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Seismic events are recorded by instruments, historical notes and observational criteria in geology
and archaeology. Those records form a pattern of events. From these patterns, we may assess the future seismic
hazard. The time window of a recorded pattern and its completeness set the frames of the assessments. Whilst
instrumental records in seismology only cover decades up to a century, archaeoseismology covers thousands
of years and palaeoseismology tens of thousands of years. In Sweden, covered by ice during the Last Ice Age,
the palaeoseismic data cover some 13000yr. The nuclear industries in Sweden and Finland claim that the
high-level nuclear waste can be buried in the bedrock under full safety for, at least, 100 000 yr. It seems hard,
if on the whole possible, to make such assessments from the short periods of pattern recognition in seismology
(<100yr) and palaeoseismology £3000yr). All assessments seem to become meaningless, maybe even
misleading. In this situation, we must restrict ourselves from making too optimistic an assessment. As some
sort of minimum level of the seismic hazard, one may multiply the recorded seismic hazard over the past
10000yr by 10, in order to cover the required minimum time of isolation of the toxic waste from the biosphere
of 100000 yr.

ever, focus on the continual records of the Late Quaternary,

especially the Holocene (e.g. Rockwell, 2010).
In China, we have a historical documentation of seismic When we make seismic hazard assessments, there mustbe
events for the last 4250 yr (Wang, 1987; Morner, 1989). Thissome sort of relation between the time frame of observation
is, of course, quite unique. In most other areas, we have fragand the time frame of extrapolation. Seismology is good for
ments recorded over a few hundred years, or so. The recorcassessment of the hazard of the near future —i.e. decades up
ing by permanent instruments (seismographs) began at th® a century. When we are forced to make assessments for
end of the 19th century. This means that instrumental records longer time period, we have to rely on palaeoseismology
are limited to the last half-century to the last century. (Fig. 1).

The seismic destruction of monuments (i.e. archaeoseis- Inthe case of nuclear waste handling, the time span needed
mology) goes back a few thousands of years (e.g. Sintubinto be covered by seismic hazard assessment increases to the
2011; Stiros and Jones, 1996). Sometimes, mythology maymmense period of 100 000 yr or more (Morner, 2012a). The
provide information of past seismic events (Piccardi andquestion is whether we, by this, have not extended our pre-
Masse, 2007). dictions “in absurdum” (Md&rner, 2001). The present paper

Palaeoseismology (or earthquake geology) refers to seiswill address this question.
mic effects as recorded in geology (McCalpin, 2009; Mérner, 1AEA (2010) has tried to establish criteria and recommen-
2003; Reicherter et al., 2009; Silva et al., 2011). This impliesdations for seismic hazard assessment in association with
that the records may date to any part of the geological timenuclear power installations. The focus is on the installation
With respect to seismic hazard assessment, we must, how-



SEISMOLOGY 3. Analysing the palaeoseismic records over the last

SOR— 13000yr and multiplying the records for the time pe-

HIST SEISM. riod of 100 000 yr (Mérner, 2003, 2011, 2012a).
, GesmE seete—g HAZARD
10 5 ' 0  ASSESSMENT 4. Substituting observations for computer modelling of the
TIME IN 1000 YEARS BP changes in stress and strain in the bedrock (Lambeck,

2005; Lund et al., 2009).
Means of recording seismic events over past and present

time (from Mdrner, 2011). For meaningful seismic hazard assess- 5. Claiming that we cannot undertake serious and mean-

ments, the seismic records must be combined with palaeoseis- ingful assessments over such time periods (Morner,
mic analyses. Meaningful long-term predictions must be based on 2001).
palaeoseismic data of high quality and completeness.

of nuclear power plants. It seems relevant that they firmlyIn the absence of adequate background data for a serious seis-
state that the assessment must be based on “the use to theic hazard assessment, it may be tempting to give up, and
greatest possible extent of the information collected” (*avail- simply claim what you want to claim. Having started nuclear
able”, | would add, in this case, when the nuclear powerpower without first having solved the handling of the high-
industries take the liberty to discriminate among availablelevel nuclear waste puts an “a posteriori” pressure of “solv-
observational facts), and “in accordance with the nature andng” the waste management. One way out of the dilemma
complexity of the seismotectonic environment” (in this casewas simply to claim that “all works well” and “the waste can
Fennoscandia). Furthermore, they state the following: be stored under full safety for 100 000 yr” (KBS, 1983; SKB,
2011; Posiva, 2012). This is to substitute science for hope.
The size of the relevant region may vary, depend-
ing on the geological and tectonic setting, and its

shape may be asymmetric in order to include dis- . .
tant significant seismic sources of earthquakes. Its Sweden has an excellent seismological record from the be-

radial extent is typically 300 km. In intra-plate re- ginning of the 19th century (Bath, 1978). Both Sweden and
gions, and in the particu|ar case of investiga[ions Finland have low to moderately low seismic activity today,
into the potential for tsunamis, the investigations whilst it at the time of deglaciation some 10000yr ago was
may need to consider seismic sources at very great  high to very high (Morner, 1985, 2003, 2011). A seismologic
distances from the site. pattern of events achieved from a time window as short as

decades can never provide meaningful seismic hazard assess-
ments for longer-term time periods (as illustrated in Fig. 1).
Still, this has been done both in Sweden and Finland.
KBS (1983) analysed a 25yr period (1951-1976) and
In this paper we will address the situation in Sweden, be-made predictions for the next 2QL(f yr. This is, of course,
cause it is in Sweden and Finland (and only in those twoto violate the rules of serious hazard assessments. Still, this
countries) where the nuclear industry has claimed that theys what was done. Worse was that it came to form the illu-
have a method of final deposition of the high-level waste insive idea that seismic activity will not pose any problem for a
the bedrock that will stay intact for “at least, 100 000 years” safe deposition in the bedrock for, at least, 200 000 yr (SKB,
(as claimed in Sweden) or “for 1 million years” (as claimed 2011). In Finland, similar views were expressed (e.g. Posiva,
in Finland). 2012), and they even claimed that the safety would last for 1
This calls for seismic hazard assessments. Because of thaillion years (STUK, 2011).
immense time period, we cannot apply normal means of as- Assessing their methodology, the present author extrapo-
sessment, however (Mdrner, 2001, 2012c). The “methods’lated their seismic activity line backwards (Morner, 1995)
used are the following: and noted that there was a major change in the level of en-
ergy release some 50yr back in time and the occurrence
1. Claiming what you want to claim without backing it up of high-magnitude palaeoseismic events some 10 000 yr ago
by observational records. Basically this is what the nu- (Fig. 2). Furthermore, in the mid-1980s, a high number of
clear industry is doing. events occurred which violated the extrapolation applied by
KBS (1983). This should, of course, have invalidated the
2. Analysing the present seismic records (in Sweden, themethodology applied by the nuclear power industries in Swe-
nuclear industry selected the time window 1951-1976)den and Finland.
and making straight-line extrapolations into the distant The Swedish nuclear industry (SKB, 2011) still relies on
future (KBS, 1983; La Pointe et al., 2000). the extrapolation of present-day seismic activity (La Pointe et
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Dimensionless sketch (from Mérner, 1995) illustrating | [/ /
the remarkable long-term prediction by KBS (now: SKB) who anal-
ysed the seismicity during 25yr, 1951-1975 (blue line), and made
predictions for 100000 to 1 million years (A: green line; KBS, N X
1983). Mdérner (1995; B observation) showed that seismic energy )*03
release changed drastically a century ago and that Sweden was
highly seismic area during the time of deglaciation some 10000 yr N
ago. Furthermore, the seismic activity increased drastically in the
mid-1980s (invalidating the green line extrapolation). This indicates P
that palaeoseismology is the key to serious long-term seismic haz- PARS
ard prediction.

The postglacial uplift cone of Fennoscandia (yellow) with
a surrounding subsidence trough (blue). Isobases give uplift and
al., 2000), which, they claim, can as a maximum only gener-subsidence in metres over the last 15 000 yr. At the time of deglacia-
ate 1 magnitude 6 (M6) eventin 100 000 yr (or 1 M7 event in tion the rate of uplift peaked with values 10 times higher than that
1 million years) in the region of the proposed nuclear Wasteof pla_tte tectoni_cs. The vertica_l upl_ift was linked to horizontal exten-
repository at Forsmark. This is strongly contradicted by ourSion in the radial and tangential directions.
observational facts covering the last 13 000 yr (M6rner, 2003,

2011).
) (Lundqvist and Lagerbéack, 1976; Backblom and Stanford

1989; Lagerback, 1990) and Finland (Kujansuu, 1964) as
shown on the map of “active tectonics and postglacial palaeo-
With the introduction of palaeoseismological studies in Swe-seismics” (Morner, 2004, Fig. 5).
den, it became evident that the seismic activity had changed In palaeoseismology, we study both primary structures
considerably back in time (e.g. Mérner, 1985, 1991, 2003,(i-e. faults and fractures in direct association to the epi;
2011; Mérner et al., 2000), primarily as a function of the very centre) and secondaryfects from the ground shaking (i.e.
high rates of glacial isostatic uplift at the time of deglaciation rock and sediment slides, sediment deformations, liquefac-
some 10000 yr ago. The uplift of Fennoscandia has the fornfion, tsunami events, turbidites, magnetic grain rotation, etc.).
of a somewhat skewed cone (Fig. 3) with a maximum uplift By means of dierent established criteria (Wells and Cop-
of 800 m in 13000 yr. This means very high vertical rates of persmith, 1994; Reicherter et al., 2009; Silva et al., 2011),
uplift, which exceed the maximum horizontal plate motions We may assess seismic intensity and magnitude. A key fac-
by a factor of ten. At the same time, the horizontal exten-tor is dating. The varve chronology in Swedeifiess an ex-
sional forces in the radial and tangential directions are highceptional means of dating seismic events to one single varve
giving strain rates up to two ten potencies higher than todayyear, in a few cases even to the season of a year (Morner,
Therefore, it is not surprising that Fennoscandia, at the time2003, 2011, 2013a).
of deglaciation, was a highly seismic area (Fig. 4), despite With increasing time units, the maximum earthquake mag-
the fact that it represents an intra-plate shield area. nitude increases dramatically from below 4.8 to well above 8
The “seismic landscape” of Fennoscandia at the time of(Table 1). This implies that we can only achieve a meaning:
deglaciation is characterized by frequent high-magnitudeful long-term hazard assessment if the palaeoseismic records
palaeoseismic events (Figs. 4-5, Table 2, Appendix A).(PS) of past earthquakes are included.
Morner (2011) recorded 7 high-magnitude events during
102 yr from varve year 10490 to 10388 BP. Several events
must have reached a magnitude of 8t8 (Mdrner, 2011).
Active faults occur all from northernmost to southernmost The main catalogue of palaeoseismic events in Sweden
Sweden (Moérner, 2004). In northernmost Fennoscandia(Morner, 2003, p. 301-308) used to include 52 separate
there are a number of very large and long fault scarps deevents. A few additional events have been added (e.g.
noting high-magnitude events (or repeated movements) -Morner, 2008) and today the catalogue includes a total of 62
i.e. in Norway (Olesen, 1988; Dehls et al., 2000), Swedenevents (Appendix A). Their temporal distribution is given in



Maximum earthquake magnitudes by time and methodol- Time/magnitude distribution of palaeoseismic events in

ogy. Sweden.
Methodology Time unit Maximum Time unit M5-6 M6-7 M7-8 M-8 Total
magnitude ~30000 2 1 _ _ 3
Seismology last 100 yr <4.8 12000-13000 - 1 - 1 2
Historical data last 600 yr <55 11000-12000 - - 2 - 2
Late Holocene PS  last5000yr >6to~7 10000-11000 - 11 2 2 15
Deglacial phase PS  9-11000yr BP> 8 9000-10000 2 6 4 3 15
8000-9000 1 2 1 - 4
7000-8000 1 4 - - 5
PALEOSEISMICS _ TIME UPLIFT 6000-7000 - - 1 1 2
1[5. — 110. — é- — ;15?34? ‘r||1|51|||1|0 12]°|310|]1—|50 5000-6000 — — 1 — 1
TIME IN 103 YRS BP | 13 A RATE OF UPLIFT (LOG) CM/YR o 4000-5000 - 4 - - 4
f- i (in centre of uplift) % 3000-4000 — 3 — — 3
L 4 4 ;.E 2000-3000 1 3 - - 4
L - 10 + = ] 1000-2000 1 - - - 1
T ] <1000 = 1 - = 1
T 3 Events in total: 8 35 12 7 62
i 5 - ) 13000-9000 3 20 9 6 38
LT 8 8000-0 3 15 2 1 21
NUMBER OF PALEOSEISMIC EVENTS [ 0 : RATE OF UPLIFT

and silt is annually varved allowing for dating with an an-
Cumulative distribution over time of the 59 events in nual time resolution (M&rner, 2013a).
the Swedish Paleoseismic-logical Catalogue (Appendix A; Morner, |n the autumn of varve 10430vBP-~(0000cBP), a
2003, 2011). There is a distinct peak in the period 11 000-9000 BPyery strong seismic event occurred in the Stockholm and
which is the time of the peak rate of glacial isostatic uplift (left Mélardalen Valley (Mérner, 2003, 2008, 2011). It is recorded
curve). by multiple diferent methods and closely dated at one sin-
gle varve, and even to the autumn sequence of this varve

. . . ) ) (Mérner, 2003, 2013a). A combined picture is given in Fig. 6,
Fig. 5. There is a clear maximum at the period of maximum,, nicy allow us to assign an intensity of XII and magnitude
glacial isostatic uplift (Fig. 4). of > 8 (Mdrner, 2011)

In five areas, it was possible to establish recurrence dia-~ A other pa,laeosei.smic mega-event occurred in varve
grams (Fig. 5; cf. Morner, 2003, p. 310). In four of these ar- 9563 ygP (9150 C14yrBP). It is documented in a similar
eas (the Malardalen—Stockholm region, the Forsmark reg|onWay by multiple methods (M&rner et al., 2000; Mérner, 2003,

o

the Hudiksvall region and the Umea region), there is a clear, 33 ">011 2013a: Mérner and Dawson 2011). The inten-

effept of the isostatic upli_ft, generating high-frequency eve_mssity is estimated at XIl and the magnitudesg®. The charac-
during the early deglacial phase. In the Stockholm region

) teristics are given in Fig. 7. It represents one of the most well
seven events were recorded and dated by varves during a Pfscorded palacoseismic events in the world

riod of 102yr (Morner, 2011). This implies very high seismic £\ i the Late Holocene, when the main glacial isostatic
activity. Also the magnitudes were exceptionally high with | i \vas virtually over, there are events recorded by multi-

events even exceeding M8 (TabIe_ L .Mo.rner, 2003, 2012)'ple methods indicating an intensity of X and a magnitude of
Adams (2005) showed that the distribution of events fol- 7 \1smer 2009b, 2011). This is important as it increases the
lowed the _mternatlonal relations established by Wells andgqaismic hazard from the present-day maximum of M4.8 to
Coppersmith (1994). M7 (Table 1; cf. Fig. 2).

The total number of palaeoseismic events recorded today
is 62. Their temporal distribution is as follows: 3 events
at around 30000 BP, 38 events during the deglacial period

Because of the land uplift, former sea beds and sea bed sed-3 000-8000 BP (i.e. 61 %), and 21 events in the last 8000 yr
iments are now exposed on land where much more detailevith 13 in the last 5000 yr. Their magnitude distribution is
investigations can be applied than in a shelf position (Mérnergiven in Table 2.

2009a). Thanks to this, it was possible to combine multi- In atemporal context, this implies that the maximum mag-
ple criteria in the identification of individual palaeoseismic nitudes recorded grow from 4.8 by recent instrumental cover
events (Morner, 2003, 2011). Furthermore, the glacial clayin the following manner back in time: after 109yr a M5.4
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Distribution of palaeoseismic events in Sweden; partly in time (top left; where 50 % of the events fall in the period of maximum
rates of uplift; cf. Fig. 4) and partly by area where recurrence diagrams have been constructed for five individual areas (including 44 events,
or 71 % of all the events). Blue dots refer to simultaneous tsunami events.

event is observed and recorded, after about 900 yr the first During the postglacial period after an ice age, temperar
M ~ 7 event is recorded by palaeoseismology, after 6100 yiture increases and pressure decreases due to land uplift. Both
the first M8 event occurs, and in the period 9000-11 000 BPthese processes wiltfact the stability of an accumulation in
several high-magnitude events are recorded indicating thathe bedrock of methane ice. The fgas transition is instan-
Sweden by then was a highly seismic region due to the extaneous. Consequently, the chances are high that this process
ceptionally high rates of uplift (Mérner, 1991, 2003, 2011). will lead to an explosive venting of methane gas (Fig. 8).

This is the database (Table 2, Fig. 5, Appendix A) upon Thisis precisely what we have found in our studies in Swe-{
which we have to base our estimates on future seismic hazden (Mérner, 2003, 2011; Mérner and Sjoberg, 2011). The
ards. The seismological database is far to short and nonseepage of methane gas through the varved clay left spots
representative to be used for long-term predictions (as illus-of precipitated carbonate (isotopically linked to the deglacia-
trated in Fig. 2). tion) and ending in the varve at the sea floor of the 9663 vBR

palaeoseismic event (Mdrner, 2003, p. 289-294), hence link-
ing this palaeoseismic event (Fig. 7) to a simultaneous trans-
formation of methane ice stored in the bedrock into gas seep-
ing to the sea floor surface. This gas seepage is recorded [in
Methane occurs in nature in the form of gas or, in sedi-nymerous cores and sited over a distance of 200km from
ments and bedrock, in the form of ice (methane hydrate o4, diksvall to Uppsala (Mérner, 2003).
clathrate). The volumetric relation between the ice and gas |n association with the 9663 vBP event, there are, besides
phases is 1: 168, which implies a very large expansion wheRfne seismotectonidiects, also records of severe deformation
ice transform into gas. The transition is phase-boundary congye to explosive methane venting. This is especially clear in
trolled by temperature and pressure (Morner, 2011, Fig. 12)the case of the Boda Cave (an old bedrock hill now frac-

During periods of permafrost, the geothermal gradient isyyred into a big field of fractured blocks with 2600 m cave
strongly deformed towards colder conditions allowing for passages in the subsurface). The surface and subsurface are
methane ice to be formed higher up in the bedrock. Dur-fractured into big blocks, indicating an initial phase of ex-
ing ice ages, the vertical pressure is strongly deformed angension followed by a period of contraction (falling back).

methane ice may be formed all the way up to the surfacerhis deformation is organized around 12 separate centra
wherever there are voids.



THE 10,430 vBP PALEOSEISMIC EVENT

PRIMARY NORMAL FAULT

Reactivation of old East-West fault PRIMARY THRUST FAULT

Segmentation with 7 events 102 years N 20° N .
Total fault length 400-700 m, vertical throw unknown 20m ;;urltéslte,ngil’? za(l)rﬁlsb k?no m slip

THE 9663vBP PALEOSEISMIC EVENT

LATERAL-SYMPATHETIC FAULT
At 45° angle and 1 km north of the main fault, HEAVY BEDROCK FRACTURING

there is a fault of 6-8 m throw and >1 km length A: some 100 sites (49 investigated in details)
over a distance of 50 km from the epicentre
HEAVY BEDROCK FRACTURING . ; ;
A: numerous sites over an area of 50x100 km B: extensive rock avalanches at some sites

B: a “pal i h” indicati icent
a “paleoseismograph” indicating epicentre EARTH SLIDES

EARTH SLIDES (obscured by vegetation and sediment-cover)
A: slides recorded at some sites 3-4 slides recorded at the Boda Cave
B: dated at the autumn of varve 10,430 vBP and dated at 9663 vBP
SHAKING
A: shaking of sand, silt and clay beds recorded HEAV,Y LIQUEFACTION
B: shaking of fine particles recorded by magnetic means A: recorded at 13 sites over an area of 80x40 km
C: it is dated at the autumn of varve 10,430 vBP B: 5 separate phases recorded at 2 independent sites

C: liguefaction event dated at varve 9663 vBP
HEAVY LIQUEFACTION

A: recorded at several sites over an area of 320x100 km STRONG TSUNAMI EVENT
B: multiple phases recorded at some sites . .
C: liquefaction event dated at the autumn of varve 10,430 vBP A: recorded at 14 sites over an area of 175x25 km
(probably 300 km south and east, too)
STRONG TSUNAMI EVENT B: wave-height at least 15 m
A: recorded at several sites over 300x400 km C: tsunami event dated at varve 9663 vBP
B: wave height of 15-20 m with opening of the Narke Straight and 9150 C14-years BP

allowing marine water to enter the Baltic (the Yoldia Sea)

C: the tsunami is dated at the autumn of varve 10,430 vBP EXTENSIVE TURBIDITE

EXTENSIVE TURBIDITE A: recorded at 25 varved clay sites in the near field
A: recorded at numerous sites of varved clay and several additional sites in the far field
B: extending over an area of 200x320 km B: extending over an area of 310 km in N-S direction

C: dated exaxtly at varve 10,430 vBP C: dated exactly at varve 9663 vBP

MAGNETIC GRAIN ROTATION

A: “seismomagnetization” over 500x600 km ) METHANE VENTING
B: 90° polarity rotation over 18 varves A: recorded in the varved Clay (the “Spotted Zone”)
B: the spots end sharply with varve 9663 vBP
S (i.e. the seabed at the time of the event)
The 10 430 vBP event documented by ningedient char- C: methane venting tectonic recorded at the Boda Cave
acteristics (Mérner, 2011). and some other sites

The 9663 vBP event documented by sevefedént char-

(Mérner, 2003). We believe that these centra represent centcteristics (Morner, 2011).
of methane venting.

The 9663 vBP earthquake was a very strong event with
magnitude> 8 (Fig. 7; Moérner, 2011). The bedrock is de-
formed over an area with a radius of 50 km from the epicen-
tre. Out of numerous sites (maybe on the order of 100), we.
studied 49 sites in great details. The most extensive deforf
mation occurs at the Boda Cave. This site is located 12.5 qu
to the west of the epicentre. At the time of deformation, the
site was located about 200 m below sea level. The mode o
deformation seems to be a combination of seismic wave de—2
formation and methane gas venting (Mérner, 2003). This isI

arnay in fact be more localitiesflected by this mechanism
(though this cannot be demonstrated).

There are two cases of violent methane venting tecton-
s dated at the Late Holocene. It remains unknown whether
hese events were triggered by the postglacial changes in
emperature and isostatic pressure, or were triggered by
garthquakes. One occurred 2900 BP just north of Hudiksvall
nd set up a tsunami wave of 20m height (Morner, 2003,
011, 2013a; Morner and Dawson, 2011). The other site is
. S ocated just south of Stockholm and seems to have occurred
illustrated in Fig. 9. about 4000 yr ago (M6érner and Sjoberg, 2011). In both cases

Because the i¢gas phas_e b_oundary IS sensmvely con- huge blocks were thrown up vertically, now resting on the
trolled by pressure, the seismic wave may trigger a transi-

. . . top of a cone of fractured bedrock blocks.
tion from ice to gas (Fig. 9). At the 9663 vBP event, there are

3 sites which we have interpreted as primarily deformed by

methane venting tectonics. Because the bedrock deformation

covers such great distances away from the epicentre, there



EXPLOSIVE METHANE GAS The seismic pattern recognized by palaeoseismology

VENTING-TECTONICS (Fig. 1) may successfully provide a seismic hazard assess-
G ment for a time period into the future of the same time di-
; mension up, maybe, a couple of doublings (cf. below).
METHANE
GAS

To begin with, we can safely conclude that the present seis-
168 mological database (Sect. 2.2) is far too short to be used for
long-term predictions (Fig. 1) in view of the long-term safety

TEMPERATURE EXFLOSIVE of high-level nuclear waste storage in the bedrock. This be-
TRANSFORMATION . A .
PRESSURE | |cE-GAS comes evident when the palaeoseismic data are included (Ta-
o ble 1, Figs. 2 and 5, Appendix A). Long-term stress and strain
METHANE ICE (HYDRATE) modelling (Sect. 2.4) includes a number of assumptions. All

modelling undertaken up to today (e.g. Lambeck and Purt
When methane ice in the bedrock transforms into gas,C€ll, 2003; Lambeck, 2005; Lund et al., 2009) fails to re-
the increase in volume is 1 : 168, which leads to an explosive ventConstruct the palaeoseismic patterns recorded in Sweden and
ing of methane gas. This venting may severely deform the bedrockinland (Mérner, 2003, 2011, 2012). Furthermore, the ab;
(“methane venting tectonics”) as recorded in Sweden. sence of earthquakes during the period of ice cover required
for the applicability of the methodology is violated by obser-
vations as illustrated in Fig. 10.
The palaeoseismic database is the only method which can

Modelling the stress variations due to the glacial loading his-Produce patterns of events (i.e. location, magnitude and re-
tory of the Fennoscandian shield (Lambeck, 2005) may befurrence frequency) that may allow long-term seismic haz

a useful tool for assessing the fracturing with depth (Lund@'d @ssessments. The database must Heciently com-
et al., 2009), despite the fact that the model is based on Qlete, however. Such databases covering a very large number

number of assumptions and uncertainties in the input load®f events exist in California (Rockwell, 2010) and Sweden

ing history. As a means of assessing seismic hazard, it is &MOmer, 2003, 2012). _
very blunt tool, however. Therefore, it may not be surpris- 1 ne Swedish Paleoseismic Catalogue is constantly up-

ing that it fails in reproducing observed palaeoseismic eventdated. At presentitincludes 62 events (Appendix A; Morner,
(Morner, 2011, 2012). 2003, 2004, 2005, 2011, 2012). As a first, just approximate,
Adams (2005) noted that the validity of the loading model V&Y Of_ assessing the Seismic hazard of the next 100000 yr
(Lambeck, 2005) required that no earthquakes had occurref€ minimum time requited for nuclear waste storage), we
during the period of ice cover(70-15 ka). Therefore, itisof May Simply multiply this database by ten (Table 3) for all
great significance that there are records of palaeoseismic all'€ 59 events recorded after the ice retreat (1), for all events

tivity from around 30 000 BP at 4 sites in Sweden (Fig. 10), Within @ radius of 250km (2) and for the events recorded
a major fault in Norway (Feyling-Hanssen, 1966) and sey.iN the direct vicinity of the repository proposed at Forsmark

eral sites in the peri-Baltic region (Bitinas and Lazauskiene, " Sweden (3) and at Olkiluoto in Finland (4). The records

2011). Furthermore, Léfvendahl and Holm (1981) dated thewithin fche radius of 250 km (2) seem most relevant, as it fitg
precipitation of uranium in a large number of fractures to the We!l with the recommendation by IAEA (2010; cf. above):

period of the Last Ice Age, with 6 sites dated at the interval 1 "€ Siz€ Of the relevant regian. is typically 300 km”.
29_40 ka BP. This, of course, only gives a hint of the seismic hazard

Consequently, the period of ice cover seems not so seisQ_f the next 100000yr in Sweden and hence the risks asso-

mically calm (Fig. 10) as the model presupposes. This shegSiated with the proposed high-leyel storage of nuclear \_/vaste
serious doubts on the application of the computer modelling?"Posed to occur at Forsmark in Sweden and at Olkilouto

(Lambeck, 2005; Lund et al., 2009: Stephansson et al., 2012J" Finland. Many additional féects have to be considered,
viz. the linkage to glaciations (Figs. 4-5) and the linkage to

methane venting tectonics (Fig. 9).
Table 1 shows that there is a very clear increase in the
The time periods involved (100 000 yr in Sweden and 1 mil- maximum magnitudes back in time. A significant part of this
lion years in Finland) are so immense and incomprehensiincrease is due to the exceptionally high seismicity linked
ble that meaningful prediction may certainly be questioned.to the deglaciation phase with very strong rates of uplift

We may, therefore, talk about predictions “in absurdum”and rapid extension in the vertical, radial-horizontal and
(Morner, 2001). tangential-horizontal dimensions.
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Figure 9. Proposed interaction of seismic wave propagation at the 9663 vBP event and metfgaretiemsformation generating methane
venting tectonics at the Boda Cave in addition to the seismotectonic fracturing recorded, at least, up to 40 km away from the epicentre (from
Mérner, 2003, 2011).
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Figure 10. Extension of the ice cap over northern Europe at the glaciation maximum around 20 000yr ago (tick line) and records of
palaeoseismic events during the interstadial period around 30 000 BP; red gataeoseismic liquefaction structures; blue ddteavy
faulting; purple crosses dated precipitation of uranium in fractures (during this interstadial a substantial ice sheet persisted, but the limits
are much debated).
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Magnitude distribution of the 62 palaeoseismic events

recorded and documented in Sweden up to 2013 (Appendix A),

and their 10-fold multiplication to cover the nuclear waste period
of 100 000 yr for 3 spatial units.

(1) All the 59 palaeoseismic events in Sweden
after the Last Ice Age (Appendix A)

Magnitude  Number of 10-fold
events increase

>8 7 70

7-8 12 120

67 34 340

<6 6 60

(2) Aall the 29 palaeoseismic events in the
Stockholm-N. Uppland—Hudiksvall area (Fig. 5)
plus (+) the 5-6 events on the Finnish side

LIDEN 1782

~S800 BP
9663 BP

~9625 BP
~8000 BP

~7500 BP 3 IRJANNE
6100 BP RALMA
~2000 BP ~9900 BP SORKKA

(Fig. 11) within a radius of 250 km from the meneDeey i i 8000 &P ;‘; 2
proposed repository at Forsmark ~10,000 g7 2900 ep wERge o
~10,150 2™ L% ,\ {
>8 4 40 GILLEEHGA! ‘5 =
7-8 3+2 50
6-7 17+ 2 190 The Bothnian Sea region with all the palaeoseismic
<6 5+2 70 events recorded in Sweden (Morner, 2003, 2009, 2011, 2013a)
- and Finland (Kuivamaki et al., 1998; Koltainen and Hutri, 2004;
(3) Only the 5 (or 6) palaeoseismic events N .
) 4 L Mérner, 2010). Blue crosses mark the location of the proposed
in the direct vicinity of Forsmark S .
repositories of high-level nuclear waste at Forsmark (Sweden) and
>8 Olkiluoto (Finland).
7-8
67 4-5 40-50
<6 1 10 guake events, which may significantly increase the bedrock
(4) Only the 5 palaeoseismic events fracturing in honzon.tal aswell as vertlc.r?ll dimensions. Wh!lst
in the direct vicinity of Olkiluoto the nuclear power industry claims (Backholm and Munier,
2002) that the bedrock fracturing is restricted to a few cent
7>88 ) 20 timetres of displacement only 50—100 m along regional frac:
- ture zones, we observe severe deformation on the order of
6-7 2 20 . .
<6 1 10 many decimetres up to metres at distances of 10 to 50 km

from the epicentres (Mérner, 2003, 2011).
Another factor is the spatial distribution of events in re-
lation to the proposed location of nuclear waste storage. As
During the last 5000yr (when the uplift was not signif- a matter of fact, the region around the Bothnian Sea (where
icantly higher than today) there were 13 events, several othe proposed closed bedrock storages in Sweden and Finland
which reached magnitude 7. The first magnitude 8 event isare planned to be located) constitutes a highly seismic region
recorded at 6100 BP. For the last 8000 yr, there are 21 eventg-ig. 11).
recorded (Table 2). This database can be used for the eval-
uation of the seismic hazards during the non-glacial inter-
vals of the next 100 000 yr, with the database of the 13000
to 9000 BP period (Table 2) added for the periods of futureThe above analysis (Sect. 2.2, e.g. Fig. 2) indicates that the
deglaciation. At the same time, however, the present databasavailable seismic database is useless as a base for long-term
is likely to expand with time, as there are numerous potentialassessments. Loading modelling (Sect. 2.4) also does not
events which have not reached the catalogue because furtheeem to be a meaningful way forward in assessing the risks —
studies and dating remain to be carried out. not least because some of the basic assumptions have turned
Methane venting tectonics (Fig. 9, Sect. 2.3.3) is a novelout to be wrong (Fig. 10).
process, first proposed by Bjérklund (1990; cf. Sjoberg, The only way forward goes via the analysis of the
1994) and later documented by us (Mérner, 2003, 2011palaeoseismic database. The Swedish database is extensive
Morner and Sjoberg, 2011). The significance for hazard as{Moérner, 2003, 2005, 2009b, 2011, 2013a). We may con:
sessments is that it adds an additional consequence of earthider the entire database (Table 2) or divide it up in dynamic
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The transformation of a palaeoseismic database into the W (in bl Seismig hazsrdLasse.ssment |f0r2(t)%% next hlog 00_0 yr';
future (100 000yr) by doubling the original time frame 10 times. partly (in blue) as done by La Pointe et al. ( ) on the basis 0

However good the base data is, each time doubling implies a deteriPresent seismological data (blue box and extrapolated line suggest-

oration of the quality of hazard assessment. Somewhere, the valid®'¥ 10 M5 events, 1 M6 event and 0.1 M7 events in 100000y for

ity may even break down. Certainly, however, this methodology iSthe Forsmark area), and partly by converting the palaeoseismic ob-

superior to the utilization of short seismic records, which must be S€rvational records (yeliow box: Morner, 2003, 2011) in a similar
discarded as meaningless and misleading. way to the 100 000 situation (suggesting 10000 M5 events, 1000

M6 events, 100 M7 events, 10 M8 events and a few M9 events for
the region with a radius of 250 km around Forsmark).

segments: a deglacial phase 13000-8500 BP, a transitional As geologists, we might prefer to stay out of such haz-

phase 8500-5500 BP and a postglacial phas_e 2000-0BP. Tt}l?dous predictions. This, however, would be to leave the field
anglyses_ may also be confined t_o the near field of f[he rep_os'c')pen for any kind of speculative evaluations (Sects. 2.2, 2.4
tories (Fig. 11). These are practical matters that will prowdeand 2.5). We therefore seem forced to do what we can, and
somewhat dterent results. Whatever methodology we apply, ’

I . . , that is not better than the mode of forecasting illustrated in
the seismic hazard assessment will provide magnitudes ang,

frequencies that by far exceed the values given by the nuclear "'1 FiQ 13, | have applied the same method used by La

polvverr]authoritiebs (SKB.’ ﬁohll;dPoski)va, 2012_|)' bl d. by dif Pointe et al. (2000) to transfer present-day seismic data over
n theory, we begin with the database avallable and, by dif-5 1 g 000 yr period to our Swedish palaeoseismic database

fﬁregtmﬁans gnd n;]et?ods, extend |t_|nto thg ftéturel. To exterllgsppendix A). The SKB assessment, based solely on a far
the database into the future over a time period as long as g, , gh ot seismological time series, can surely be discarded

database itself seems correct and straightforward. Each timg, directly misleading (cf. Fig. 2). The assessment based on
doubling thereater will decrease the validity — by how much, palaeoseismic observations is much better (cf. Fig. 12). Still,

Yvel_msly“arg‘tlj e. But '.t ',,S I|k<(ajly tohdeterlorate Vz'th twn_e flrom" the uncertainties are so large that it seems rather to provide
redla ﬁl to uncerta‘!n ! ;lin dper” a!cf)s evehn to n:jganmg ess only a hint of possible seismicity over the future 100 000 yr.
and, .St' WOrse, to misiea '”9 (i SO the pre |ct|c_)ns_ are Assessing the problem of uncertainties involved in Fig. 13,
certainly f:arrlled in absurdum”; Morner, 2001). This is il- one may simply extend the width of the blue and yellow
lustrated in Fig. 12. boxes to the line of 1 event in 100000yr (Mdrner, 2012b).

T.O make hazard a_ssess_ments over such an immense t”"E?oing S0, the seismological data would provide a range from
period as 100000 yr is basically absurd. In the best cases, WE5 10 7.2 (in significant contrast to the 1 M6 scenario of

may be limited to hints about what actually may be the caseSKB) and the yellow box a range from 7.3 to 10.0 (where
For safety reasons, it might be wiser simply to multiply the 9.5 m,ay be held as a theoretical maximum). The green line
existing database into the future as illustrated in Fig. 12. In; | Fig. 13 gives some sort of mean value of the palaeoseis-

this case, we would o_btain a Iik_ely seismicity of such a high mic database, and this is probably the best, though still quite
frequency and such high magnitudes (Table 3) that no Safet)é\pproximate, seismic hazard assessment we can do today for

—rather the opposite.— V\.’OUId seem to apply for the high—level[he region with a radius of 250 km around the Forsmark site
nuclear waste repositories proposed at Forsmark in Swede&lso applicable for the Olkiluoto site)

and at Olkiluoto in Finland (both proposing a closed storage
400-500 m down in the bedrock).



Storage of high-level nuclear waste in the bedrock has forced
us to attempt to make seismic hazard assessments for a time
period of, at least, 100 000 yr. This almost impossible task is
something that must be handled on the basis of an extensive
palaeoseismic database.

The following conclusions are drawn:

— The nuclear industries (SKB in Sweden and Posiva in
Finland) make far too optimistic statements on the long-
term seismicity, primarily based on current seismic data
and in general ignoring available palaeoseismic data.

— The seismic database is far too short to be applicable in

longer-term hazard assessments. Furthermore the everts o only outcome of this

— The only meaningful hazard assessments must be based

on available palaeoseismic data. We may do this in
different ways, viz. by transferring the entire database
into the future (Table 3, Fig. 13), by dividing it up in
deglacial and postglacial time segments (cf. Table 2)|
or by confining the analysis to the site-specific cases
(Fig. 11). The results will dier, but the main answer

is clear (Fig. 13): there will be far too many and far too
strong events in the future to allow for a statement that
a closed repository in the bedrock of KBS-3 type (the
concept proposed for the repositories in Sweden and
Finland) will stay intact over the required time period
of at least 100 000 yr. The opposite seems rather to be
the case: no safe deposition.

dead-end situation” seems to be

are not representative of long-term frequency and mag4, switch to a dferent methodology. We have previously
nitude (Table 1, Fig. 2). proposed a dry rock deposition where the waste remains
accessible, controllable, re-usable, destructible and movable

ard assessments. Furthermore, it is seriously contra-

Loading modelling seems far too crude for serious haz'(Mt')rner 2001, 2013b: Cronhjort and Morner, 2004)

dicted in basic assumptions (Fig. 10) and in the fact thatg gited by: S.-A. Ouadfeul
it fails to produce the observed events in deglacial andreviewed by: two anonymous referees

postglacial times (Table 2).



Appendix A
Paleoseismic Catalogue of Sweden Il

Table Al. ThePaleoseismic Catalogue of Swedealuds 62 palaeoseismic events as of May 2013 (the 1st catalogue of 2003 included 52
events; Mérner, 2003; cf. 2011). Age of event: vBRarve years before present; cBRC14 yr before present (1950). Region: as given in
Morner (2003, p. 302). Reference (Ref.): gives main paper of event description as listed belowfféateal aspatial distribution of
palaeoseismic records of event in question. Criteria=Rimary fault; RD= bedrock deformation; SB sediment deformation; VB

varve deformation; Sk slide or avalange; LE liquefaction; TS= tsunami; T= turbidite; MV = methane venting; MVE methane

venting tectonics (2, 3, 8); QM Quaternary morphology; PM palaeomagnetism (11). Magnitude (Magn.): relative magnitude values

deduced from structural criteria.

Age of event  Region Ref. Aredfacted Criteria Magn.
~30000cBP  Gothenburg 1 regional LF, SL >6
~30000cBP  Glumslov 1 local-regional LF >5-6
~30000cBP  Forslovsholm 1 local-regional LF >5-6
12400cBP  South Sweden 2 30@00 km SL, T, T,PM >8
~12000cBP  Oskarshamn 2 local-regional PF, RD, QM 6—7
11600cBP  Halland 2 >125x50km LF, SD, TS, SL, QM >7
11250cBP  Halland 2  >100x50km  SD, SL,LF, TS ~7
<10700cBP Halland 2 local SD, SL, LF >6
<10560vBP  Sddermanland 2 local-regional PF >6
<10550vBP  Soédermanland 2 regional LF >7
<10550vBP  Sddernamland 2 regional LF 6-7
10490vBP  Stockholm 2 local-regional VD 6-7
10469vBP Malardalen 2  >80x20km RD, SD, VD, LF, QM 6-#>7
10447vBP  Stockholm 2 local-regional RD, VD, QM 6-7
aut 10430vBP  Malardalen 2,3 >320x100km PF,RD, SL, LF, VD,
TS, T, QM, PM > 8
10410vBP Maélardalen 2,3 local-regional RD, SD, VD, T, 6-7
~10400vBP Maélardalen 2,3  regional SD, LF, VD 6—7
10388vBP Malardalen 3,4 regional SD, VD, LF, TS ~8->8
~9850cBP  Bohuslan 2 local-regional PM >6
~10150vBP  Uppland-1 2 regional RD, T ~7
9600cBP  Billingen 2 local-regional SL, LF, PM >6
10000vBP  Uppland-2 2,4  regional RD, SD, VD, LF, PM ~7
10000vBP  Uppland-2b 12 local RD, SD ~6
9800vBP  Hudiksvall-1 2 local-regional RD, VD >6
9813vBP  Bothnian Sea 2 regional VD, QM, MV 6-7
9663 VvBP  Hudiksvall-2 2 10R 50 km PF, RD, SL, LF, TS, VD
T, MV, MVT, QM ~8->8
9652vBP  Hudiksvall-3 2 local SD, LF, VD 5-6
9620vBP  Hudiksvall-4 2 local-regional RD 6-7
9428vBP Umae area-1 2,4 regional RD, SD, SL, LF, VD,
T, TS?, PM >7
~9400vBP Hdga Kusten 2 local-regional RD 6-7
9293vBP Umed area-2 2,4  regional PF, SD, SL, LF, VD >7
9239vBP  Jamtland 2 regional VD, T, LF? >67?
~9200VvBP  Skellefted area 5 regional PF, SL -7
9170vBP Umed area-3 4 regional PF >7
~9150vBP Lansjarv, Norrb. 6 regional PF >8
~9100vBP Lainio, Norrbot. 5 local-regional PF ~7
~9100vBP Lansjarv, Norrb. 5 regional PF >8
~9000cBP Halland 2 local SL >5
~8500vBP  Storuman area 5 local RD?, SD? 6-7
8600cBP  Soérmland 2 regional SL,LF, TS 6-7
~8000cBP  Hudiksvall-5 2 regional PF, RD, SL, LF >7
~8000cBP Uppland-4 4,1 regional TS 5-6
~7800cBP  Aker-Turinge 2 local-regional SL, LF, T, QM, 6—7
~7700cBP Bjare Peninsula 2 local-regional LF 6-7
~7500cBP  Hudiksvall-6 2 regional PF, RD >6
~7500cBP Halland 2 local SL, LF >5-6
~7000cBP Bjare Peninsula 2 local-regional LF >6




Table Al.Continued.

Age of event  Region Ref.  Aredfacted  Criteria Magn.
6680VBP Umea area-4 4 >100km RD, SL >7
~6100cBP  Hudiksvall-7 2 >100x 10km LF, TS >8
~5700cBP Billingen area 2 regional SD, SL, LF ~7
~4800cBP Bjare Peninsula 2,7 local-regional PF, RD, SL, LF ~7
4300cBP Umeé area-5 2,4 local-regional SD,LF, TS 6-7
~4000cBP Sormland 2 local SL, TS ~6
?~4000cBP Sodertorn 8 local MVT 6-7
~3500cBP Bjare Peninsula 2,7 local-regional PF, SL ~7
~3300cBP Sormland 7 local SL ~6
~3250cBP Malardalen 2,7 local PF, RD, SL, LF, TS, QM ~7
~2900cBP  Forsmakr 7 regional TS, T 67
~2900cBP Brantevik 9 local-regional RD ~6->6
~2000cBP Hudiksvall 7,10 local-regional MVT, TS 7
~2000cBP Bjare Peninsula 2,7 local SL, LF ~6
~1300cBP Bjare Peninsula 2 local SL >5
~900cBP Bjare Peninsula 2,7 local-regional PF, SL, TS ~7

and a few “historical events” outside the main catalogue added for comparison:

1497 AD Vaénern area local 4.8
~1750AD Bohuslan local ~5?
1759 AD df Bohuslan local 5.3
1782 AD Liden area 2 local SL, LF, TS >5.5
1904 AD Bohuslan-Oslo regional 5.4

Ref.:1 Mérner (Fig. 10; 2013c)? Mérner (2003)2 Mérner (2011)# Mérner (2008)3 Lagerback (1990 Lundgqvist and
Lagerbéck (1976)° Mérner (2009)2 Mérner and Sjoberg (20113;Mérner (2012)1° Mérner and Dawson (20113 Mérner and
Sun (2008)1? Lagerbéck et al. (2005).
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