfdalsvatn Katla tephra layers are not correlated
to the Vedde Ash

The oldest of the three Katla tephra layers in Torfdalsvatn
(Tv-2a) was previously correlated to the Vedde Ash (Bjorck
et al. 1992) and the local Skégar Tephra based on major
oxide composition (Norddahl and Haflidason 1992). How-
ever, the age of Tv-2a (11,315 + 180 cal a BP) is inconsistent
with the Vedde Ash found in Europe (12,023 +43 cal a BP,
Bronk Ramsey et al. 2015) and Greenland (12,121 + 114 cal
a BP, Rasmussen et al. 2006) (Fig. 6). Moreover, while the
silicic composition of the Vedde Ash in Greenland ice
cores (Mortensen et al. 2005) resembles the layers in Tor-
fdalsvatn, the Vedde Ash layers identified in Norway and
Scotland (Lane et al. 2012) are compositionally different
than those in Torfdalsvatn (Fig. 4d). For example, FeO wt%
for a given TiO, wt% is lower for the Vedde Ash layers in
Europe than for the three Torfdalsvatn tephra (Fig. 4d).
While the bimodal Skégar Tephra, found ~ 120 km to the
east of Torfdalsvatn in Fnj6skadalur (Fig. 1a) is composi-
tionally similar to the Vedde Ash in Greenland and the three
Katla tephra layers in Torfdalsvatn (Fig. 4b, c), there is no
independent age control to support either correlation (Nord-
dahl and Haflidason 1992). Thus, our new compositional

\/ NGRIP
—00—
\/ Scotland A
_._
MD99-2269
_._
Torfdalsvatn
12500 12000 11500 11000

Age (cal a BP)

Fig.6 Age and uncertainty of well-constrained Vedde Ash deposits
and other compositionally similar Katla tephra from Greenland (pur-
ple, Rasmussen et al. 2006) and Scotland (red, Matthews et al. 2011)
in comparison to the Early Holocene Katla tephra layers from MD99-
2269 (blue, Kristjansdottir et al. 2007) and Torfdalsvatn (green, this
study). V, Vedde Ash; A, Abernethy Tephra. Vertical gray bar cor-
responds to the Bayesian.'“C age modeling of European Vedde Ash
layers (Bronk Ramsey et al. 2015)

and chronological datasets demonstrate that none of the
three tephra layers in Torfdalsvatn can be correlated with
the Vedde Ash or Skégar Tephra at this time.

Possible correlations for Torfdalsvatn tephra layers
in Iceland

Tephra datasets from Iceland’s marine and terrestrial realm
provide possible correlations to the tephra layers identi-
fied in Torfdalsvatn. The ages of the three Katla tephra
layers in Torfdalsvatn are similar to three rhyolitic Katla
cryptotephras dated to 11,520+ 190, 10,760 + 100, and
10,420+ 100 cal a BP in marine sediment core MD99-2269,
immediately north of Torfdalsvatn on the North Icelandic
Shelf (Figs. la and 6, Kristjansdottir et al. 2007). While
the ages of the MD99-2269 tephra layers are hampered by
unconstrained marine reservoir ages that prevent conclu-
sive correlations with Torfdalsvatn, the presence of multi-
ple, similar Katla tephra layers adds further support to the
notion of three (or more) rhyolitic Katla tephra with north-
erly dispersal during the Early Holocene. In south Iceland,
a lake sediment record from Hestvatn (Fig. 1a) contains four
bimodal Katla tephra layers above the assumed Vedde Ash.
All four have similar composition to the three tephra layers
in Torfdalsvatn with ages between~ 11,700 and 10,600 cal
a BP (Fig. 4b, c, Geirsdéttir et al. 2022). In addition, there
are two Hekla basalt tephra layers with similar age to Tv-1
(10,630 and 10,400 cal a BP, Geirsdottir et al. 2022) that
provide further correlation potential with Torfdalsvatn’s
tephra record. While there is relatively greater uncertainty in
the age of Hestvatn’s Katla tephra layers, as they were depos-
ited in a shallow marine environment with high sediment
accumulation rates (Geirsdottir et al. 2022), it is possible
that some may correlate with those in Torfdalsvatn. Future
efforts to improve the chronological control of these marine
and lake sediment records, as well as the identification of
similar tephra layers in additional stratigraphic records in
Iceland using major oxide as well as trace element composi-
tion, will be imperative to draw definitive correlations with
the three tephra layers Torfdalsvatn and trace the ash plume
trajectories from these Katla eruptions.

Repeated rhyolitic and bimodal tephra layers
in the North Atlantic and Europe

Like Iceland, records from elsewhere in the North Atlantic
and Europe indicate the presence of multiple Katla tephra
layers with Vedde-like compositions during the Late Glacial
and Early Holocene (Lane et al. 2012). In Greenland ice
cores (e.g., NGRIP), another rhyolitic tephra layer from the
Katla volcanic system (Fig. 4d) is estimated to be < 100 years
older than the Vedde Ash (Mortensen et al. 2005; Cook
et al. 2022; Fig. 6), similar to evidence in the marine realm
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Fig.7 Map of select sites with Vedde Ash and other similar rhyolitic
Katla deposits. (1) NGRIP ice core (Mortensen et al. 2005), (2) Aber-
nethy Forest, Scotland (Matthews et al. 2011; MacLeod et al. 2015),
(3) MD99-2284 (Muschitiello et al. 2019), (4) Krakenes, Norway
(Mangerud et al. 1984), (5) Lake Madtjirn, Sweden (Wastegard et al.
1998), (6) Lofoten Islands, Norway (Pilcher et al. 2005), (7) Heftye-
vatnet (Farnsworth et al. 2022), (8) Lake Yamozero, Siberia (Haflida-

between Iceland and Greenland (Eiriksson et al. 2004,
Gudmundsdottir et al. 2012; Voelker and Haflidason 2015).
However, age constraints for the Vedde Ash in the latter
cases near Iceland are either based solely on correlation of
tephra compositional analysis (Eiriksson et al. 2004; Voelker
and Haflidason 2015), or with *C ages that are too young
for the Vedde Ash (Gudmundsdottir et al. 2012), suggesting
other potential tephra layer correlations, such as those from
Torfdalsvatn, are possible. In south Sweden, two cryptote-
phra shard peaks associated with the Vedde Ash appear in
lake sediment with '*C ages of 12,045 to 11,975 cal a BP
(Wastegérd et al. 1998). In and around Scotland, the compo-
sitionally similar Abernethy Tephra (Fig. 4d) is ~ 600 years
younger than the Vedde Ash (Fig. 6) as verified through
high-resolution 14C dates (Matthews et al. 2011; MacLeod
et al. 2015; Muschitiello et al. 2019). In Lake Hiamelsee,
Germany, a cryptotephra, which possibly correlates to the
Abernethy Tephra, as well as less concentrated glass shards
of Vedde-like composition, is present above the assumed,
but not independently dated, Vedde Ash (Jones et al. 2018).
Tephra glass with Vedde composition found on the Lofoten
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Svalbard

75°N

son et al. 2018), (9) Lake Bolshoye Shchuchye, Siberia (Haflidason
et al. 2018), (10) Lake Hamelsee, Germany (Jones et al. 2018), (11)
Lake Bled, Slovenia (Lane et al. 2011), (12) MD99-2269 (Kristjans-
dottir et al. 2007), and (13) Torfdalsvatn, Iceland (yellow). Dashed
grey line denotes the possible northern dispersal of Katla tephra lay-
ers identified in Torfdalsvatn

Islands, Norway, is intermixed with the Askja S tephra layer,
dated to 10,830+ 57 cal a BP (Pilcher et al. 2005; Bronk
Ramsey et al. 2015). Collectively, these records demonstrate
that the record from Torfdalsvatn is not unique, and that the
Katla volcanic system produced multiple tephra layers with
similar rhyolitic and bimodal compositions in the millennia
following the Vedde Ash.

These distal records also allow us to address potential
dispersal patterns of Katla’s multiple Early Holocene vol-
canic eruptions. In addition to slightly different composi-
tions, the similarly aged Abernethy Tephra was not likely
generated during the same eruption(s) that produced the
tephra layers found in Torfdalsvatn. Rhyolitic tephra in
Iceland is produced during explosive eruptions that fea-
ture eruption columns exceeding 20 km in altitude and
transported distally by stratospheric winds (Thorarinsson
1950; Sharma et al. 2008; Carey et al. 2010). At least today,
Icelandic ash plumes that reach the stratosphere are dis-
persed eastward by strong westerlies in the fall and winter.
However, these stratospheric winds are seasonal, and in
the spring and summer, the prevailing dispersal direction



Bulletin of Volcanology (2024) 86:2

Page110f14 2

shifts to relatively weak easterlies (Lacasse 2001). If
stratospheric wind patterns were the same in the Early
Holocene, the opposing trajectories of tephra dispersal
to Torfdalsvatn and Europe (Fig. 7), as well as the short-
lived nature of explosive rhyolitic eruptions (duration of
individual events on the order of hours to days), makes it
improbable that tephra layers found in both locations could
have been generated from the same eruption. Future efforts
mapping these tephra layers in additional North Atlantic
records as well as detailed reconstructions of Holocene
stratospheric wind patterns will be instrumental to further
clarify dispersal patterns.

Conclusions

Given that Icelandic tephra layers provide critical age con-
trol for many locations in the northern North Atlantic and
Europe, improving ages of and correlations between proxi-
mal and distal tephra deposits is vital. The ~ 12,000 cal
a BP Vedde Ash has stood as an important age control
point for the Late Glacial period by providing constraint
for Greenland ice core records (Mortensen et al. 2005;
Rasmussen et al. 2006), glacial geology and sea level
curves (e.g., Norddahl and Haflidason 1992; Rundgren
et al. 1997; Farnsworth et al. 2022), paleoenvironmen-
tal records in Iceland, among other Northern Hemisphere
localities (Bjorck et al. 1992; Rundgren 1995; Jennings
et al. 2000; Geirsdottir et al. 2022), the spatio-temporal
evolution of abrupt North Atlantic climate change (Bakke
et al. 2009; Lane et al. 2013), and regional paleoceanog-
raphy and marine reservoir ages (e.g., Kog¢ et al. 1993;
Eiriksson et al. 2000, 2004; Xiao et al. 2017; Muschitiello
et al. 2019). Building off Lane et al. (2012), the growing
number of bimodal and silicic Katla tephra layers found
during the Late Glacial to Early Holocene in Europe, and
now locally in Iceland, increase temporal uncertainty
when using the Vedde Ash without supporting age con-
trol. Detailed evaluations of prior Vedde Ash correlations
are now required, especially if the records lack independ-
ent age control, which may result in revision of Late Gla-
cial and Early Holocene paleoclimate events in the North
Atlantic.
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