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During the last deglaciation of Fennoscandia, large earthquakes may have induced secondary effects on
the high-latitude coastal regions and continental margins primarily from surface rock avalanches, large
and small submarine slides, local and regional flooding, and tsunamis. In this overview, we show that the
climate-earthquake-slide-tsunami causal sequence is particularly important, as is structural inheritance
and rejuvenation. However, there are potential earthquake-generating early Holocene faults also beyond
the previously defined Lapland Fault Province. Thus, we introduce the term the Greater Lapland Fault
Province. Earthquakes in the expanded fault province are candidates for triggering the 8.1 ka
Storegga Megaslide and/or its predecessors and coeval tsunamis. The events might have released other
submarine slides, gas hydrate expulsion leaving large pockmark fields and rock avalanches and submarine
mass wasting in fjord and lake settings. Moreover, seismic events may also have triggered local and regio-

nal flooding by breakup of ice and sediment barriers.

Introduction

Except for the western Caledonide Orogen (Fig. 1), most of Fennoscandia is a craton comprising
Archaean and Proterozoic rocks, underlain by thick lithosphere. The occurrence of early Holocene paleo-
earthquakes in Fennoscandia has been summarised by Lagerback & Sundh (2008), who located the events
in an approximately 400 x 400 km region north of the Gulf of Bothnia denoted the Lapland Fault Province
(LFP). However, the existence of events also beyond the LFP have led us to introduce the term Greater
Lapland Fault Province (GLFP) for the region in which deglaciation contributed to the early Holocene
seismicity (Fig. 1). The GLFP includes the northern and central parts of Sweden and Finland, as well as the
neighbouring regions of Norway and Russia. In particular, the terms Glacially Triggered Faulting and
Glacially Induced Faulting (GIF) have been applied to these events (Steffen et al., in press), and the
consensus is that the events relate to much older faults rejuvenated during crustal uplift following the

last deglaciation, thus of a climatic origin. Nonetheless, a number of questions remain unanswered,
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Fig. 1. Early Holocene postglacial faults and fault complexes in the Greater Lapland Fault Province (GLFP) where the
green box outlines the approximate (~400 x 400 km) LFP of Lagerback & Sundh (2008). The onshore faults are based on
Olesen et al. (in press) and Posiva (2019), whereas the offshore structures are from the NPD database (2020). GIFs: Bo,
Bollnds,; Bu, Burtrdsk; He: Helukka; IR, Isovaara-Riikonkumpu, J&, Jdmtland; La, Laino, Lau, Lauhanvuori; Lj, Lansjdrv; LV,
Lake Vdttern; Me, Merasjdrvi; No, Normannvikdalen; Pj, Palojdrvi; Pd, Pdrvie; RS, Rojnoret; Se, Sevettjdrvi; So, Sorsele; St,
Stuoragurra; Su, Suasselkd. Also shown are some other structural features (CG, Central Graben; MFB, Moray Firth Basin;
VG, Viking Graben; @FG, Bygarden Fault Zone; MTFC, Mgre—Trgndelag Fault Complex; OG, Oslo Graben). T refers to the
Troll gas field. and we show outlines of the ~8.1 ka Storegga Slide; N, Nyegga Pockmark Field; TPF, Troll Pockmark Field.
Also shown are the Finnish regions Kuusamo, Ku, and Olkiluoto, Ol; and contours of present rate of postglacial uplift
(mm/yr) from Vestgl et al. (2019). Bathymetry in metres. Caledonian Front, CF, from Olesen et al. (in press).

in particular concerning the modelling of the Glacial Isostatic Adjustment (GIA). This includes the
commonly assumed simplification of the known lateral variation of physical properties in the lithosphere
and upper asthenosphere (Vestgl, 2006; Vestgl et al., 2019; Li et al., 2020), as well as the apparent large
lateral variability of the Fennoscandian Ice Sheet (FIS; Lane et al., 2020). Noteworthy, however, Lund
et al. (2009) did include a 3D varying lithospheric thickness in their Fennoscandian model. Moreover,
the marked difference in postglacial tectonic response between N America and Fennoscandia is not yet

satisfactorily explained (Eldholm & Bungum, in prep).

In addition to the well-documented paleoearthquakes north of 64°N, Fig. 1 also includes three
structures farther south which are less well known, namely the Jamtland Fault (~63.1°N, 15.1°E; Mikko
et al., 2015; Berglund & Dahlstrom, 2015), the Bollnds Fault (~61.3°N, 16.3°E; Schmidt et al., 2014),
and the Lake Vattern Fault (~58.1°N, 14.4°E; Jakobsson et al., 2014). Within the study region in Fig. 1
we also find the huge Storegga Slide (Bugge et al., 1987; Solheim et al., 2005a) and the Troll pockmark
field (Mazzini et al., 2017). As a frame-of-reference for the spectacular postglacial phenomena we have
also included the NKG2016LU_lev model of the present uplift rates from the Nordic Commission of
Geodesy (Vestgl et al., 2019), where the levelling is relative to a GIA-induced geoid model. However, in the

present context the difference between this model and the absolute (empirical) one is negligible.
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It is likely that the GLFP paleoearthquakes initiated secondary phenomena which in some cases
may have been catastrophic. Accepting a climatic relationship, we first briefly summarise the early
Holocene climate, paleoearthquakes, LFP and GLFP. Then, we review some secondary relationships
potentially initiated by the early Holocene paleoearthquake activity in the GLFP in a climate-related
context. These include the Storegga Slide and its predecessors and coeval submarine slides elsewhere
along the Norwegian continental margin, as well as other forms of mass wasting, rock avalanches,

local and regional flooding, and gas hydrate release creating large pockmark fields.

While our work may appear as a review paper, it is primarily an effort to collate and interpret
available multidisciplinary geodata within a climatic framework with the purpose to better understand

secondary, and possibly interconnected, phenomena.

Early Holocene environment

The early Holocene, ~11.63-7 ka', is a time of major environmental change (Wanner et al., 2008;
Carlson & Clark, 2012) when most of the huge Fennoscandian continental ice sheet was removed.
The ice sheet diminished in lateral extent and volume during the last deglaciation in response to
Holocene warming (Siegert et al., 2001). Towards the end of the glacial cycle, the ice masses had
melted and retreated, waxing and waning by short-term temperature changes. Field-based *C
ice-margin chronologies exist in Fennoscandia (Hughes et al., 2015), in particular *C ka time-slice
reconstructions for the period 25-10 *C ka (Fig. 2). Many ice models are based on relative sea-level
data (Coulson et al., 2021), whereas other ice models derive from space geodesy data (e.g., Peltier,
2004; Peltier et al., 2015; Vestgl et al., 2019).

NN
S un

Fig. 2. Ice volume of the Fennoscandian ice sheet expressed in sea-level
equivalents. The most credible maximum and minimum volumes are
shown by stippled lines (modified from Hughes et al., 2015). Ages in
14C ka. The global mean sea level (Carlson & Clark, 2012) increased nearly
uniformly after the Last Glacial Maximum, exhibiting a typical rate of
increase to ~10 m ka™ during the 16—6 ka period.
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The reconstruction in terms of approximate sea-level equivalents highlights the first-order spatial
and temporal variation in ice-sheet retreat, and the contribution of sea-level equivalents ranges from
~5—0 m during the ~12-9 ka early Holocene period (Carlson & Clark, 2012). The global mean sea-level
increased nearly uniformly after the Last Glacial Maximum, exhibiting a typical rate increase to ~10
m ka™ during the 16-6 ka period. It passed ~-50 m at ~11.6 ka and ~-15 m at ~8.2 ka, approaching
recent levels at ~7 ka, responding to the retreating and diminishing Northern Hemisphere ice sheets.
The contribution of sea-level equivalents ranges from ~-5 m during the ~12-9 ka early Holocene
period. Subsequently, the rate decreased, yielding only a 3-5 m rise towards the present as major

meltwater input ceased (Bard et al., 1996; Fleming et al., 1998).
Some large earthquakes might cause increased submarine and onshore landslide frequencies,

creating new surface water pathways, damming and flooding (Huang & Fan, 2013; Broeckx et al.,

" Unless noted, we use calendar year before present BP and moment magnitude, M,,. Conversion from *C yr by the
procedure at http.//calib.org/calib/, and from varve years according to Bellwald et al. (2018a).
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2020; X. Fan et al., 2020). Thus, the impact of regional transient meltwater events on lithospheric stress
change, resulting from sudden drainage of large water and ice reservoirs, needs attention. Such superlake-
megafloods (Baker, 2002; Clarke et al., 2003) may yield rapid sea-level rises (Gregoire et al., 2012) by
collapse of ice saddles or break-up of sediment barriers in cases triggered by earthquakes. In fact, huge
flood events would leave a global mean sea-level imprint with magnitudes that reflect the discharge

volume (Kendall et al., 2008), with potentials for inducing and/or amplifying short climatic events.

Paleoearthquakes

Early and mid—Holocene earthquakes are paleoearthquakes, i.e., pre-historic, considered to have
occurred prior to written accounts (McCalpin & Nelson, 1996). Despite the present global low-level
seismicity in stable continental regions (SCRs; Johnston & Kanter, 1990), early Holocene paleo-
earthquakes, some of which may have had large magnitudes (Schwartz, 1987; Crone et al., 1997; Grant,
2002), occur both in rifted and non-rifted plate interiors (Schulte & Mooney, 2005). Moreover, in many
high-latitude SCRs the Holocene, and in part the current crustal strain-rate field, is still dominated by
deglaciation (Muir Wood, 2000).

Mapping of paleoearthquakes is mainly based on geological, societal and environmental features, in
particular geomorphological mapping and trenching of suspected faults (Table 1). The recognition of
fault-graded sedimentary sequences displaying deformation structures produced by seismic shaking,
i.e., seismites, may help to date the seismic events. Moreover, archaeology provides paleoearthquake

information, and paleoevents appear also in geomythology.

Table 1. Methods and procedures for dating paleoearthquakes. MTD: mass transport deposits. The criteria for assigning
a postglacial age to some of the events are summarised by Mikko et al. (2015).

Method Procedure Datable - D Reference
Environmental McCalpin & Nelson, 1996
Geomorphology Mapping — landslides and D He et al., 2016.
landforms vs fault scarps
Seismites Trenching D Shenghua et al., 2014.
Societal
Archaeology Dating of societal impact D -in cases Nur, 2002.
Geomythology « o« D - uncertain  Piccardi & Masse, 2007.
Geological McCalpin & Nelson, 1996.
Alluvial river deposits Mapping D Schwartz, 1987.
Landslides Mapping D Jibson, 1996.
Marine sediments MTDs D Gracia et al., 2017; De Batist et
al., 2017; Bellwald et al., 2018a.
Lake sedimets MTDs D Strasser et al., 2013.
Pockmarks Mapping D Reuch et al., 2016;
Mazzini et al., 2017
Rock avalanches Mapping D -in cases Valagussa et al., 2019.
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Earthquakes may have left datable alluvial river deposits and landslides, whereas subaquatic
paleoseismology records Holocene paleoearthquakes in marine and lacustrine sediments by dating of
mass-transport deposits (MTDs) to reconstruct marine and lake seismicity. The method is particularly
applicable to high-latitude fjord deposits (Bellwald et al., 2016). In fact, the repetitive turbidite deposits
in the eastern Mediterranean reveal a direct link between earthquakes and mass wasting in the period
6.0-10.2 ka, at 100-700-year recurrence intervals (Polonia et al., 2015). However, parameters such as
date, magnitude, fault slip rate and recurrence interval commonly arrive from circumstantial evidence
(Swafford & Stein, 2007), and the methods do not apply to blind faults. In fact, it has been assessed that
seismogenic blind thrust faults may have accommodated early Holocene magnitude 6.5—7 earthquakes
in the vicinity of the Norwegian continental margin without surface rupturing (Bungum et al., 2005;
2009).

The Greater Lapland Fault Province

As noted by Bungum et al. (2010), more than a hundred years ago Kolderup (1913) suggested that
uplift of the Scandinavian land mass is the most likely reason for contemporary earthquakes, while
Nansen (1922) also addressed the topic. Moreover, Bath (1953) declared that “it is almost unanimous
agreement between earlier investigators of Fennoscandian earthquakes that they are due to stresses
produced by the differential uplift of the land after the last ice age”. While our perspectives on this
may differ today, the above quotes show that early investigators were aware of the importance of the

Fennoscandian uplift.

Since the Lapland faults were documented (Kujansuu, 1964; Lagerback 1979; Olesen 1988),
the presumed associated seismicity has been discussed in a number of studies (e.g., Wahlstrom &
Kulhdnek, 1983; Wahlstrom, 1993; Arvidsson, 1996; Lagerback & Sundh, 2008; Lund et al., 2009;
Kukkonen et al., 2010; Abdi et al., 2015). Fig. 1, which shows significant postglacial rupturing in the LFP
as well as some faulting beyond LFP, is mainly based on the LFP map of Olesen et al. (in press), expanded

towards the west and south to include areas of potential secondary phenomena.

Historical and present-day seismicity

Both the LFP and most of the Fennoscandian SCR have historically exhibited limited seismic
activity (Fig. 3), including small, sometimes clustered, events along the Norwegian coast and along the
continental margins (Bungum & Selnes, 1988; Byrkjeland et al., 2000; Fjeldskaar et al., 2000;
Bungum et al., 2005; Olesen et al., in press). The LFP yields earthquakes of M up to ~3-4.5 (Slunga, 1991;
Arvidsson, 1996; Bungum & Lindholm, 1996; Juhlin et al., 2010; Olesen et al., 2013), with microseismicity
correlating spatially with mapped fault scarps (Lindblom et al., 2015). In fact, both the Parvie Fault
and the Stuoragurra Fault Complex (SFC) are still active in the sense that they exhibit microseismicity
at present (Lindblom et al., 2015; Olesen et al., in press). However, since the crustal stress regime in
this region has changed considerably since the postglacial period, we interpret the present seismicity
essentially as a response to the present-day stress regime within weakness zones defined by the
pre-existing LFP structures (Bungum & Lindholm, 1996). Similarly, the present level of hazard on these

faults is far below what it was during the deglaciation (Bungum et al., 2005; Lindholm, 2019).

On a global scale, the seismicity of Norway (Fig. 3) is low-to-intermediate, even though it is among the

highest in northern Europe (Olesen et al., 2013). The largest earthquakes in recent times occurred on
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Fig. 3. Seismicity of Fennoscandia plotted with topographic and bathymetric reliefs (see Fig. 1 for GLFP faults).
The earthquake catalogue used is FENCAT (2020) described by Ahjos & Uski (1992), providing data up to and including
2014. Some of the larger earthquakes in and offshore Norway have been corrected in both location and magnitude
(Conrad Lindholm, pers. comm. 2019). Three time periods with different colour coding are plotted: M 4.5-6.1 since 1750
(red, starting with the 1759 Skagerrak earthquake (Table 4)), M 3.0-4.4 since 1880 (cyan), and M 2.0-2.9 since 1980
(black). Symbol size proportional to magnitude.

Svalbard in 2008, M 6.0 (Pirli et al., 2010); in the Rana region in 1819, M 5.82 (Muir Wood, 1988, 1989;
Bungum & Olesen, 2005); in the Vgring Basin in 1866, M 5.7; in the outer Oslofjord in 1904, M 5.4
(Bungum et al., 2009); and in the Viking Graben in 1927, M 5.3 (Bungum et al., 2003). The most recent
M>5 earthquakes include an M 5.3 event in the Vgring Basin in 1988 and an M 5.2 event in the north-
eastern North Sea in 1989 (Hansen et al., 1989).

The seismicity of Fennoscandia is strictly intraplate, also along the passive continental margin. Even so,
however, an E-W profile from oceanic crust through the Caledonides to the Baltic Shield covers a region
subject to strain rates with variations of several orders of magnitude (Bungum et al., 2005; Kierulf et al.,
2014; Keiding et al., 2015) and large variations in tectonic conditions. The main control on the seismicity
in this region appears to be the continental margin proper, with large lateral variations in structural

composition within it. Moreover, as seen in Fig. 3, some of the large sedimentary basins (notably the

2 While the magnitude reassessment of 5.8 for the 1819 earthquake by Bungum & Olesen (2005) was based on felt
areas, Mdntyniemi et al. (2020) in a subsequent reassessment found M 5.9, based on a different approach with 29
individual intensity observation points. The magnitude uncertainty in all such estimates is at least +0.2, however.
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Lofoten Basin and the Norway Basin) also have a clear seismicity signature, as discussed by Byrkjeland
et al. (2000). In the Nordland region there is also a parallel, shallow seismic lineation along the coast,
representing mostly extensional stress release. Other seismic areas are in the failed graben structures
in the North Sea and in the Oslo Rift zone (Bungum et al., 2000, 2009).

This pattern of seismicity is largely consistent with the conclusions from global SCR studies (Johnston et
al., 1994; Schulte & Mooney, 2005), finding that rifted passive margins and failed rifts are the two main
types of host structures responsible for the largest earthquakes. Globally, there are of the order of 20
SCR earthquakes above magnitude 7 known to us (Bungum et al., 2005). Recent studies from Australia
(Leonard & Clark, 2011; Clark et al., 2012) indicate that this number is likely to be steadily increasing.
Even though the number and magnitudes of the largest SCR earthquakes have been challenged by
Schulte & Mooney (2005), it should be kept in mind that the recurrence times at any given SCR location

could easily be thousands of years, in contrast to decades or centuries at plate margins.

The Lapland Fault Province

The early Holocene LFP deformation is evident by some very large earthquakes reaching
magnitudes 7-8.2, dated by seismites in trench exposures to 9—-8 ka, and supported by numerous land-
slides developed in glacial tills (Lagerback & Sundh, 2008). At least 14 postglacial LFP reverse fault
scarps, trending SW—-NE, mostly SE dipping and up to 160 km long and 30 m high, have been identified
(Fig. 1). The largest rupture, the Parvie Fault, has been associated with an earthquake of magnitude
between 7.8 and 8.2 (Muir Wood, 1989; Arvidsson, 1996; Bungum & Lindholm, 1996; Johnston, 1996;

Lindblom et al., 2015), all based on the assumption of a whole-scarp rupture.

Some of the LFP earthquakes may have had larger magnitude than most SCR earthquakes
elsewhere, and their discovery consequently invoked characterisations like extraordinary (Muir Wood,
1989), enigmatic episodes (Lagerback & Sundh, 2008), unique on Earth (Kukkonen et al., 2010) and
unique globally (Abdi et al., 2015). Importantly, Lagerback & Sundh (2008) found no evidence of faulting
during previous deglaciations and therefore inferred a different stress regime during the older glacial
periods. Smith et al. (in press) conclude, however, that some of the high-relief scarps existed prior
to deglaciation, calling for a reassessment of the single-rupture hypothesis. Moreover, fault stability
analysis supports a change from stable to unstable conditions at the end of the glaciation (Wu et
al., 1999; Lund et al., 2009); whereas Abdi et al. (2015) inferred that the present stress regime is
different from that during the formation of the LFP paleofaults and associated landslides. Nonetheless,

the absence of older faults during previous glaciations is indeed enigmatic (Eldholm & Bungum,

in prep.).

Muir Wood (1989) considered all postglacial faults as listric. In fact, seismic images of the Parvie Fault
show that it is moderately to steeply dipping to at least 2—3 km depth, perhaps to >6 km, constituting
an apparent flower structure merging at depth (Juhlin et al., 2010). Coeval faults exist in N Finland,
where the Suasselkd Fault extends to ~3 km depth (Abdi et al., 2015), and a greatly deformed but
separate fault system, the Sjaunja Scarp, lies ~50 km east of the Parvie Fault (Mikko et al., 2015). Drilling
confirms postglacial reactivation of the Palojarvi Fault (Sutinen et al., 2014), whereas two E-W and
NW-SE trending features are probably younger. Moreover, Sutinen et al. (2018) suggest a number
of sub- and postglacial earthquake-induced landforms in the Kuusamo area in NE Finnish Lapland
(Fig. 1). If related to fault scarps, many of the abundant landslides and landforms might be
caused by old faults reactivated during the early Holocene (Lagerbdck & Sundh, 2008; Mérner, 2009;
Lindqvist, 2010; Berglund & Dahlstrém, 2015; Mikko et al., 2015; Palmu et al., 2015; Mangerud et al.,
2018; Ojala et al., 2018a).
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In the Swedish LFP, most fault scarps are located in Precambrian granitic bedrock, trending along
old Proterozoic structures and commonly terminating against mafic rocks within the bedrock
(Lagerback, 1979; Lagerback & Sundh, 2008; Juhlin et al., 2010), thereby acting as local stress

concentrators (Talwani, 2017).

Many faults that are associated with landslides and related features are commonly termed end-glacial,
implying fault movement at, or near, the time when the last ice receded (Juhlin et al., 2010). Although
some deformation features are ambiguous in nature and without reliable dating, many faults might
reflect a major neotectonic pulse, comprising several M 7-8 earthquakes (Bungum & Lindholm, 1996),
apparently in response to deglaciation, rupturing as single events through the entire crust (Arvidsson,
1996). Lagerback & Sundh (2008) infer that the rupturing occurred shortly after the local deglaciation.
The LFP became ice-free during 10.5-10.0 ka; thus, they dated the faulting to 10.0-9.5 ka (Table 2).

Table 2. Summary of early Holocene earthquakes in GLFP (Fig. 1), or features that might be generated by
earthquakes, based on information in the literature cited in the text. Thus, it includes information from both fault scarps and
landforms. Note that trenching might include datable seismites.

Region Observations / Analyses Dates (ka) Magnitude
GLFP — this paper Various. Mostly landslides 11.5-9.0 cluster 10-9 8.4-5.5
and landforms ~8.0-5.5 7.5-6.7
LFP Trenching 10.0-9.5 7-8.2
LFP ice-free 10.5-10.0
Sweden (Morner) Various, mainly varve analysis ~11.0-9.0 >8

Late and mid-Holocene

6.0 events >8

LFP Fault stability analysis 13-9, max 11-9
Lake Vattern Graben 80-km-fault-system in datable ~11.5 Upto 7.5
sediments, seismic, coring
Bollnas Fault Mapping ~10.18 5.5, 6-6.5
Jamtland, LIDAR, elevation models ~5.7
central Sweden
Finland Lake sediments 12-10, 5-7, 1.5-3 ~7 or higher
Finnish LFP Landslides 11-9, 6-5 ~6.7-7.5
Central-S Finland Ruptures 10.7-10.2 5.1-7.7
Olkiluoto area ~7.4
Troll pockmark field, U-Th dates 9.59+1.38
N Sea
W Norway Rock avalanches 12-10
Storegga Slide Submarine mega-slide 8.1
Stuoragurra Fault Geophysics, trenching, GPR 9-11, 5-6, 1-3 6.4-8.0
Complex. N Norway
Norw. fjords and lakes MTDs 11.0-9.7
8.3-7.7
S Norway 61.1° N Landslide Max. 6.36 Strong
Region ice-free 10.5 ka
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Expanding the Lapland Fault Province
We now examine the evidence for postglacial seismic activity beyond LFP.

Morner (2005, 2009) proposed relatively frequent post— and late—glacial paleoseismicity in Sweden,
including the LFP. His prolific work, based mostly on varve analysis, reflects a significant regional crustal
response to the last deglaciation, with 54 paleoseismic events all over Sweden. Some of these are
M>8, of which 50% were claimed to occur during ~11.8-9.7 ka (Morner, 2009), i.e., during the time
of maximum rates of glacial isostatic uplift. He also reported a major tsunamigenic event at 6.1 ka,
as well as several relatively large-magnitude events during Middle and Late—Holocene. However, this
contention of Holocene faulting in central and southern Sweden has created a lively, sometimes
acrimonious, discourse (e.g., Smith et al., 2014; Malehmir et al., 2016). The arguments, in part
summarised by Lund et al. (2009), Lagerback & Sundh (2008) and Mikko et al. (2015), provide little
conclusive evidence of late- or postglacial faulting south of ~64-66°N, and a particularly strong and
detailed rebuttal is provided by Lund et al. (2017). A particular problem with Mérner’s claims, derived
from observations in varved sediments, is that a corresponding, coeval fault rupture in bedrock is not
found, despite proposed magnitudes which should have given rise to bedrock dislocations over large

distances, too large to be erased through erosional processes.

Even so, faulting south of the LFP is by no means dismissed, but if it occurred it would have had to be
less pronounced than farther north. Why the earlier documented postglacial faults were limited to
the Lapland region has never been fully understood or justified. Nonetheless, recent well-documented
structures in central Sweden (Berglund & Dahlstrom, 2015; Mikko et al., 2015), and numerical
modelling by Wu et al. (1999) and Lund et al. (2009), may well reignite this discussion. In addition to
bedrock features mapped from aerial photographs, LIDAR mapping (Mikko et al., 2015) has revealed
234 scarp segments increasing the total fault lengths by only 2.2 km in the LFP and in central Sweden.

However, no faults were identified in southern Sweden, arguing against Morner (2005).

Nonetheless, recent geophysical mapping (Jakobsson et al., 2014) and coring (Sward et al., 2015) have
revealed neotectonic movements along the SSW—NNE-trending, Precambrian, Lake Vattern Graben in
southern Sweden dated to ~11.5 ka, where up to 13 m of vertical displacement is inferred along a >80
km-long fault system (Fig. 1). If the displacement is from one tectonic event, Jakobsson et al. (2014)
suggested it may have generated an up to M 7.5 earthquake, i.e., comparable to the larger LFP
events, thus supporting the contention of Morner (1985) of earthquake-triggered landslides and
turbidites in the northernmost lake. On the other hand, LIDAR mapping shows no postglacial faults
beyond Lake Vattern, and Mikko et al. (2015) claim that the offset exists only beneath the lake.
Paleoseismic activity ~400 km beyond the LFP is also consistent with a prominent 12 km-long N-S
trending scarp 250 km north of Stockholm, the Bollnas Fault. In Fig. 1 we have added a ~4 km-long
southern extension of the fault as introduced by Malehmir et al. (2016). The rupture may have
triggered a M>5.5 earthquake shortly before 10.18 ka (Smith et al., 2014), or an event of magnitude
6—-6.5 caused by reverse faulting predetermined by an existing deformation zone in basement rocks
(Malehmir et al., 2016). Moreover, several fault scarps in Jamtland, central Sweden, have been
mapped by LIDAR and digital elevation models and interpreted to reflect an area of postglacial
deformation dated to ~10 ka (Berglund & Dahlstrém, 2015). Note that the dating is from morphology and
by comparison with similar features elsewhere in Sweden, thus not by independent methods.
The scarps are 0.4 to 6 km long and 2—-8 m high (Fig. 1), and Berglund & Dahlstrém (2015) estimated that

the faulting may have resulted in an earthquake of magnitude ~7.

The fault system segmentation observed in Sweden and Norway is also characteristic for Finnish Lapland
(Fig. 1; Posiva, 2019). Landslides in western Finnish Lapland (Ojala et al., 2018a) reveal three periods

of slope instability dated to 11-9 ka, 6-5 ka and 3—1 ka, whereas analysis of ruptures and landforms in
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N Finland date the seismic activity to ~11.3 ka, yielding earthquakes in the magnitude range of 6.7-7.5
(Ojala et al., 20173, b). On the other hand, deformation of varved sediments in central and southern
Finland, beyond the LFP, reveal a later mid—Holocene pulse of seismic activity of magnitudes 5.1-7.7,
dated as ~7.4 ka, i.e., ~3.5 ka after regional deglaciation (Ojala et al., 2018b; Posiva 2019; Figs 1, 4).

However, the links between earthquakes and disturbed varved sediments are by no means simple.

A comprehensive study of lake sediments adjacent to Holocene ruptures in northern Finland by Ojala
et al. (2019) reveal temporal clusters of paleoseismicity. The oldest, during 12.0-10.0 ka, is related to
deglaciation, followed by mid—Holocene events in the period 7.0-5.0 ka, and by Late Holocene events
dated to 3.0-2.5 ka (Fig 4). They also propose that the Finnish ruptures propagated from SW to NE,
and that the deglaciation events attained magnitudes of 7 or more in the southwestern part of the GLFP.
Rupture features beyond the LFP have also been reported off the Olkiluoto region (“Ol” in Fig. 1) in the
Baltic Sea, dated to 10.7-10.2 ka (Kotilainen & Hutri, 2004; Hutri & Kotilainen 2007; Hutri et al., 2007;
Palmu et al., 2015), and in the Lauhanvuory fault system (“Lau” in Fig. 1). The offshore features in the
Olkiluoto area show normal faults, apparent gas or groundwater seepage, submarine slides and debris
flows. Coeval rupturing features are also observed in Russia (Kukkonen et al., 2010; Nikolaeva et al., in

press) and in Germany (Brandes et al., 2019).

The known neotectonic features in Norway have been reviewed and graded by Olesen et al. (2004) using
the criteria of Muir Wood (1993) and Fenton (1994). Both the (weakly) active Stuoragurra Fault Complex
in LFP (Olesen, 1988), and the Nordmannvikdalen Fault in N Norway (Dehls et al., 2000; Fig. 1) were
considered almost certainly postglacial, rupturing as single-rupture events at the end of the deglaciation
~9.3 ka or shortly thereafter. Subsequently, Olesen et al. (2013) confirmed their nature, whereas they
reclassified all previously apparent neotectonic features as nontectonic and noted that the Stuoragurra
Fault Complex is still active at depth. However, Redfield & Hermanns (2016) queried the neotectonic
nature of the Nordmannvikdalen Fault, whereas trenching and radar profiling by Olsen et al. (2018)

supported the neotectonic interpretation.

Recently, Olesen et al. (in press) have shown that the Stuoragurra Fault Complex (SFC) constitutes
three separate fault sets along a ~¥4-5 km-wide regional shear zone within the Fennoscandian Shield,
dipping 30-75° to the southeast to a depth of ~3 km. An integrated geophysical survey, including seismic

profiling and magnetotelluric inversion, has confirmed the configuration of the SFC (Mrope et al., 2019;
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Olesen et al., in press); showing that the 90-km-long reverse fault is separated by gaps without any
apparent faulting. Trenching in deformed peat and gyttja layers yields deformation ages of 9-11, 5-6
and 1-3 ka, thereby separating the SFC into three distinct fault sets formed at different times. Such
events may have yielded M 6.4-8.0 earthquakes (Olsen et al., 2020; Olesen et al., in press). We note
that such multiple dates for seismic events have also been reported in N Finland (Mattila et al., 2019;
Ojala et al., 2019).

Mangerud et al. (2018) proposed an earthquake-triggered landslide near the Norwegian town of
Lillehammer (~61.0°N, Figs. 1 & 4). Here, 10.5 ka-old lacustrine sediments covered by ~0.5 m of peat
capping a ~2 m-thick, coarse-grained, debris flow were dated as at most 6.36 ka; i.e., ~4.0 ka since the
glaciers retracted from the region. By analogy with results in Finland they proposed that the debris-flow
sequence originated from a strong earthquake, but also noted that mass movement on the modest
slope of 2.6—4° is enigmatic. Abundant flooding events occurred during deglaciation (Hansen et al.,
2020; Regnéll et al., 2020) and may have left debris-flow deposits, and we add that the movements
occurred in a wooded region, normally not conducive to liquefaction effects from an earthquake.
However, the fact that landslides may occur on very low-angle slopes, <2°, has been documented
repeatedly, such as from the M 7.5 2018 Palu earthquake in Indonesia (Bradley et al., 2019; Watkinson
& Hall, 2019), albeit in a region having undergone anthropogenic environmental change. Moreover,
large submarine landslides may occur on slopes <2° (Urlaub et al., 2015). In fact, many of the numerous
inferred earthquake-triggered landslides in the GLFP exhibit very low-angle slopes, commonly

associated with liquefaction.

We suggest an age range of 11.5-9.0 ka for the GLFP with a cluster at 10-9 ka that we consider
postglacial events, i.e., occurring during the time when the GLFP region became free of ice (Fig. 4; Table
2). The postglacial faults in Fennoscandia initiated numerous landslides (Lagerback & Sundh, 2008;
Sutinen et al., 2014). However, there is also increasing information pertaining to somewhat younger
events, mainly from sliding, flooding and landforms, possibly triggered by GLFP/LFP earthquakes. Thus,
we have included in Table 2 and in Fig. 4 a period of apparent events during 8.0-5.5 ka, which we
denote as mid—Holocene events, i.e., occurring when the epicentral region was entirely ice-free ~¥3—4
ka after the region was deglaciated. In addition, there are indications of more recent activity along the
SFC and in land and lake sediments in the Olkiluoto region, Finland (see Table 2, with dates), an issue
that we will return to later. In fact, about 60 landslides appear on LIDAR data along the segmented
SFC (Olesen et al., in press), and it appears that the segmented and non-single ruptures in the SFC is

characteristic for the majority of the GLFP fault systems in general.

Lately, the term postglacial faults (PGFs) has been introduced, encompassing all structural
deformation since deglaciation (Posiva, 2019). Here, we apply the terms, postglacial, mid—
Holocene and Late—Holocene events to encompass the majority of event ages. However, we stress that
we consider the younger periods to be far more uncertain than the postglacial fault-based dates in
Fig. 4. An apparent time-regressive trend is apparent in the data, with younger ages northward as the
ice sheets retracted. The somewhat uncertain date range of the younger, mid—Holocene, apparent
event cluster primarily arrives from mapping of landslides and landforms. Nonetheless, we still suggest
a glacial origin either by short-lived climatic events inducing glacier advances and retreats, or by
relatively large local and/or regional glaciers left behind. For Late—Holocene events, not discussed

here, we refer to Olesen et al. (in press).
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Potential secondary phenomena

Accepting that the GLFP seismicity during deglaciation may have initiated secondary phenomena, we
now address five categories of such phenomena, which may be interrelated (Table 3). Initially, we address
some historical events as examples of how Fennoscandian earthquakes have impacted the environment.
If sediment and rock formations are unstable, earthquakes may initiate downward mass movements
and/or structural deformation both offshore and onshore. Both in the GLFP and along the Norwegian
margin, the deformation relates to rejuvenation and inheritance of pre-existing structural features (e.g.,
Talwani & Eldholm, 1972; Eide et al., 1997; Lagerback & Sundh, 2008; Henstra et al., 2019). In turn,
Glacially Induced Faulting (GIF) may yield earthquakes that can induce mass wasting and tsunamis
whose magnitudes mainly relate to water depth, slide volume and the nature of slide
fragmentation (Tappin, 2010). In submarine settings, the climate by way of deglaciation controls the
type of mass wasted sediment and its rate of delivery, inducing deposition of mechanically weak layers,

and allowing conditions for fluid and gas overpressure.

Table 3. Secondary earthquake-caused phenomena observed on the Norwegian continental margins and in adjacent
areas. T, R and L refer to the epicentral distances: Teleseismic or far-field (T >~2000 km), regional (R=~800-~2000 km)
and local (L <~800 km) seismic events (Havskov & Otteméller, 2010).

Phenomena Earth- Mechanism Potential consequence
quake
Unstable continental margin T, R, L Mass wasting Megaslide, slide, seiche,
tsunami
Unstable lake and fjord walls R, L Mass wasting (MTDs) Fjord seiches, local tsunami
Rock-sediment-soil avalanche R, L Unstable rock surface Regional to local tsunami
Ice and sediment barrier TR, L Changing drainage Flooding, new current systems
breakup pattern
Gas hydrate TR, L Submarine hydrate Pockmarks, climate gases
release

Some historical events

Even at large epicentral distances, earthquakes might inflict societal damages, initiate mass movements
and tsunami activity on Fennoscandian continental margins and coasts, causing seiches in fjords and
lakes and inducing mass-wasting processes datable by the occurrence of mass-transport deposits
(MTDs). We document such effects in Table 4 by some examples of large teleseismic and regional
earthquakes that have affected Fennoscandia, and particularly Norway. We also include an intriguing
observation most likely from a more recent local mass-wasting event in Nordfjord, W Norway.
The purpose is to document that GLFP events may indeed have had the power and epicentral distances
to induce secondary features, on the adjacent continent, continental margin, and in lakes, fjords and

inland seas.

The well-known consequences of the relatively large historical 1819 Helgeland and 1759 Kattegat
earthquakes document devastation at both local and regional distances, as well as water mass
oscillations, or seiches, in fjords and lakes (Table 4). However, seiches are also caused by large
teleseismic earthquakes (Tables 3—-4), being standing waves in basins and channels with an
eigenperiod similar to the period of the ground movement induced by the earthquake (Kvale 1955;
McGarr & Vorhis, 1968). The natural seiche period is T*2W/(gD)¥?, where W and D are the average
basin width and depth, respectively, and g is the gravity field strength (McGarr, 1965). Thus, teleseismic

events might generate seiches as well as mass wasting. Notably, Johnson et al. (2017) have shown that
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Table 4. Fennoscandian seiches reported from teleseismic or far-field (T >2000 km), regional (R=800-2000 km) and local (L <800 km)
seismic events (Fig. 5). Historical events based on Muir Wood & Woo (1987). The Nordfjord fjord-seiche event has uncertain timing, and it is
questionable whether it is a seiche proper or, more likely, initiated by a local submarine slide reaching its instability level, rather than an

earthquake. MMI: Modified Mercalli Intensity.
Earthquake M/MMI Fennoscandian seiches Comment Reference
1.11.1755 7.2-8.2  Lakes Norway and Sweden. T —Widespread damage McGarr & Vorhis, 1968;
Lisbon Norwegian fjords Kvale, 1955; Jgrstad,

1968; Fonseca, 2020
22.12.1759 VI, Mg Elsinor, Denmark: R/L - felt 600 km. Minor ~ Muir Wood, 1988
Kattegat 5.4-5.6  Agitated sea damage to buildings.
57.7N, 11.1E
31.8.1819 VI, Disturbances in fjords R/L - felt 800 km Muir Wood, 1988; Furseth,
Helgeland (Lurgy) M, and sea. Standing waves Extensive rock fall and 2012; Olesen & Lindholm, 2019.
66.4°N, 13.1°E 5.8-6.2  in Ranafjord, Norway liquefaction features.
16.12.1920 8.5 Osterfjord, Nordfjord T Kvale, 1955; Jgrstad, 1968
Kansu (China) and two lakes in W Norway,

possibly elsewhere.
15.8.1950 8.6 At least 37 lake T
Assam and fjord localities.
27.3.1964 9.2 Osterfjord, Sognefjord. T McGarr 1965; McGarr & Vorhis,
Alaska 1968; Bondevik et al., 2015.
15.9 1967 ? Stryn, Nordfjord, two 1-m L - Cable break. Changes  Aarseth et al., 1989;
high waves (fjord seiches).  in bathymetry (+55 m). Furseth, 2012.
Slide volume: 15x10° km?

11.5.2011 9.0 Inner Sognefjord. T - Observation-based Bondevik et al., 2015.
Tohoku Duration ~2.5-3 hrs seiche modeling

very large far-field earthquakes are able to trigger observable mass-wasting events on distant, unstable

continental margins. They showed that the 2012 M 8.6 Indian Ocean earthquake triggered a

sequence of slope failures, gravity flows and turbidity currents more than 13,500 km away on the

Cascadia margin, continuing intermittently for four months. Similarly, Lgvholt et al. (2018) have analysed

the regional M 7.2 1929 Grand Banks earthquake and the subsequent slide off Newfoundland,

displacing more than 100 km?® of slide material evolving into turbidity currents and tsunamis,

affecting both the adjacent and the conjugate coasts.

By analogy, we infer that large teleseismic, regional and local paleoevents have had, and have, the

power to induce secondary events in Fennoscandian fjords, coasts and lakes as well as along the

Norwegian continental margin. We note that Morner (2005, 2017) has reported several tsunamigenic

earthquakes along the coast of Sweden, but also that Lund et al. (2017) have cast some doubt on these

claims.

During historical times, many fjords and lakes have experienced rock avalanches (Lysa et al., 2009;

Hermanns et al., 2013). A major inland event in central Norway reported by Wilson (2009) has been
dated by the Schmidt hammer method to be of Late Holocene age, 1.825+0.76 ka. Despite the dating

uncertainty, the rock movement is consistent with Late Holocene tectonic events observed elsewhere

in Fennoscandia (Table 2).

Both local rock and soil avalanches and submarine mass wasting might induce flooding and local and
regional tsunamis (Bondevik et al., 1997, 2020; Harbitz et al., 2013, 2014). An intriguing case is the 1967
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submarine slide in Nordfjord, ~61.9°N, 7°E (Table 4), that broke telephone cables and changed the fjord
bathymetry by as much as 55 m, while three ~1 m-high waves flooded the adjacent shoreline (Aarseth
et al., 1989; Furseth, 2012). However, none of the earthquake repositories report any potential trigger
candidate for this seiche-like event. Thus, all seiches or seiche-like events may not arrive from seismic
far-field events, nor be induced by local or regional earthquakes (e.g., Furseth, 2012; Olesen et al., 2013;
Bellwald et al., 2016, 2018a). Possibly, some water waves, as exemplified by the Nordfjord disturbance
in Table 4, may have originated from mass movement in unstable sediments or in onshore rock surfaces

without an obvious external trigger. We denote such waves fjord-seiches.

Societal consequences

The local surface devastation of a large GLFP earthquake must have been
considerable even in a poorly populated and developed epicentral area where early Mesolithic
hunter-gatherers migrated onto new land as the ice retreated (Rydgren & Bondevik, 2015). Moreover,
some earthquakes may have triggered secondary phenomena with a potential to cause havoc along
coast- and shorelines that presently might be observable by geological, geomorphological and societal
proxies (Bge et al., 2007; Table 1).

Despite probable local devastation within the GLFP proper, we consider the main impact on the societal
environment to be of a secondary nature, induced by local and regional GLFP earthquakes in a setting
where rapid sedimentation provides conditions for downslope mass movement both on- and offshore.
During the past 125 ka, ~50% of the total volume of submarine sediments were mobilised by extreme
slope failure 15-8 ka ago (Korup, 2012), i.e., during deglaciation. Hence, an earthquake in this period
is a viable trigger mechanism for release of onshore and submarine avalanches cascading downslope,
at slopes preconditioned for failure. In turn, the large-scale mass wasting may have caused devastating
tsunamis (Dawson & Stewart, 2007) of potential extreme run-up heights (Harbitz et al., 2013). However,
modelling of a complex retrogressive slide development shows that not all slides generate tsunamis
(Lgvholt et al., 2017). Nonetheless, the disturbance of an earthquake, commonly facilitated by rising sea

level, hydrate disassociation and instable sediments, may provide the final coup-de-grdce.

In addition to the hazard potential for coastal communities, today even larger potentials
arrive from submarine slides and tsunamis as some offshore areas are commonly the location of high-
technology installations such as oil and electricity-producing platforms, submarine cables and pipelines
(W. Fan et al., 2020). There is also a potential impact on the environment from petroleum spills. Thus,
the consequences of mass wasting on a continental margin might be felt over a far larger coastal area
than that of the actual slide.

Mass-transport deposits

Recently, attention has turned towards Holocene subaquatic paleoseismology in marine and lacustrine
sediments in Canada and Chile (St-Onge et al., 2012) and in lake sediments in Switzerland (Strasser et al.,
2013; Kremer et al., 2017). The methodology was applied to the Norwegian fjord and lake region, 59.5—
63°N; where glacimarine MTDs provide evidence of numerous mass-wasting events (e.g., Aarseth et al.,
1989; Aarseth, 1997; Bge et al., 2000, 2004; Bellwald et al., 2016). In this region, Bellwald et al. (2018a)
showed that the postglacial MTD clusters occurred during 11.0-9.7 and 8.3-7.7 ka (Table 2, Fig. 4),

with recurrence intervals of 80 yrs directly after the deglaciation and 200 yrs during the early Holocene.
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Submarine slides

The high-latitude glaciated margins are particularly prone to downslope mass wasting (Leynaud et
al., 2009; Tappin, 2010), and a number of Quaternary and Holocene submarine paleoslides of greatly
varying scales exist along the N Atlantic passive margins (i.e., Hjelstuen et al., 2007; Normandeau et
al., 2019) and have provided a slide inventory of the Norwegian continental margin. In particular, slides
of varying areal extent, volume and depositional style characterise the margin during the Pleistocene,
including megaslides (Vorren et al., 1998; Goff et al., 2014) such as the large, early Holocene, Storegga
Slide (Fig. 1). Located ~900 km from LFP, it is a contender for a regional GLFP or far-field earthquake-
triggered event. We also note that three Pleistocene megaslides on the Barents Sea Margin (~71-73°N),
far larger than the Storegga Slide, have been reported by Hjelstuen et al. (2007) who also mapped
several smaller ones in the region ~67-72°N (Fig. 1). The megaslides, as well as coeval seiches,
tsunamis and turbidity currents, have left a distinct imprint on the N Atlantic coasts, continental
margins and ocean basins (e.g., Lee, 2009; Urlaub et al., 2013). However, slide deposits are commonly

poorly preserved and hard to find (e.g., Brothers et al., 2013; Polonia et al., 2015; Ratzov et al., 2015).

Storegga Megaslide and tsunami

We now return to the much-investigated Storegga Slide, which extends from the shelf edge to the
oceanic Norway Basin (Fig. 1). It moved 3,000-3,500 km? of sediments and affected an area of
~95,000 km? (Solheim et al., 2005a, b). The main retrogressive slide event occurred 8.1 + 0.25 ka ago
(Haflidason et al., 2005), later refined to 8.11 + 0.1 ka by Dawson et al. (2011) and to 8.175-8.12 ka from
tsunamigenic deposits, i.e., near the coldest decades of the 8.2 ka cold spell (Bondevik et al., 2012;
Fig. 4). This abrupt cooling period is observed over large parts of the Northern Hemisphere.
The temperature anomaly has been linked to the breakup of the ice barrier damming the proglacial
Agassiz and Ojibway lakes, initiating a cold-water cascade into the Labrador Sea during a ~0.5-5 ky
period (Matero et al., 2017; Fischer, 2020). The cooling is also detected in Greenland ice cores from
8.4.to 8.0 ka by a 5-7°C fall in mean annual temperature over the central ice dome (Long et al., 2006;
Rasmussen et al., 2006). Thus, the temporal affinity of the GLFP tremors and the Storegga Slide, lead

us to explore a causal link.

In fact, a recent survey of 85 submarine slides in the Gulf of Mexico (W. Fan et al., 2020) revealed that
the majority of the slides were dynamically triggered by arriving surface waves from distant earth-
quakes. Surprisingly, some events had magnitudes as small as M 5, and it appears that the
transient strain perturbations from the passing waves lead to slope failure, in cases followed by tsunamis
(Johnson et al., 2017; W. Fan et al., 2020).

Numerical modelling and tsunami deposits along the coasts of Scotland, Shetland, Faeroe Isles and
Norway (Bondevik et al., 2003, 2005, 2012) support a coeval tsunamigenic event. The tsunami has been
observed as far away as Finnmark in northernmost Norway (Romundset & Bondevik, 2010; Bondevik
et al., 2020), NW Barents Sea (Ruther et al., 2012), E Greenland (Wagner et al., 2006) and Denmark
(Fruergaard et al., 2015). Run-up heights >20 m are inferred in Shetland, and an early Stone Age
settlement on the Norwegian coast covered by tsunami deposits suggests an 18-20 m run-up (Bondevik
et al., 2003), whereas a minimum of 1-7 m is estimated at the head of Nordfjord (Vasskog et al., 2013).
An event of this magnitude may also have devastated settlements elsewhere along the coasts, fjords
and islands, and along the conjugate margin, noting that tsunami modelling off Svalbard shows that
even relatively small slide volumes may generate wave heights threatening coastal settlements at far
distances in NW Europe and E Greenland (Berndt et al., 2009).
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Although a Storegga seismic trigger mechanism is not considered proven, a link to deglaciation and
GIA induced stress appear plausible factors, as suggested by many investigators. The slide location in
the vicinity of older tectonic lineaments may also imply a relationship to structural reactivation and
inheritance. In particular, Phillips et al. (2019) show a number of examples of structural inheritance
in the northernmost North Sea. Fig. 3 shows an earthquake cluster (Byrkjeland et al., 2000) in the
area where the North Sea N-S-trending Mesozoic fault system interacts with the older, Devonian and
Mesozoic, NE-SW Mgre—Trgndelag Fault Complex (MTFC) system (Doré et al., 1997; Gabrielsen et al.
1999; Olsen et al., 2007; NPD, 2020; Osmundsen et al., 2021), whereas the eastern branches of the
MTFC are mostly aseismic at present. It is likely that this region experienced tectonic deformation
during deglaciation, not least since some deformation is still ongoing (Fig. 3, Table 4). Landward, the
cluster may be bounded by a coast-near segment of the presently seismically active @ygarden Fault Zone
(Tjaland & Ottemoller, 2018). Another possibility is hidden thrusts having the capability to accommodate
M 6.5—7 earthquakes without breaking the surface (Bungum et al., 2005). Nonetheless, Lindholm et al.
(2005) state that the trigger mechanism for the Storegga Slide is not yet entirely resolved, in spite of
extensive multidisciplinary studies related to the development of the Ormen Lange gas field, which is

located within the slide area (Solheim et al., 2005a).

Importantly, the slide is also located in an area of proper boundary conditions for gas hydrate
dissociation (Blunier et al., 1995; Mienert et al., 2001, 2005; Handwerger et al., 2017), and where
overpressure is due to dense glacial sediments over a less dense substratum (Hjelstuen et al., 1999,
2007; Kvalstad et al., 2005; Siegel et al., 2014). In fact, Llopart et al. (2019) considered overpressure to

be a critical precondition for slope failure.

The ~8.1 ka Storegga Slide is the main event in a repetitive slide complex since the mid—
Pleistocene, comprising seven relatively large slides from the early Pleistocene to Younger Dryas (Bug-
ge et al., 1987; Evans et al., 2005; Gauer et al., 2005; Solheim et al., 2005b). There are widespread
tsunamigenic turbidites and debris flows in neighbouring fjords and lakes adjacent to the Storegga Slide,
as well as deposits interpreted to reflect an older, possibly earthquake-related tsunami dated to 11.7—
11.0 ka, possibly triggered by a local earthquake (Bge et al., 2004). Other tsunami-like deposits occur in
SW Norway, where the Stone Age settlement at Galta (~59.35°N, 59.07°E) experienced 2.5-4 m run-up
during the 11.2-11.5 ka period, probably caused by a local slide (Bge et al., 2000, 2007).

The fact that the Storegga Slide occurred at the younger end of the relatively uncertain age
range of the large GLFP events (Fig. 4) does not rule out a regional or teleseismic trigger, nor can we
rule out that a local earthquake may have triggered the slide and subsequent tsunami (Bellwald et
al., 2018a; Vestly, 2017). Furthermore, the GLFP earthquakes may have released one or more of the
precursor slides further destabilising a continental slope prone to failure, thus setting the stage for
the main slide event. Another alternative is a large far-field event, from which seismic waves travelled
thousands of kilometres (e.g., Table 3). Even so, the magnitude of the GLFP events and the relatively short
epicentral distance, ~¥900 km, to the Storegga Slide make a GLFP event, in our opinion, a preferred trigger
candidate where the seismic tremors arrived at a margin primed for failure, leaving both a local and a
regional tsunamigenic imprint. Nonetheless, the temporal relationship to the 8.2 ka cold spell is indeed a
tempting scenario. If so, the cold spell might have loaded the continental margin with excessive amounts
of high-density glacial debris above more biogenic material, destabilising the slope and thus priming the

margin for failure.

A related question is whether there is a temporal coincidence of the rapid early Holocene sea-
level rise (Figs. 2, 4) and large-scale slope failures. Brothers et al. (2013) claim that such a link is well
documented and that the stress on passive margins may have increased by >1 MPa during the rise of sea
level, in turn triggering fault reactivation, rupture and earthquakes. On the other hand, Urlaub et al.

(2013) and Pope et al. (2015) argued that the slide dates do not support this scenario because there is
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no valid statistical relationship between rapid sea-level rise and large slide frequency; and that the
accuracy of slide dating does not allow a correlation, if existing. Finally, modelling shows that a 2°C
cooling of the bottom water by lowering sea level during glaciation is compensated by the sea-level
change during deglaciation (Screaton et al., 2019).

Rock avalanches

GLFP tremors may have triggered some of the numerous rock avalanches typical for coastal Norway
(e.g., Valagussa et al., 2019). Rock-avalanche deposits landward of the Storegga Slide (Fig. 1) show
a majority of events and rock volumes during the deglaciation, returning to a constant low level
thereafter (Longva et al., 2009). On the other hand, Bohme et al. (2015) inferred a high failure
frequency just after deglaciation without any large events during the past 9 ka. In the same area, Hilger
et al. (2018) reported catastrophic rock-slope failures during deglaciation 12-10 ka ago, followed by an
event cluster at 4.9 + 0.6 ka (cosmogenic ages) related to the climate change at the end of the Holocene

thermal optimum.

Thus, we find it reasonable to suggest a temporal link between rock avalanches and deglaciation for

which GLFP earthquakes might provide the release mechanism.

Flooding

Besides the potentially significant near-regional hydrological effects from large earthquakes, especially
normal-faulting ones (Muir Wood & King, 1993), secondary events also include sudden flooding by
paleoearthquake-triggered breakup of ice or sediment barriers that have approached an instability
level, and/or changing drainage patterns initiating a coeval flooding event (Table 3). The most
well-known example is from N America where a superlake-megaflood catastrophic event occurred
when the Agassiz and Ojibway ice lakes, that had existed for 4000 years, broke the Laurentide ice-sheet
barrier ~8.45 ka ago, thus being drained near the onset of the 8.2 ka cold spell (Fig. 4; Barber et al.,
1999; Clarke et al., 2003; Gregoire et al., 2012). Such an event could well have been triggered by an
earthquake, albeit not likely from GLFP, causing freshwater floods through the Hudson Bay towards the
N Atlantic, possibly disrupting the Atlantic Meridional Overturn Circulation (Elmore et al., 2015; Lippold
et al., 2019). Megafloods have also been proposed to have caused Pliocene—Pleistocene megacanyons
in Greenland (Keisling et al., 2020). Another ice-dammed glacial outburst occurred in the N North Sea
during the early phase of deglaciation (Hjelstuen et al., 2018) in the vicinity of the much older, ~130 ka,
Tampen Slide (Bellwald et al., 2018b).

In Norway, Olesen et al. (2013) noted that indications of neotectonism based on liquefaction and
gravitational faulting may suggest earthquake activity. A similar, regional phenomenon is related to
a 11.5 ka M ~7.5 earthquake in Lake Vattern which occurred following a catastrophic drainage of the
Baltic Ice Lake when the Fennoscandian ice sheet, damming the lake, retreated at the end of the
Younger Dryas, ~11.7 ka (Bjorck, 1995). When the ice barrier failed, as much as 7800 km? lake water
drained to the North Sea during a 1-2-year period (Jakobsson et al., 2007). We note that Jakobsson
et al. (2014) speculate that rapid offloading by a melting ice barrier released stress that could have
induced an earthquake, triggering the catastrophic 25 m drainage of lake water. We agree that the
rapidity of the offloading could have played a role. Another, perhaps more likely, cause-and-
effect scenario applicable to ice and/or sediment barriers in general, is that an earthquake may have
structurally weakened the barrier providing conditions for break-up of a primed, loaded lake system.
We also note that Morner (1996) reported a paleoseismic event generating a tsunami at ~13 ka, and
that the Lansjarv Fault (Fig. 1; Wahlstrom & Kulhanek, 1983) may be tsunamigenic as it is partly located
below the highest Baltic Sea shoreline (Kukkonen et al., 2010).
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Flooding during deglaciation is also documented in southeastern Norway by the huge, catastrophic
Nedre Glomsjg outburst flood (Hggaas et al., 2017; Hansen et al., 2020), as well as in the N and NE
Scandinavian mountains (Regnéll et al., 2020). The huge Nedre Glomsjg glacial lake, in particular,
was dammed to the south by an ice barrier which broke 10.4-10.0 ka ago (Fig. 4). The lake drainage
moved huge masses of water and ice, 100 km? (Longva, 1994), through the Jutulhogget Canyon and into
the valley below, and beyond (Hggaas & Longva, 2016, 2018). Probably, the huge flood caused havoc
downstream, wiping out early hunters and their settlements. In fact, we might speculate that a GLFP

earthquake triggered the outburst flood.

Pockmark fields

Gas-hydrate dissociation during the Last Glacial Maximum may have contributed to increasing the
frequency of slumping on the continental margins due to methane release and development of
excess pore pressure (Carpenter, 1981). At high latitudes, gas-hydrates commonly create domes
(hydrate-pingos). Temperature increase or pressure reduction will destabilise the hydrates,
causing dome collapse and crater formation at the sea floor, i.e., pockmarks (Andreassen et al., 2017).
A comprehensive overview of pockmarks and seepages in the North Sea has been presented by Hovland
& Judd (1988).

Now, we draw attention to one of the world’s largest pockmark fields, the Troll Field in the northern
North Sea (Fig. 1), for which carbonate geochemistry and hydrate stability analyses make gas-hydrate
dissociation a likely trigger (Mazzini et al., 2017). Presently, the field is without active gas seepage, but
geochemical analysis of carbonate blocks within the pockmarks suggests a methanogenic origin from
past hydrate dissociation and fluid venting at the seafloor. U-Th dates of the carbonates constrain the
pockmark formation to 9.59 + 1.38 ka (Fig. 4), consistent with radiocarbon dating of microfossils. Thus,
Mazzini et al. (2017) inferred that the last deglaciation was an external force triggering the gas-hydrate

dissociation forming the large pockmark field.

Several other pockmark fields along the Norwegian margin have been related to deglaciation. Among
these are the apparently older Nyegga pockmark field, just north of the Storegga Slide (Fig. 1), dated as
<16.2 and 19-16 ka by Hjelstuen et al. (2010) and Hustoft et al. (2009), respectively. In fact, Hustoft et
al. (2009) suggested rapid sediment loading as a trigger mechanism, but also indicate earthquakes as a
potential trigger. In the W Barents Sea, large pockmark fields are associated with deglaciation
(Andreassen et al., 2017; Waage et al., 2019), and a field in the Witch Ground Basin in the central North
Sea may have been triggered by external forces related to postglacial environmental change (Bottner
etal., 2019).

We agree that deglaciation plays a role in gas seepage and venting, noting that Malinverno et al.
(2018) suggested that marine methane hydrates form in sediments deposited during glacials due to
enhanced microbial activity, thus without having a deeper source. In fact, pulses of increased sedi-
mentation controlled the hydrate stability and triggered widespread gas dissociation during the end of
the last glaciation (Karstens et al., 2018). Nonetheless, the persistently slow nature of deglaciation
over large areas lead us to consider a transient external trigger, possibly related to the passing of a
temperature-pressure threshold perturbing the Gas Hydrate Stability Zone (GHSZ) by reducing its
thickness. In fact, any change in hydrostatic pressure influences the stability of methane
seepage. Note, in particular, that active faulting and slumping can alter the seepage dynamics (Hovland
& Judd, 1988; Yelisetti et al., 2014; Waage et al., 2019). Thus, making the GHSZ sediments susceptible to
mechanical failure induced by seismic activity (Yanchilina et al., 2018; W. Fan et al., 2020; Hillman et al.,
2020), enhancing permeability (Kinoshita & Saffer, 2018; Ren et al., 2020) and creating pathways for gas
expulsion from below the Bottom Simulating Reflector, in turn causing hydrocarbon venting and
pockmark formation (Fig. 5).
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Fig. 5. Schematic diagram of a gas hydrate setting. Red and blue

PD T =—p
curves are the gas-hydrate phase boundary and the thermal

Water Seafisen gradient, respectively. Stable hydrate to the left of the phase

| boundary. Shaded area: area of potential hydrate occurrence. GHSZ:
GHsz  Sediment Gas Hydrate Stability Zone; BHGSZ: Base Gas Hydrate Stability Zone;
l BGHSZ/BSR BSR: Bottom Simulating Reflector (separating hydrate-cemented
sediment above and un-cemented sediment below). P: pressure;

D: depth; T: temperature. Based on Kvenvolden (1993), Wang et al.
(2017) and You et al. (2019).

A similar mechanism has been suggested for the continental margin off Pakistan (Editorial, 2013),
where the proposed trigger was the large Nov. 28, 1945, M 8.1 Makran earthquake that led to
substantially enhanced gas seepage during the subsequent few decades (Fischer et al., 2013). We note
that microseismic events have been related to gas migration and seepage on the W Svalbard margin
(Franek et al., 2017), and mud volcanoes are commonly thought to be triggered and modulated by
earthquakes (Bonini et al., 2016; Maestrelli et al., 2017). Interestingly, Morner (2017) relates explosive
methane hydrate venting in crystalline bedrock during deglaciation in Sweden to earthquakes hundreds

of kilometres away.

If removal of the ice sheet changed the hydrate stability conditions towards a threshold state, the
timing of the Troll pockmark field is consistent with a large GLFP earthquake triggering gas
expulsion and pockmark formation. In this setting, we prefer a large teleseismic or regional event
due to that the better developed, and longer lasting shear and surface waves, are a most effective
deformationagent (Mangaetal.,2009; W. Fan etal., 2020). Importantly, experimental results by Namiki et
al. (2018) show the importance of external seismic waves from large earthquakes driving volcanic edifice
resonance and subsequent propagation of variably buoyant cracks (Jolly, 2019). Furthermore, giant lake
pockmarks in Switzerland formed by subsurface fluids have been correlated with historical seismicity

when the minimum microseismic intensity is VIl (Reusch et al., 2016).

We believe that an external trigger mechanism might induce both pockmark fields and submarine
slides, noting the analogies with the Gulf of Mexico (W. Fan et al., 2020) and Swiss lakes (Reusch et al.,
2016). Moreover, Lupi et al. (2013) suggested that the Lusi mud eruption in Indonesia was mobilised by
geometric focusing of seismic waves from the 2006 Yogyakarta earthquake located 250 km from Lusi,
and Manga et al. (2009) considered earthquakes to be a viable trigger for mud volcanoes. However,
an earthquake driver is contested as the Lusi eruption has been related to a blowout in a nearby well
(Davies, 2018; Tingay et al., 2018) and to deep hydrothermal activity (Malvoisin et al., 2018). Moreover,
Sawi & Manga (2018) admit that seismically triggered explosive eruptions may occur less frequently
than previously reported. Reduced hydrate stability conditions could have facilitated, or contributed,
to the Storegga Slide slope failure (Mienert et al., 2005). Thus, it is possible that a large earthquake,
for example in the GLFP, was the trigger mechanism for both the Storegga Slide and the Troll pockmark
field, both regions that became increasingly instable due to temperature-related phenomena and rapid

sedimentation and, thus, prone to failure.

Release of CO, and methane to the atmosphere would increase global temperatures by
release of climate gases, in turn inducing ice melting; i.e., a positive feedback loop enhancing global
warming (Heimann, 2010). Noting that submarine gas release is a mechanism for exporting climate
gases to the hydrosphere, Ruppel & Kessler (2017) argued that the warming climate is not a plausible
cause for catastrophic breakdown of global hydrates releasing methane to the atmosphere. Thus,
warming climate may be a condition for hydrate dissociation and pockmarks, but without appreciable
impact on atmospheric greenhouse gases (Hopcroft, 2017). If the magnitude estimates of the large

postglacial GLFP earthquakes are representative, the methane gas release caused by a single event
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may affect regional climate. If so, there has to be a reliable temporal link between the earthquake and
geological climate proxies and/or verifiable consequences for environment and human society.
However, the sparsely populated northern regions in the early Holocene combined with removal and/
or redeposition of sediments blanketing bedrock make earthquake dates as well as hazard and damage

assessments problematic, particularly in terms of climate.

Discussion

Our overview shows a regional response to the early Holocene deglaciation in northern
Fennoscandia that potentially was triggered by a series of paleoearthquakes in a wide-ranging region.
In an accompanying review (Eldholm and Bungum, in prep.) we show that, in a first-order sense,
observational data and numerical modelling are consistent with a GIA response to ice load removal from
the surface of thick old lithosphere during deglaciation. Moreover, the lithospheric response to load
removal reflects the temporal and spatial ice load distribution, as well as a favourable orientation of the
rebound stress with respect to the early Holocene ambient stress field and pre-existing mechanically
weak structures. The quality of the GIA model depends critically on the ability to image the subsurface
and its ice load, and on other lateral effects such as displaced eroded sediments and bedrock. Thus, ice
removal, rebound and earthquakes exemplify a climate-earthquake causal sequence, being part of an
early Holocene complex system of coupled Earth processes. Since deglaciation is only one part of the
glacial cycle, its predecessor, the build-up of ice sheets, with the potential of suppressing lithospheric
stress and delaying stored tectonic stress release, may also contribute to the deformation and seismicity

during deglaciation.

In terms of earthquakes and climate, via deglaciation, the most compelling observation is the spatial
relationship between major glacial load changes, GIA and rejuvenation of old structures in the Lapland
Fault Province and beyond. However, early Holocene faulting during deglaciation occurred also outside
the LFP as defined by Lagerback & Sundh (2008). In particular, the Jamtland and Bollnas faults and the
Lake Vattern Graben, as well as well-documented landforms and landslides linked to fault scarps support
deformation beyond the LFP. Thus, we have recognised the importance of extending the LFP to what we

have named the Greater Lapland Fault Province.

We show that the main seismic activity in the GLFP occurred during the 11.5-8.2 ka period, clustered
at 10-9 ka, and with coeval moment magnitudes in the ~5.5-8.4 range (Fig 4; Table 2). This period is
consistent with the finite element modelling of Wu et al. (1999), who inferred that postglacial rebo-
und induced strain may have reactivated large old thrust faults in bedrock during a ~4 ka period of
instability during 13-9 ka, with a maximum at ~11-9 ka. Nonetheless, we stress that the dating and
magnitude assignments of many features have considerable uncertainty, and we consider the GLFP date
ranges in Table 2 and Fig. 4 as qualitative at present. Moreover, local and regional variability in the time-

regressive retreat of the Fennoscandian ice sheet may explain some of the scatter in the data.

We infer that some landforms and landslides in the period ~8.0-5.5 ka, i.e., as much as ~3—4 ka
after deglaciation, are likely to be earthquake triggered if associated with adjacent fault scarps.
However, some of the landslides have very low-angle sliding planes. Thus, we follow Mikko et al.
(2015) who stressed that surficial information may not yield the amount and quality of data without an
associated faulted bedrock surface (Fig. 1). We consider these event ages less certain than those of
the postglacial events in GLFP that are mainly based on structural deformation of bedrock faults.
In fact, it is difficult to distinguish non-earthquake related flooding events from events related to
liquefaction processes, driving mass movements at low angles. Therefore, fault-scarp-based dates and
those of above-lying sediments become essential. The causes of some of these younger events are most

likely short-lived climatic events related to glacial advance and retreat, or possibly by relatively large
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local and/or regional glaciers left behind. Nonetheless, analysis of datable MTDs provide an avenue for

addressing such issues (Talling, 2021).

The apparent spatial relationship between paleoearthquakes and ancient structural and/or
compositional upper-crustal lineaments and boundaries is consistent with the notion that structural

inheritance and rejuvenation played a key role in the crustal deformation during deglaciation.

We suggest two avenues for mitigating the general lack of early Holocene geological data,
in particular reliable fault dates. First, continue targeted drilling into some of the major GLFP faults to
improve fault parameters and dates (Kukkonen et al., 2011; Ask et al., in press), and second, to expand
high-resolution profiling of faults in lakes and inland seas where young sediments might be cored,
thus providing reliable deformation ages (e.g., Hutri & Kotilainen, 2007; Jakobsson et al., 2014; Gracia
et al., 2017; Olsen & Hggaas, 2020).

The issue of magnitude assessments of the early Holocene earthquakes is also of importance,
where a default assumption earlier has been that they represent whole-scarp ruptures, with magnitudes
derived from the estimated physical properties (fault area, slip and rigidity). Olesen et al. (in press) have
shown, however, that a single-rupture hypothesis is not likely to be correct for the SFC, but that it still
has the potential for large magnitudes (6.4—8.0). Also, Smith et al. (in press) find that the hypothesis
is not valid for many of the high-relief fault scarps in northern Sweden, supporting earlier suggestions
of Smith et al. (2018) and Mattila et al. (2019). The single rupture is an end-member hypothesis that is
never strictly true for postglacial earthquakes. However, it remains a fact that these events represent
an extraordinary burst of seismic moment release over a very short time, not equalled by other tectonic
processes. From basic earthquake scaling laws we know that it would take more than 30 M7 earth-
quakes to account for the seismic moment released by an M 8 earthquake, which in turn tells
us that very large earthquakes are still needed to explain the structures in the GLFP even if they
represent a multi-rupture feature. Thus, we conclude that segmentation may not have a significant

influence on the potentials of secondary effects discussed here.

We infer that rebound is a satisfactory condition for early Holocene rupturing, but that local,
ambient tectonic stress and old weak structures are necessary to explain both the early Holocene
paleoseismicity, and the present seismicity, in Fennoscandia. Moreover, we maintain that the
dominant forces acting on Fennoscandia, at present and during deglaciation, are those related to plate
tectonics, to ridge-push, and to lateral variations in lithospheric structure and related loads,

at different wavelengths.

We concur with the many investigators who have suggested that an earthquake might have
triggered the Storegga Slide and its coeval tsunami, as well as other slides along the margin, for which we
consider GLFP events as the most likely trigger candidates. In fact, the temporal affinity of the
Storegga Slide with the 8.2 ka cold spell might have facilitated the instability of the margin during
decreasing temperatures by increasing the deposition of dense glacial material. A GLFP event may also
have triggered some of the Storegga predecessors, and by analogy, a similar sequence of events may

apply to high-latitude continental margins elsewhere.

The dating of the pockmarks within the huge Troll pockmark field in the northern North Sea as well
as other fields along the continental margin and in the Barents Sea might suggest an external trigger
for which GLFP earthquakes is a potential candidate. Finally, we consider that a GFLP event might be
responsible for local and regional flooding, and in particular, the catastrophic drainage of the Baltic
Sea Lake, and possibly for some other events during a period 3—4 ka after the ice retreated. The latter
indicate the existence of a potential mid—Holocene event period. Moreover, some observations in
Finland and along the SFC may suggest additional reactivation during the past millennium
(Fig. 4; Table 2).
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A key question is whether some transient events are caused by earthquakes, or secondary events
forced by earthquakes, and whether some local and regional earthquakes are coeval with other global
transient events. Cause-and-effect relations may also depend on poorly understood feedback
mechanisms and thresholds (Fyke et al., 2018). Thus, climate change may induce earthquakes
whereas earthquakes, via deglaciation, may also modulate climate by changes in topography and in the
transfer of water masses in cases changing ocean circulation, i.e., a classical chicken-and-egg scenario
(e.g., Eldholm & Coffin, 2000; Tuffen & Betts, 2010; Cooper et al., 2018; Fig. 4).

At high northern latitudes, some secondary far-field effects may be far more destructive than those
in the scarcely populated epicentral regions. However, whether a catastrophic event occurs, or not,
depends on the prevailing states of the lithosphere, atmosphere and not the least, society. Hence,
earthquakes may uproot stable cultures or societies leading to diaspora and even new social-
economical-cultural systems. One or a series of earthquakes may trigger social overturn if it is coeval with

periods of social tension, unrest or economic decline (Nur, 2002), to which we add climate deterioration.

During the early Holocene, the secondary effects from distant and regional earthquakes may have
caused far more devastation than those in the Mesolithic epicentral areas. The present high-
latitude continental margins, with its many high-tech installations, are particularly prone to earthquake-
triggered mass wasting caused by sediment instability, overpressure, and conditions for gas hydrate
dissociation. The North Atlantic margins have a blanket of dense glacial sediments over less dense
material, a setting that may further amplify the mass wasting and tsunami potential, i.e.,

an earthquake-slide-tsunami causal sequence.

Finally, our analysis shows that the early Holocene (Fig. 4) is a prime period for analysing global,
regional and local potential relationships of both sudden, transient events and more persistent trends.
However, many potential temporal and causal links are still uncertain. Among the many transient events
during this period, some may have affected human settlements and societies. In particular, the 9-11 ka
earthquake cluster warrants further consideration, again realising that cause-and-effect relationships

may include complex feedback mechanisms.

Conclusions

In this overview we have analysed paleoearthquakes in Fennoscandia during the last deglaciation with
emphasis on the potential secondary effects that such events might have initiated. In particular, we
have found clear indications of events beyond the previously mapped Lapland Fault Province (LFP) of
Lagerback & Sundh (2008). We have named the expanded zone, the Greater Lapland Fault Province
(GLFP).

We propose that secondary effects may encompass surface rock avalanches, submarine slides of
various dimensions, local and regional flooding events, and tsunamis generated both by rock avalanches
in fjords and by large submarine slides. We agree with those who link the large Storegga Megaslide with
an earthquake and suggest an earthquake from the GLFP as a candidate for triggering both the Storegga
Megaslide and its predecessors. As for Storegga, we suggest that the GLFP earthquakes might have also

triggered many of the other events discussed in this article.
There is now increasing evidence weakening the earlier assumptions that the large postglacial

earth-quakes were single-rupture events which, however, is found by us not necessarily to have any

significant influence on the potentials for secondary effects.
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For triggering of secondary events we suggest that a climate-earthquake-slide-tsunami causal sequence

is particularly important, as is both structural inheritance and rejuvenation.

The continental margins off Norway, Barents Sea and Svalbard are characterised by areas of pockmarks

reflecting water and gas expulsion. Possibly, the GLFP earthquakes triggered some of these events.

While the 11-9 ka period appears to comprise most GLFP earthquakes, we stress that both dates,
characters and magnitudes of individual GLFP faults and earthquakes need to be better understood
in order to underpin more definite cause-and-effect relationships. Some of the secondary events may
have been catastrophic for those inhabiting the affected areas, even if the high-latitude northern

regions were sparsely populated during the early Holocene.
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