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SSl's Activity Symbols

Ultraviolet, solar and optical radiation

Ultraviolet radiation from the sun and solariums can result in both long-term and
short-term effects. Other types of optical radiation, primarily from lasers, can also be
hazardous. SSI provides guidance and information.

Solariums
The risk of tanning in a solarium are probably the same as tanning in natural sunlight.
Therefore SSI's regulations also provide advice for people tanning in solariums.

Radon

The largest contribution to the total radiation dose to the Swedish population comes
from indoor air. SSI works with risk assessments, measurement techniques and advises
other authorities.

Health care

The second largest contribution to the total radiation dose to the Swedish population
HHWIIF comes from health care. SSI is working to reduce the radiation dose to employees and

patients through its regulations and its inspection activities.

Radiation in industry and research
\ According to the Radiation Protection Act, a licence is required to conduct activities
HWW involving ionising radiation. SSI promulgates regulations and checks compliance with these
regulations, conducts inspections and investigations and can stop hazardous activities.

Nuclear power
SSI requires that nuclear power plants should have adequate radiation protection for the
H‘ H‘ genelral public, employegs and thelenvironment. SSI also checks compliance with these
I requirements on a continuous basis.

Waste
SSI'works to ensure that all radioactive waste is managed in a manner that is safe from the
standpoint of radiation protection.

H HH Mob?le telephony , . . . o
Mobile telephones and base stations emit electromagnetic fields. SSI is monitoring
H developments and research in mobile telephony and associated health risks.
Transport
SSlis involved in work in Sweden and abroad to ensure the safe transportation of
W radioactive substances used in the health care sector, industrial radiation sources and
spent nuclear fuel.

Environment

“A safe radiation environment” is one of the |5 environmental quality objectives that the
Swedish parliament has decided must be met in order to achieve an ecologically sustainable
development in society. SSI is responsible for ensuring that this objective is reached.

Biofuel
Biofuel from trees, which contains cesium, for example from the Chernobyl accident, is an
issue where SSl is currently conducting research and formulating regulations.

pm Cosmic radiation
HH Airline flight crews can be exposed to high levels of cosmic radiation. SSI participates in joint
I international projects to identify the occupational exposure within this job category.

Electromagnetic fields
SSIis working on the risks associated with electromagnetic fields and adopts countermea-
sures when risks are identified.

Emergency preparedness

SSI maintains a round-the-clock emergency response organisation to protect people and
the environment from the consequences of nuclear accidents and other radiation-related
accidents.

O

SSI Education
is charged with providing a wide range of education in the field of radiation protection.
[ts courses are financed by students' fees.
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two Swedish sites, Oskarshamn and Forsmark, in connection with a glaciation cycle.
The experts’ median value vas o,1 earthquakes for one glaciation cycle.
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1 Background

1.1 The technique of expert panel elicitation, EPE

In the safety assessment of the final disposal of radioactive waste, expert judgement in many
different forms will undoubtedly play a significant role. The method of formal expert elicita-
tion reported here was developed by the US NRC during the safety studies of nuclear reactors
and provides the basis for expert judgement methods used in the license application for the
WIPP [Ref.1]. The method is also used in the UK but in Continental Europe the experience of
formal expert panel elicitation studies is very modest, with the exception of work done in the
University of Delft [Ref. 2]. The technique has been studied within many disciplines. Exam-
ples of fields that have contributed to probability elicitation are decision analysis, psychology,
risk analysis, Bayesian statistics, mathematics and philosophy.

In a Swedish Radiation Protection Authority’s (SSI) report an example is given of work in
Sweden, exploring the technique. A more general background is given in [Ref. 3]. Quantifica-
tion of subjective probabilities is employed in a number of circumstances. These include:

issues that concern political decisions

- when there is likely to be public scrutiny of the uncertainties,
- in situations requiring impartial judgments,

- in cases where there are potential legal action,

combined with issues that concern scientific questions

- when data exist only from analogue situations (one might know the solubility of one
mineral and might use this information to infer the solubility of another mineral),

- when scaling up from experiments to target physical processes is not direct (scaling
of mean values is often much simpler than rescaling uncertainties), and

- when the uncertainties are significant relative to the demonstration of compliance.

Several, and perhaps all, of these criteria are relevant to the final disposal of radioactive
waste.

Professor Stephen Hora, used as a consultant in this study, of the University of Hawaii, has
been directly involved in the development of these methods over the past twenty years [Ref.
4,5,6,7].

1.2 Formation of aresearch project

Based on the assumption that both operator and regulators may have an interest in the method
of expert panel elicitation, a common research project was suggested by SSI at a meeting in
November 2004. SSI had invited the operator, the Swedish Nuclear Fuel and Waste Manage-
ment Company, SKB, the Swedish Nuclear Power Inspectorate, SKI, and representatives
from the two municipalities involved in SKB’s ongoing site investigation (2005), Osthammar
and Oskarshamn. At the meeting Prof. Stephen Hora from the University of Hawaii at Hilo
was invited as an expert on the method.



1.3 The role of the project and roles of the project participants

The project is thus not set up as a part of the ongoing operator-regulator license activities but
as a pure research project of interest to all parties. The participants present at the meeting
November 2004 agreed to act as a steering committee. The practical work was to be made by
SSI and SKI, mainly through Mikael Jensen and Eva Simic. SKB, through its representative
Raymond Munier, took part in an observing capacity, and also offered to place its databases at
the project’s disposal, to meet the need for such data, as asked for by the experts. The project
was financed jointly by the authorities SSI and SKI and the operator SKB.

For purposes of transparency, the finances were administrated within SSI, using SSI’s eco-
nomic reporting system.

2 Project formulation

2.1 Scientific matters

The quantity or quantities for elicitation were discussed at the first meeting.. The municipali-
ties’ representatives were in favour of seismicity issues but several possibilities were dis-
cussed, e.g. the future fate of the Baltic Sea shoreline. Finally, two questions on seismicity
following glaciation were defined:

1. What will be the frequency of magnitude 6.0 or greater earthquakes within 10 km of
Forsmark and Oskarsham during the immediate post glaciation period assuming that
the average thickness of ice above the repository reached a maximum of 1000 meters,
2000 meters, 3000 meters? Give an uncertainty distribution for this quantity at each
repository under these three assumptions about thickness of the ice overlay.

2. Given a magnitude 6.0, 7.0, and 8.0 earthquake occurring within 10 km of a reposi-
tory in Forsmark and Oskarham, give an uncertainty distribution for the maximum
displacement (slip or shear) in an existing or new fracture in the repository. Your un-
certainty distribution should include the possibility that no displacement occurs with
the repository.

2.2 The procedure for nomination and selection

A letter inviting to nominate was sent out to 23 organisations (Appendix 1 — in Swedish), a
group of organisations or stakeholders that has shown an interest in the Swedish Waste Pro-
gram; this group is usually invited to review SKB’s research plan. While this was an open and
transparent method, it became obvious after a while that it did not yield a great number of
experts. Therefore, a number of additional experts were nominated within the project’s refer-
ence group. A number of experts declined to participate, in some cases because of the rela-
tively short time between the additional nomination and the first meeting, around 6 weeks and
even shorter for some. In the end of the process, 16 experts remained. Four experts were cho-
sen to form a selection group, who selected 5 experts among the 16 nominees. The selection
group was made up by Prof. Jimmy Stigh, University of Gothenburg, Prof. Roland Roberts,
Uppsala University, Prof. Ove Stephansson, the Swedish Royal Technical University and
Prof. Giorgio Ranalli, Carleton University, Canada.

The selection implied that relevant disciplines corresponding to the two questions needed to
be addressed. Instructions were given in Appendix 2. It was noted that some experts who felt



they were qualified in only one of the 2 questions, did not take the opportunity to disqualify
themselves on one question and participate on the other. Rather they preferred to depart from
the process altogether. Most of these experts looked on question 1 as problematic. It was then
decided to give additional instructions to the selection committee, to the effect that the com-
mittee should focus on experts in question 2, in case it could not find 5 experts qualified to
answer both questions (Appendix 3).

2.3 Timetable

The group set up a timetable on the first November meeting, based on suggestions from Prof.
Hora that implied that the project would have to be carried out during the first half of 2005.
Information activities were to follow in the fall of 2005 directed at the two municipalities.

3 Selection of experts and preparatory work

3.1 The selection.

The selection committee had a meeting on April 12. Their report is attached as
Appendix 4.

The selection committee considered that “the proposed group has the competence to address
both of the questions, albeit that the field of excellence of the different experts varies signifi-
cantly from person to person” (Appendix 4).

The selection committee selected 5 experts:
- John Adams, Geological Survey of Canada, Natural Resources Canada,
- Hilmar Bungum, NORSAR, also affiliated to the University of Oslo,
- James Dieterich, University of California, Riverside,
- Kurt Lambeck, The Australian National University, Canberra, and
- Bjorn Lund, University of Uppsala.

The committee also selected two reserves, to functions in case any expert experienced unfore-
seen problems with participation.

By April 29, the selected experts had all agreed to the arrangements made by SSI for the pro-
ject, so the reserves did not have to be called in. At this point the remaining experts were noti-
fied that they were not selected.

3.2 The first meeting of the expert group

The first meeting took place at SSI the 17-18 of May 2006. The experts were given a presen-
tation by Stephen Hora on the technique of elicitation of subjective probability. The rest of the
meeting’s two days were used to discuss the questions.

Although two experts, Adams and Dieterich, thought they might give the second problem
some consideration, it soon became clear from the discussion that it would be difficult to
cover both questions, given the restriction of 5 days of consultancy between the two meetings.



The second issue is not addressed further in the elicitation process. Information on the issue is
included in Adam’s and Bungum’s reports.

The first question was changed in two steps. Before the meeting, based on discussion between
SSI, SKI and SKB, it was suggested that the glaciation should be assumed to be similar to the
Weichsel glaciation, in order to define the circumstances and sequences of events during the
glaciation, thereby avoiding the need of a large number of additional assumptions, which
would be the case if a glaciation in general was assumed.

The issue nevertheless required some assumptions to be made, as was unfolded by the discus-
sion. Among other things the experts wanted information about cumulative earthquakes from
two 20-year periods 65-84, 85-2004 in an area 1985-2000 in three different areas of Sweden,
one of which includes the two sites, shown in Fig 1. Earthquake locations on the map are
from the Swedish National Seismic Network (SNSN) 2000-2005.

20020410 - 20050614

Figure 1.

The polygon defining the southeast
area of Sweden (From Lund’s presen-
tation, June 20, 2005).

In the end of the discussion the group agreed on the following formulation of the first elicita-
tion issue:

What will be the frequency of moment magnitude 6.0 or greater earthquakes
per unit area (e.g. per 100 sq. km) in the middle and south of Sweden (Fors-
mark and Oskarshamn) during a glacial cycle (app. 100 000 a) assuming condi-
tions similar to the Weichsel glaciation? Give an uncertainty distribution for
this quantity for each area.

Assume
- the maximum moment magnitude of 7,6 (nominal value for Dehls Parve fault), and
- aseismogenic thickness of 30 km.

In addition, a minimum common set of references was given according to the list below:

- Additional material to be submitted on stress load from Kurt Lambeck for the two
sites.

- Material from SKB regarding earthquakes in the polygon for two time periods.

- SKB Publication TR-99-03.



- Clark H. Fenton, C.H., Adams, J., and Stephen Halchuk, S., 2005. Seismic Hazards
Assessment for Radioactive Waste Disposal Sites in Regions of Low Seismic Activ-
ity. Geotechnical and Geological Engineering (preprint, paper to appear Fall 2005).

- POSIVA 2003-10 Glacial Rebound and Crustal Stress in Finland.

- Stewart, 1.S., J. Sauber & J. Rose (eds.): Glacio-seismotectonics: Ice sheets, crustal
deformation and seismicity, Quat. Sci. Rev., 19, pp. 1367-1389.

During the cause of the project, the panel agreed that the form of much of the data input,
earthquakes within a 100 km radius, made it logical to give the results using that unit area, i.e.
earthquakes during a glaciation cycle per 31416 km?, i.e. from an area within 100 km from the
given sites. Numerical results in this report could be converted to refer to a 10-km distance,
closer to the original area unit, by dividing by 100.

4 The elicitation

4.1 The second expert group meeting — presentation and elicitation

A one and one-half day elicitation meeting was held in Stockholm on June 20™ and 21*, 2005.
The first part of the meeting consisted of presentations by each of the experts concerning how
they had analyzed the two elicitation questions. It became apparent that the experts were
exceptionally well prepared to answer questions about the frequency of seismic events of
various magnitudes during periods of ice intrusion and withdrawal as well as during periods
of relative stability.

The experts produced a written account of their work available in appendices 5-9. These were
in some cases finalised after the meeting. They were all available shortly after the second
expert meeting.

Each expert was allotted approximately one hour for presentation. Handouts and/or slides
were used to facilitate the presentations. Each presentation period was followed by a discus-
sion period that was generally quite lively. After the presentations had been completed, the
experts worked with the elicitation team on an individual basis to provide their judgments as
probability distributions. These sessions and findings are summarized in the order in which
they occurred.

4.2 Hilmar Bungum

This expert addressed the issue of uncertainty in the frequency of seismic events by encoding
the uncertainty in a lognormal distribution. He did not distinguish between the two sites. The
parameter of o, of his distribution carries the uncertainty and was empirically linked to the
uncertainty in the Guttenberg-Richter curve through uncertainty in the ‘a’ and ‘b’ parameters.
The encoded value for o is 0.47 while the median value for the distribution is established by
using an ‘a’ parameter of 4.21 which is the observed value for the Lappland data. The result-
ing probability distribution is shown in the following table. Here the extreme values of the
frequency are obtained by truncating the distribution at three standard deviations above and
below the mean. The answers were given for a 100,000-year period and have been scaled
from an area of 100 km” to an area with a radius of 100 km.



Figure 1 Uncertainty Distribution for Magnitude 6 or Greater — Forsmark and Oskarshamn
(Bungum)

Cumulative
Probability 0.000 0.023 0.159 0.50 0.84 0.98 1.00

Frequency of
Magnitude 6 or
Greater 0.008 0.60 1.74 5.1 14.9 43.7 374

4.3 James Dieterich

Professor Dieterich used the stress calculations of Kurt Lambeck as a basis for his judgments.
He employed a mechanical model using Lambeck’s glaciation stress calculations to which
tectonic and gravitational stresses were added to obtain total stress figures. A Columb failure
criterion was used in the model to determine when the total stress was sufficient to induce a
seismic event. The model was run over time varying three factors. These factors accounted
for stressing state and failure uncertainty, parameter uncertainty, and model uncertainty, re-
spectively. The elicited distributions incorporate all these sources of uncertainty. The distri-
butions are for the number of magnitude 6 or greater events over 100,000 years in an area
with 100 km radius.



Figure 2 Uncertainty Distribution for Magnitude 6 or Greater — Forsmark and Oskarshamn
(Dieterich)

Uncertainty Distribution for Magnitude 6 or Greater — Forsmark and Oskarshamn (Dieterich)

Cumulative 0.00 0.05 0.25 0.50 0.75 0.95 1.00
Probability

Oskarshamn 1.4 4.1 21 42 &3 206 247
Forsmark 0.8 2.4 12 24 47 118 142

4.4 Bjorn Lund

The judgments of Dr. Bjorn Lund are based upon the assumed maximum magnitude event,
7.6, and the current, ice-free, seismicity rate rate and the ice model stresses of Lambeck. Lund
used a model of background and glacial stress using nodes to represent potential event loca-
tions. Five steps were used to evaluate the magnitudes and frequencies of events at each time
period. These are:

1. Generate area with nodes of random stress, some above the failure stress.

2. Add the evolving, ice sheet generated, stress field which has all nodes at
or below failure.

3. Count connected nodes as one event, number of nodes gives magnitude.

4. Count up the events to a frequency-magnitude relation.

5. Generate new background area for the next time step to avoid repeating events.Lund’s
judgments were provided for a 100,000-year period with an area of radius of 100 km. The
judgments differentiated between the frequency of events at Forsmark and Oskarshamn with
Forsmark having the higher frequency.



Figure 3 Uncertainty Distribution for Magnitude 6 or Greater — Forsmark and Oskarshamn
(Bjorn Lund)

Cumulative

Probability 0.00 0.25 0.50 0.90 1.00
Oskarshamn 0.0 2.25 4.5 80 200
Forsmark 0.8 4 7 123 200

4.5 John Adams

Adams compared 4 sources of earthquake rate information: worldwide SCC earthquakes,
Swedish earthquakes, Lappland faults, and Morner's catalogue of Swedish paleoearthquakes.
Adams adjusted the magnitude estimates of Morner downward to create a Guttenberg-Richter
curve. The adjustment brought Morner’s estimate of the Parve event in line with the assumed
value of magnitude 7.6 used in this study. The uncertainty in the frequency of magnitude six
events was deduced from the lower physical bound of 0.0 and comparison to the Australian
and Canadian frequencies. The judgments were given for a radius of 100 km and 100,000
years. No differences between Oskarshamn and Forsmark were given. The resulting uncer-
tainty distribution is:

Figure 4 Uncertainty Distribution for Magnitude 6 or Greater — Forsmark and Oskarshamn
(Adams)

Cumulative

Probability 0.00 | 025 | 050 | 075 | 1.00
Frequency  off

Magnitude 6 or 0 3 12 45 200
Greater

4.6 Kurt Lambeck

Professor Lambeck provided an extensive analysis of glacial loading for both the Forsmark
and Oskarshamn sites. His analysis indicated that the greatest seismic hazard occurs at the
rim of the ice cap as the ice cap advances and retreats. Because the ice cap is larger when the
rim is at Oskarshamn than when the rim is at Forsmark, the seismicity at Oskarshamn will be
greater as the rim of the cap passes over the site than when the rim of the cap passes over
Oskarshamn. The analysis of loading and unloading was used in the analyses of Drs.
Dieterich and Lund. Dr. Lambeck did not provide an uncertainty distribution for magnitude 6
or greater events but he did provide information from which such a distribution could be im-
puted. Specifically, Dr. Lambeck provided an uncertainty distribution for the frequency of a
magnitude 7.6 or greater event. Employing these values and a range of slope values of the
Gutenberg-Richter relationship, representative of the various data sets used in the analysis, we
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are able to construct an uncertainty distribution. We caution that this is an imputed distribu-
tion that was not directly assessed by the expert.

Professor Lambeck provided a best estimate of the frequency of a 7.6 magnitude or greater
event with 100 km® of Oskarshamn as 1/350 with uncertainty bounds of 1/1000 (lower) and
1/100 upper. The estimates for Forsmark are smaller with a best estimate of the frequency of
1/20,000 with lower and upper uncertainty limits of 1/200,000 and 1/8,000 respectively. Fig-
ure 5 shows these uncertainty values with the frequencies translated to a radius of 100 km.

Figure 5 Frequency of 7.6 or Larger Events in a 100 km Radius (Kurt Lambeck)

Lower | Best Es- | Upper

Limit timate Limit
Oskarshamn 0.31 0.90 3.14
Forsmark 0.0016 0.016 0.039

The second translation applied to Lambeck’s values is to convert from magnitude 7.6 or
greater events to magnitude 6.0 or greater events. This translation requires a value for the
slope, b, of the Gutenberg-Richter relationship. As a demonstration, four values representative
of the data sets presented by the experts in this study are used. These values are 0.8, 0.9, 1.0,
and 1.1; the larger the slope, the greater the ratio between the frequencies of 6.0 and 7.6 or
larger events. Note that the quantity b below normally is given as the slope of the relationship

on a natural log plot; values below are b-values for base 10 log plots.
Specifically, fgo/f7s = 10°7€ =89 where fp is the frequency of magnitude p or greater events.

Figure 6 shows the translated uncertainty distributions for each of the sites.
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Figure 6 Translated Uncertainty Distributions, 100 km Radius and Magnitude 6.0 or Greater

L Best Es-
Slope b ower est Es Upper

Limit timate Limit
Oskarshamn 0.8 6.0 17.1 60
0.9 8.7 24.7 87
1 12.5 35.7 125
1.1 18.1 51.7 181

Forsmark 0.8 0.030 0.30 0.75

0.9 0.043 0.43 1.08
1 0.063 0.63 1.56
1.1 0.090 0.90 2.26

5 The resulting combined distributions

The individual distributions of four experts, excluding Lambeck’s uncertainty distributions
that are not commensurable, were combined to give a single distribution by averaging prob-
abilities. Denote a cumulative probability function or distribution function of the ith expert
by Fi(X). The combined distribution is given by

G0 =2 F ()

where m is the number of experts and G(x) is the resulting combined distribution.

Figures 7 and 8 are graphical representations of the elicited and combined distributions for
Oskarshamn and Forsmark respectively.
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Figure 7 Cumulative frequency of earthquakes with magnitude > 6 within 100 km from the
Oskarshamn site during a glaciation cycle.

Figure 7
Oskarshamm
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Figure 8 Cumulative frequency of earthquakes with magnitude > 6 within 100 km from the
Forsmark site during a glaciation cycle.

Figure 8
Forsmark
12
11
o Lund
© o081
o Bungun
S : .
£ 0,6 Dieterich
S Adams
g 0,4
3 Average
0,2
0
0 50 100 150 200 250 300 350 400

Frequency of events with magnitude > 6 within 100 km
during a glaciation cycle

The numerical values of the frequencies and the averaged cumulative probabilities are given
in the following tables.
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Figure 9 Combined Cumulative Distribution for Oskarshamn

Frequency | 0.00 | 0.01 | 0.60 | 1.40 | 1.74 | 2.50 | 3.00 | 4.10 | 450 | 5.09 | 12.0

Cumulativel ) 00| 000 | 0.03 | 009 | 0.12 | 0.18 | 022 | 029 | 0.32 | 0.34 | 0.48
Probability

Freq. Cont| 14.9 | 21.0 | 42.0 | 43.7 | 450 | 80 | 83 | 200 | 206 | 247 | 374
Cum.

Prob., con-| 0.52 | 057 | 072 | 0.73 | 0.74 | 0.85 | 0.86 | 0.98 | 0.98 | 1.00 | 1.00
tinued

Figure 10 Combined Cumulative Distribution for Forsmark

Frequency| 0 | 0.01] 0.6 | 08 [ 174 ] 24 | 3 4 500 7 | 12

Cumulative) o 161 000 | 0.03 | 0.04 | 0.11 | 0.16 | 020 | 0.25 | 0.31 | 039 | 0.50
Probability

Freq. Cont| 149 | 24 | 437 ] 45 | 47 | 118 | 123 | 142 | 200 | 374
Cum.

Prob., con-| 0.55 | 0.63 | 0.76 | 0.77 | 0.78 | 0.92 | 0.93 | 0.95 | 1.00 | 1.00
tinued
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The combined probability density distribution for Oskarshamn and Forsmark is given in fig-
ures 11 and 12 below.

Figure 11. Combined probability density distribution for Oskarshamn. Frequency of event
with magnitude > 6 within 100 km during a glaciation cycle
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Figure 12. Combined probability density distribution for Forsmark. Frequency of event with
magnitude > 6 within 100 km during a glaciation cycle
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6 Discussion

As mentioned earlier the project is designed to produce elicitation results, but not to comment
on implications for repository safety. Such inferences may be made later by any of the par-
ticipants in the project, or any reader. The discussion is therefore limited mainly to the elicita-
tion technique.

6.1 The unit of the result

As mentioned above the experts discussed the elicitation issue using number of earthquakes
within a 100 km radius. Using a 10 km radius the answer in terms of the 50% fractal is 0.1
earthquakes within 10 km per 100 000 years or one glaciation, similar to the Weichsel glacia-
tion.

6.2 The nomination process

In the election process a large number of Swedish organisations were invited to nominate
candidates. However, the actual number of candidates nominated from these Swedish sources
was small. Several candidates had to decline participation because of the relatively short time
for practical planning. The combination of academic disciplines required by the two different
issues, may have had an effect on the selection committee’s choices. It cannot be ruled out
that the expert group had been different if one of the issues had been abandoned earlier in the
process.

6.3 Application of expert knowledge to the first elicitation issue

There is a widely heard hypothesis that glaciation and in particular the de-glaciation process
causes seismic activity. All experts presented a guarded view in this respect. On the contrary,
the issue was considered very difficult and required more calculation than is normal in such
elicitations. This is also noticeable in the individual expert reports in the appendices 5-9.

6.4 The experts estimations and their independence

The spread between the experts’ estimates is unusually narrow for elicitations. The expert’s
distributions all have the bulk of probability between 0 — 50 earthquakes per 100 000 a.

Lambeck’s estimates is presented separately since it is not directly commensurable with the
other distributions, in that it requires a choice of b for which he could not offer an estimate,
but his values are well in accordance the other experts for all choices of b. His best estimate
(50% cumulative probability) actually lies within the span off all 4 other experts for all
choices of b except for b =1.1 (Lambeck’s number for that choice ofb yields 52 earthquakes
per 100 000 a, higher than Dieterich’s 42).

The experts also emphasised the possibility that the frequency might be quite small. The cu-
mulative probability of the 5% level is less than 1 earthquake in 100 000 a, and 25% lies be-
tween 3 and 4 (3 for Oskarshamn and 4 for Forsmark)!

The narrow range of distributions makes it natural to discuss to the question of independence,
since Lambeck’s calculation of stress load during a glaciation cycle is part of the reference
documentation and referred to by all experts. Although Lund’s and Dieterich’s approach dif-
fers significantly, e.g. with different results for Oskarshamn and Forsmark, they both used
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Lambeck’s calculated stress loads to calculate their distribution. Adams’ work, including em-
pirical data, must be considered to have a high degree of independence. Bungum also falls in
the more independent category, presenting a more independent view.

6.5 Differences between the two sites

The possibility of differences between the two sites has been mentioned, e.g. by the Geologi-
cal Survey of Sweden, summarised by SSI and SKI, in the following passage on SKB’s safety
report SR 97:

The Swedish Geological Survey (SGU) emphasizes that there seems to be a causal rela-
tionship between deglaciation and displacement movements which should warrant fur-
ther research. SGU lacks a compilation and analysis of available geological and hy-
drogeological data that could provide important information on the rock type or
tectonic environment that can generally be considered to be the most favourable for a
repository. (Ref. 8)

As can be seen from the figures 7 and 8 there is virtually no difference to be seen between the
two sites in the experts’ estimations of the elicitated quantities. This is not to say that there
couldn’t be differences in other formulations of earthquake frequency, or in earthquake con-
sequences at the respective sites.

7 Conclusion

The experience of this project has revealed a number of circumstances to take into account in
formal elicitation.

7.1 Nominating procedure

The nomination procedure was similar to procedures from some cases in the US. However,
the number of interested stakeholders in the US is higher than in Sweden and it is doubtful
whether a longer list of Swedish organisations would have improved the result to render more
candidates. Another more important issue is the very fact that the project was research ori-
ented rather than part of the licence dialogue. A suggestion was made to include commercial
methods and advertise in key magazines for candidates. A strict protocol will always give
advantages in transparency, but there must always be provisions of external or corrective ma-
noeuvres if the outcome threatens the whole process, as the case was when the process pro-
vided quite too few nominations. In any case, it is difficult to imagine a timescale shorter than
6 month as for the present project.

7.2 Preparation

The issue to be presented to the experts has to be prepared thoroughly. In the beginning of the
project there were proposals both for one and two elicitation issues. As the project unfolded it
is obvious that it would have been better to limit the issues to one. The project would thus
have benefited from more preparation on this issue possibly including a so-called dry run,
such as a small-scale elicitation exercise with in-house experts. The issue used in this report
was a choice between several alternatives. However, in a situation where the choice of issues
are in a more intense focus, whether for the authorities in a license dialogue or for SKB in

17



establishing bases for decision on a safety case, there would probably be much more focus on
an issue before a formal elicitation would be made.

7.3 The number of experts

Particularly the issue of interdependence underlined the value of having more than just a few
experts in the procedure. Prof. Hora recommended to use at least 3 and pointed to 5-6 as the
maximum. Although the number of experts has bearing on the economy, the choice of no less
than 5 can be recommended on practical grounds. It ensures a minimum number of experts
available for the final combined distribution in case of incapacities for various reasons. In the
present study, three different lines of thinking remain even if Lund and Dieterich are consid-
ered to use the same approach as Lambeck.

7.4 The value of formal expert judgement and when to use the technique

The different participating organisations may take somewhat different views on the value of
the method and when to use it, considering the present experiences, but some general observa-
tions can be made.

The technique has shown to
- provide a clear answer, given the stated conditions,
- constitute a powerful tool for illuminating a limited, well defined, scientific area, and

- give, through the discussions throughout the project, new insights on the formulation
of the problem in the field of glacial induced earthquakes.

It remains to be seen if the result will be supported or commented within the scientific com-
munity. There are a number of cases where formal expert judgement would not be warranted
and in some cases where external input is required, an external review team may be the an-
swer. Such a team is more flexible in their work and may still be transparent. The method
described here may be used when the issue is well defined and there is good understanding of
the need for the combination of disciplines that might be needed in the process.

The familiarity in Sweden with formal expert panel elicitation is strongly limited. It is the
hope of the authors that this report will help to spread information about the result of this
study and the technique of expert panel elicitation.
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9 Post scriptum

At a late stage in the project, several comments have reached the authors, worthwhile to men-
tion.

During his work to finalise his work, on of the experts, Lund, reached the conclusion that he
could not separate the two sites in terms of earthquake frequency. Another expert, Bungum, in
his comment of the elicitation report, pointed out that the earthquake frequency used for the 0
and 100 % actually refer to his frequencies estimated at +3 c. At a later time, after a closer
examination of the elicitation report, essentially section 4 of this report, he also questioned
whether his values for 1 and 2 ¢ should not have been attributed lower probabilities, 0,68
instead of 0,84 for 1 ¢ and 0.95 instead of 0,98 for 2 ©.

: . . s 1 < Lo
Using the simple averaging formula for of probabilities, G(X) :—z F,(X), described in
mis
section 5, it can immediately be seen that neither comment would change the result in any
significant way. For this reason, and in the interest of a timely presentation, no other action is
made than to present the comments here.

One additional conclusion can be drawn, inspired in part by the discussion with Bungum,
namely that it might be advisable to put more emphases on the quality assurance aspect of the
elicitation. The elicitation was made on a strict timetable with several experts leaving for de-
parting flights hours after their contribution and they would not have been available to follow
up questions that might have come up at the end of the elicitation series, covering two days.

20



Appendix 1

AoM
2005-02-02 Dnr. 2004/2376-26

Inbjudan till nominering av experter till formell expertutfrigning (Expert Panel
Elicitation)

Med detta brev vill SSI och SKI bjuda in olika aktdrer i det svenska kdrnavfallspro-
grammet att bidra med nomineringar inom ett projekt kring formell expertutfragning,
sa kallad Expert Panel Elicitation.

Fragorna som stélls till experterna ror jordskalv efter en nedisning, och formuleringen
ges 1 bilaga 1. I bilaga 2 ges en beskrivning av tekniken med formella expertutfrag-
ningar sasom den ldggs upp i vér studie. Bland annat ska en urvalskommitté bestaende
av 3 medlemmar utses, vilken sedan ska vélja ut 5 experter inom omrédet seismologi.
Vi hoppas dérfor pé ett allsidigt underlag for urvalskommittén. Fragorna kan komma
att modifieras ndgot i en senare diskussion med experterna.

Vi tar tacksamt emot expertnomineringar fran er organisation. Vi foresldr av praktiska
skil att varje deltagande organisation begrinsar sig till hdgst tre nomineringar.

Syftet dr att prova en internationellt etablerad metod for att beskriva hur olika exper-
ters bedomningar kan ge en viss typ av samlad overblick i en frdga dér, av olika skal,
inget uppenbart svar kan ges. Vi har valt en frdga som relaterar till sikerhetsanalysen
for ett slutforvar for anvént kirnbrénsle. Myndigheterna SSI och SKI administrerar
projektet och samrdder med en referensgrupp som bestér av representanter fran myn-
digheterna, SKB och platsundersdkningskommunerna. SKB agerar som observator
inom projektet och kommer att stilla sina databaser och referenser till experternas
forfogande om de sa onskar. Projektet finansieras lika av SSI, SKI och SKB. De for-
mella utfrigningarna leds av prof. Stephen Hora, University of Hawaii at Hilo.

Nomineringarna kan skickas till Statens stralskyddsinstitut, Mikael Jensen, 171 16
Stockholm och méste vara SSI tillhanda senast den 21 februari.

Med vénlig hélsning
Mikael Jensen Eva Simic
Statens stralskyddsinstitut Statens kérnkraftinspektion
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Sandlista

KASAM

Lunds tekniska hogskola/universitet - Geologiska Institutionen
Uppsala universitet, Institutionen for geovetenskaper
Chalmers Tekniska Hogskola - Geologiska Institutionen
Goteborgs universitet - Geologiska Institutionen

Umea universitet - Institutionen for ekologi, miljo och geovetenskap
Kungliga Tekniska Hogskolan - Institutionen fér Mark- och Vattenteknik
Stockholms Universitet - Geovetenskapliga Amnesradet
Luleéd Tekniska Universitet

SGU

Hultsfreds kommun

Svenska Naturskyddsforeningen

Greenpeace — Sverige

Féltbiologerna Rikskansliet

Folkkampanjen mot kirnkraft och kdrnvapen

Avfallskedjans Forening — Ingrid Soérlander

Avfallskedjans Nétverk — Olov Holmstrand

Avfallskedjan — Bertil Alm

OSS

Miljoforbundet Jordens vanner

Miljovénner for karkraft

Foreningen karnteknik
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Appendix 2

Dnr. 2004/2376-26 07 March 2005
INSTRUCTIONS TO THE SELECTION COMMITTEE
BACKGROUND

A project has been launched with the aim to use the technique of formal expert panel elicita-
tion on an issue of interest within the Swedish radioactive waste program. The purpose is two-
fold: (1) to explore the merits of the method of formal elicitation (2) to evaluate how and why
expert opinions differ on the scientific issue at hand. The project is a research activity, and is
not part of any regulatory action on behalf of the Swedish authorities.

The project is monitored by a steering committee with members from the Swedish radiation
Protection Authority, SSI, the Swedish Nuclear Poser Inspectorate, SKI, the Swedish Nuclear
Fuel and Waste Management Company, SKB, and the municipalities of Osthammar and Os-
karshamn, presently hosting site investigations. The project is lead by SSI and SKI.

The two questions posed to the experts are given in appendix A.

A number of experts have been nominated based on suggestions from a wide selection of
Swedish organisations. Only 5 experts will be used in the panel, and a selection committee
will select these among all nominees. The instruction to the committee is given below.

THE NUMBER OF EXPERTS
5 experts must be chosen, with 2 additional experts as reserves.
SCREENING FOR MOTIVATIONAL BIAS AMONG NOMINATED EXPERTS

Several types of motivational bias are possible in connection with expert judgement. In regu-
latory work, it is required that consulting experts, assisting the regulator in external reviews,
do not have close ties with the regulated organisation.

The project’s steering committee has decided that there is no ground for restrictions in this
regard, since the elicitation occurs within a common research project. However, as a com-
promise to avoid possible misunderstanding within the public, the committee has decided that
the experts, in order to be selected must

- not presently be working as SKB staff member
- not presently be employed by SKB as a consultant

The project’s steering committee will screen nominees in this respect by asking experts to
submit relevant information with respect to SKB.

SCIENTIFIC CRITERIA

The selection committee should aim to select experts best suited to answer the questions
given. The experts will be asked to provide scientific merits, such as academic positions and
recognition, and to list relevant papers.

Scientific width
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It is advantageous to approach questions by several disciplines, methods or models. This
should also be reflected in the selection committee’s aim and choices, if reasonably achiev-
able. If any balance is struck between scientific standing and diversity of approaches, this
should be documented.

The selection committee’s criteria

The committee should create a written set of critieria based on their own interpretation of the
questions, for the purpose of the selection work and to use in the selection of experts.

MODUS OPERANDI

A chairman, who will report the work to the committee through Mikael Jensen and Eva
Simic, heads the selection committee members.

Two day’s work is allocated for the selection, one of which in the form of a meeting, possibly
at SSI or SKI who will arrange for a meeting room. Only the members of the selection com-
mittee are present at the meeting.

An intricate voting system is not required but the choices made of experts from the list of
nominees should be motivated and documented, as well aspossible disagreements. Committee
members may also submit shared or individual comments.

Mikael Jensen Swedish Radiation Protection AuthoritySE-171 16 Stockholm, SwedenEmail
address: mikael.jensen@ssi.se Phone +46 8 729 7100 Eva SimicSwedish Nuclear Power
InspectorateSE-106 58 Stockholm, SwedenEmail Address: eva.simic@ski.sePhone +46 §
6988400
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APPENDIX /to Appendix 2/ Questions to the experts in English.

1. What will be the frequency of magnitude 6.0 or greater earthquakes within 10 km of
Foresmark and Oskarsham during the immediate post glaciation period assuming that the
average thickness of ice above the repository reached a maximum of 1000 meters, 2000 me-
ters, 3000 meters? Give an uncertainty distribution for this quantity at each repository under
these three assumptions about thickness of the ice overlay.

2. Given a magnitude 6.0, 7.0, and 8.0 earthquake occurring within 10 km of a repository
in Forsmark and Oskarham, give an uncertainty distribution for the maximum displacement
(slip or shear) in an existing or new fracture in the repository. Your uncertainty distribution
should include the possibility that no displacement occurs with the repository.
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Appendix 3
Additional instructions to the selection committee

6 april 2005 Dnr. 2004/2376-26

TO THE MEMBERS OF THE SELECTION COMMITTEE

This is to inform you that the additional instructions have been formulated, to avoid a possible
conflict between experts on issues related to question 1 vs. question 2.

The contacts made with nominated experts have revealed a certain number of abstentions and
experts hesitating to participate related to problems with question 1.

Notwithstanding the committee’s particular judgements, the project needs to ensure that the
process does not come to a halt because of lack of candidates on one of the two questions.

The additional instruction is as follows. The committee should, as previously instructed,
search for a panel of 5 persons, knowledgeable in both areas covered by question 1 and 2. If
the committee finds it difficult to find a full panel of 5 candidates with high level of expertise
in both fields, a panel of 5 experts in the area covered by question 2 should be chosen (even if
5 candidates attributable to question 1 also may be found).

In addition to this, assuming a panel covering both questions cannot be found, 2 experts
should be chosen on the area covered by question 1. In that case it is valuable to the project to
have this additional information as potential assistance in the definition of boundary condi-
tions and other assumptions that must be made regarding question 2.
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Appendix 4
The selection committee’s report
2005-04-22

Notes regarding a meeting in Uppsala 12 april 2005 for panel selection for an expert
panel elicitation regarding earthquake risks within the Swedish radioactive waste pro-
gram.

Participants in the selection committee: Giorgi Ranalli, Carleton University, Ottawa,Roland
Roberts, Uppsala University, Uppsala, Ove Stephansson, GeoForschungsZentrum, Potsdam,
Jimmy Stigh, Gothenburg University.

Roland Roberts acted as secretary for the meeting.

Mikael Jensen (SSI) participated in the introductory part of the meeting, but then left and did
not participate in the selection committee’s discussions regarding the proposed experts.

The meeting commenced with a short introduction from Mikael Jensen (SSI) regarding the
aims and boundary conditions of the procedure, together with some comments on the re-
sponses from the various proposed experts. Some of these had expressed doubts about the
depth of their competence in one of the two questions (Note from SSI 6 April 2005, Dnr
2004/2376-26). While the issue and the additional instructions to the selection committee
were discussed, no specific information about which proposed experts had expressed reserva-
tions was provided.

The scientists considered for selection to the expert panel were the following (in alphabetical
order)

John Adams
Franck Audemard Mennessier
Hilmar Bungum
Kevin Coppersmith
James Dieterich
Kurt Lambeck
Bjorn Lund

Ian Main

Arthur McGarr
Peter Mora

Robert Muir-Wood
Nils-Axel Mdrner
Hossein Shomali

Walter Silva
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Ragnar Slunga
Per-Einar Troften
All of these had supplied CVs.

Information on some of the proposed experts came very late prior to the meeting, which lim-
ited the possibilities of the selection committee to follow up this information.

Criteria for selection

The selection committee first discussed relevant criteria for the choice of the expert panel.
Expertise in the following areas was considered relevant:

Crustal and mantle rheology

Crustal stress regime in general and in Fennoscandia

Deformation modeling: General and specific competence

Documented broad scientific perspective

General geological background

General geophysical background

General knowledge of glaciation/deglaciation processes (ice sheet models etc)
Knowledge of direct deformation measurements (GPS) etc in general and/or Fennoscandia.
Knowledge of fracture systems in crystalline rocks — general and specific
Laboratory measurements of rock physics

Knowledge of shield environments

Paleoseismology

Post-glacial rebound studies

Rock mechanical competence

Rock stresses

Seismic/aseismic movements

Seismic risk studies

Seismicity in Sweden

Statistical seismology

Strong ground motion studies

Theoretical understanding of current knowledge of slip processes

Prior to discussing the candidates, some generalities were discussed. These included how
possible conflicts of interest should be handled. This was not regarded as a problem due to the
clear guidelines given.
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The form of the CV from most of the experts was sub-optimal in that these were not formu-
lated specifically regarding competence in the area of the exact questions to be answered.

Prior to and after making the selections, the group discussed in detail the differences in com-
petence necessary to optimally answer both questions 1 and 2. It is considered that the pro-
posed group has the competence to address both of the questions, albeit that the field of excel-
lence of the different experts varies significantly from person to person.

All proposed experts were considered to be highly competent in areas relevant for the ques-
tions to be addressed.

A conscious ambition was to avoid selecting experts with very similar backgrounds and ex-
periences.

Only scientific competence was considered in making the selections.
The selection committee’s recommendations

The committee was requested to recommend a group of 5 experts, with an additional 2 re-
serves. The group recommends (in alphabetical order): Adams, Bungum, Dieterich, Lambeck,
and Lund, with McGarr and Slunga as reserves.

Comments on the experts proposed to form the panel (alphabetical order)
Adams (Canada)

Has worked with post-glacial faulting in Precambrian shields, and is well recognized in the
field. Expertise in hazard analysis. Has limited local knowledge e.g. of seismicity in Fenno-
scandia. Not primarily engaged in numerical modeling of crustal stresses but has worked with
in-situ stress.

Bungum (Norway)

Expertise in neotectonics, the seismicity and state of stress in Fennoscandia. Has worked ex-
tensively with probabilistic seismological hazard analysis and its application to large con-
structions

Dieterich (USA)

Extensive experience in seismic risk and hazard assessment (head of the relevant unit at
USGS) and the relevant rock mechanical issues (mechanisms of slip etc). Not an expert on the
local conditions in Fennoscandia, and has not worked extensively with issues related to glaci-
ation.

Lambeck (Australia)

Is regarded as a world leader in postglacial rebound and lithospheric rheology. Has scientific
pondus. Knows Fennoscandian geology well.

Lund (Sweden)

Works with the effects of glacial loading/unloading on the stresses in the crust; specifically in
relation to earthquake motions. Works with relevant numerical modeling. Has local expertise,
including regarding Swedish seismicity.

Reserves
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McGarr (USA)

Has a similar profile to Dieterich but has had less exposure to the issues relevant for the spe-
cific questions to be addressed.

Slunga (Sweden)

Very knowledgable regarding seismology in general and specifically Fennoscandian seismic-
ity.

Concluding remarks

In the view of the selection committee, the recommended panel shows a very satisfactory
mixture of established competence in the questions to be addressed, experience in similar
geological environments, and familiarity with local conditions.

While all the proposed experts considered had supplied information about their background
and experience, the form, quantity and level of detail in this information varied. The panel
suggests that explicit instructions on the form of information to be supplied could have en-
hanced the procedure.
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Appendix 5

On the Probable Rate of Magnitude >6 Earthquakes Close to a Swedish Site
During a Glacial Cycle

John Adams
Geological Survey of Canada
7 Observatory Crescent
Ottawa K1A 0Y3

Canada

jadams(@nrcan.gc.ca

Revised version 13 July 2005

Background

This work was carried out as Adams’ contribution to an international panel of experts
convened by the Swedish Radiation Protection Authority (SSI). The purpose of the
panel was to evaluate a methodology for estimating uncertain values through elicita-
tion of expert judgment (Hora and Jensen, 2002). The values were not intended to be
used in any hazard assessment for a repository. However, the questions were chosen
to be interesting and challenging and have results potentially useful to future workers.
Two questions were intended to be addressed, but 97% of the effort was spent on
question #1. While the approach is considered sound, and the assumptions are stated
for the most part, numbers in this report should be regarded as preliminary, given the
short period of time allocated to the work. The Geological Survey of Canada was
reimbursed for Adams’ time and SSI paid all travel expenses to attend the two panel
sessions.
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Elicitation issue 1

“What will be the frequency of moment magnitude 6.0 or greater
earthquakes per unit area (e.g. per 100 sq. km) in the middle and
south of Sweden (Forsmark and Oskarshamn) during a glacial cycle
(appr 100 000 a) assuming conditions similar to the Weichel glacia-
tion? Give an uncertainty distribution for this quantity for each
area.”

A common set of references was distributed, and two common
assumptions provided:

e the maximum moment magnitude of 7.6 (nominal value for
Dehls’ Pérve fault).

e aseismogenic thickness of 30 km”

Approach to Question 1

The hypothesis I used to establish the required distribution of rates is that the long-
term seismicity rate in Sweden is the same as that of other Stable Craton Cores
(“SCC”) analyzed by Fenton at al. (2005), i.e. Sweden, like virtually all of the conti-
nental cores, is being squeezed by plate-boundary interactions and is deforming very
slowly, chiefly through reverse faulting. The internal deformation rates are so slow
they are below the threshold for direct determination using current GPS methods. 1
test the hypothesis by trying to reconcile both the low contemporary seismicity rate in
Sweden, and the high seismicity rate that occurred immediately following deglacia-
tion with the SCC rate. The reconciliation needs an assessment of the completeness
of the information and then additional assumptions to process the results.

My model for explaining the burst of deglacial stress release is essentially that of
Johnston (1989), that these earthquakes represent the rapid release of tectonic strain
accumulated over tens of thousands of years while the weight of the icesheet inhibited
reverse faulting. Johnston (1989, p. 596) foreshadowed the quantitative approach
used here. The first-order model for cumulative rates is given in Figure la for a conti-
nent without glaciation and Figure 1b for a glaciated continent. Figure Ic shows a
postulated history of earthquake rates, where the deficit relative to the SCC rate dur-
ing glaciation and the surplus after are intended to match in deformation rate (but not
necessarily in area, which on this plot represents seismicity rate). No earthquake
strain release is allocated to the bending strains due to the ice load. However a certain
modulation of the rates might be considered at the onset of the ice load, in a manner
analogous to reservoir-induced seismicity where the bending effects of the load and
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increased hydrostatic pressures trigger faults that were previously a considerable mar-
gin away from being unstable (Fig. 1d).

The lack of any earthquake strain release allocated to the bending strains due to the
ice load is a highly unusual postulate. I defend this a worthwhile because

1. It could be abandoned if it proves implausible to reconcile the rates of degla-
cial earthquakes with other rates.

2. Symmetry requires that if the reverse fault slips during the deglacial earth-
quakes are due to the return of the crust to its “unbent” state, equivalent nor-
mal fault slips should have occurred during the onset of the icesheet load. One
might plausibly argue that the evidence for these has been eroded away, but
this appears not to be the case in northern Sweden where the cold-based ice-
sheet preserved geomorphic features from the prior glaciation. Maps of the
extent of wet-based icesheet in time and space would be very useful to judge
the likely preservation of evidence in different parts of Sweden. Note: The
identification of even one large normal-slip fault in northern Sweden dating in
the range 25-100 kyr and striking parallel to the ice margin would invalidate
much of the following argument.

3. Large regions of Canada with high contemporary unbending strains seem to
have no earthquakes.

4. Mazzotti et al. (in prep.) compared current GPS and seismic deformation rates
in eastern Canada with the predicted deformation modeled from postglacial
rebound and concluded that the strength of the eastern North American litho-
sphere is large enough that the postglacial rebound deformation is accommo-
dated almost entirely as elastic deformation of the upper crust and does not re-
quire brittle faulting.

Models that have been considered

Five models have been considered to make the estimates. It is not intended that every
model be given the same weight, rather I am looking to see if consistency occurs
among the estimates.

35



1. Rates from Worldwide Stable Craton Cores

1.1 Nature of the evidence

The evidence is the instrumental record of M>4.75 earthquakes in worldwide Stable
Craton Cores.

1.2 Assumptions

e Sites of concern in Sweden have equivalent tectonic stability to those chosen
by Fenton et al. (2005) to represent SCC stability

e There is no reason to exclude Australia, which accounts for nearly half of the
worldwide earthquakes considered (rates would roughly be halved if Australia
were to be excluded)

e The annual worldwide rate is 0.18 M>6 per 50,700,000 km?

e The upper bound for the SCC dataset was taken to be 7.0 (not 7.8 as for the
other analyses) and it is assumed that the rate of M>6 is not affected by this
choice (however, the deformation rates will be — see discussion later on future
work)

1.3 Analysis

The data fit the SCC magnitude-recurrence curve quite well for M>4%, the assumed
completeness level (Fig. 2). The annual rate of M>6 per 31415 km? (100-km radius
circle) is established fairly directly in Table 1 without consideration of the effects of
icesheet load. Using the SCC data the standardized rate for the glacial cycle (100 000
years) would be 11. A separate entry in Table 1 shows the results for Australia. Us-
ing the Australian data the standardized rate for the glacial cycle would be 100. For
comparison the standardized rate for a moderately-active continental zone, “Gatineau”
(Adams and Halchuk, 2003), in eastern Canada is about 400.

1.4 Uncertainty in estimates

Judged by the data on Figure 2, the uncertainty in the rate of M>6 events is quite
small, a factor of 2 or less. However this only captures the aleatory (randomness)
uncertainty, and there is almost certainly additional epistemic (model) uncertainty in
the assumptions that should be considered.
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2. Rates extrapolated from Swedish seismicity rates provided to the
Panel

2.1 Nature of the evidence

The evidence is the instrumental record of Swedish earthquakes.

2.2 Assumptions

e The three source regions chosen by the panel represent the contemporary vari-
ability in earthquake rates in Sweden

e The catalog is complete for M>3.0 since 1965 (at this level, the rates for 1965-
1984 and 1985-2004 are about the same)

e The magnitude, M (where M is not M, which is another abbreviation for Mw),
for the catalog values is directly equivalent to Mw (may not be true, see note
below)

e For extrapolation from M=3 to M=6, a b-value equivalent to the worldwide
SCC rate should be used instead of a calculated b-value.

2.3 Analysis

Rates were graphically extrapolated to larger magnitudes using the rate for M>3, the
worldwide SCC b-value, and a Mx of 7.0 (Fig. 3). This b-value was considered ap-
propriate as the worldwide SCC data set is fairly populous and homogeneous in mag-
nitude. b=0.8 is not the most extreme value, as the Australian dataset has b=0.67;
however the value is a little smaller than b = 0.9 *+ 0.03 I determined from Kagan’s
(1999) “universal 3 value” for the moment-magnitude frequency, using the assump-
tion that the earthquake magnitude scales used are identical with the moment magni-
tude scale.

The standardized rates for an area of 31,415 km? for 100 kyr (equivalent to the glacial
cycle considered) given in Table 1 are 62 for NE Sweden coast, 8 for SE Sweden, and
71 for SW Sweden. Note that in the contemporary eastern Canadian catalog the local
magnitude overestimates Mw by about 0.4 units; if a similar bias exists in the Sweden
local magnitude scale, each rate would be a factor of 3 lower (as is annotated on Fig
3).

Different rates for similar regions were given by LaPointe et al. (1999), as summa-
rized in Table 1. The two rates for southern Sweden are a little lower than, but com-
parable to, other rates in Table 1, but the northern two rates are much lower. The rea-
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son for their lower rates is their high b-values, 1.35 and 1.26, as given in table 4-1 of
LaPointe et al. (1999). In my view, high b-values often represent inadequate data, or
inconsistent magnitude scales, or both.

2.4 Uncertainty in estimates

The rates of M>3.0 are somewhat uncertain, but this is a small part of the uncertainty
due to the assumption that b=0.8. The use of alternative, yet still plausible, b-values
could give rates for M=6 that differ by an order of magnitude (see Fig. 8). The smaller
values of b give the higher estimates (see section on future work).

3. Rates from Deglacial events in Northern Sweden

3.1 Nature of the evidence

The evidence is the record of postglacial faults discovered over the past 40 years in
Lappland. The faults were overlooked during a century of geological mapping, but
most were recognized as young scarps in 1960’s and 1970’s by their geomorphic
characteristics: length continuity, consistent upthrown side, cross-cutting of young
features, etc. While the list of smaller features is still being added to, it is plausible
that most (if not all) of the larger faults in Lappland have been found. Confirming a
postglacial fault involves identifying a potential geomorphic scarp, and then confirm-
ing its postglacial earthquake origin. Low, short or discontinuous scarps, resulting
from small (M~6) earthquakes, can easily be overlooked, particularly if they follow
old Precambrian structures.

3.2 Assumptions

e “deglacial” is used instead of “postglacial”. Deglacial earthquakes occurred in
the earliest part of postglacial times. “End-glacial” would be a synonym.

e The region of “big” deglacial faults in northern Norway/Sweden/Finland is
termed “Lappland” (but a more extensive area than the Swedish province of
the same name), and has an area of about 275,000 km” (450 km NW-SE x 625
km NE-SW)

e All the big deglacial faults in Lappland have been found and are as listed in
Dehls et al. (2000)

e All the fault offsets represent single events which occurred circa 9000 yBP
e The time period represented by the faulting is 1000 years

e Moment magnitudes are as listed in Dehls et al. (2000)
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o The largest listed event, Pdrve (magnitude 7.6 according to Dehls, but note
that others have estimated it to be as high as M8.2), represents the largest
event that occurred (i.e. no larger fault has been missed).

¢ For maximum likelihood curve fitting, asymptotic to an assumed upper-bound
magnitude, the appropriate upper-bound magnitude is 0.2 units above the
value for the Parve Fault (i.e., Mx=7.8)

e The size distribution of deglacial faults can be determined from the listed mo-
ment magnitudes and additional assumptions about the b-value

e Seismogenic crust thickness is taken to be 30 km

e The period of tectonic strain inhibition prior to the deglacial faulting episode is
taken from Figure 10 of Lambeck (2005). I have used 42 kyr for Forsmark
(but potentially it could be as long as 90 kyr); it is possible that the period was
longer than 42 kyr in Lappland.

3.3 Analysis

Fig 4 shows the magnitude-frequency distribution of earthquakes in Lappland de-
duced from the reported deglacial faults. To plot the rates it has been assumed that all
events occurred in a 1000-year time period, that is, the rate for the largest earthquake
is taken to be 0.001 per annum, and the rates for the others follow.

Two fitted curves are shown, the first (green) is approximately a direct fit to the data,
and the second (red) a fit to the data when the b-value is constrained to the worldwide
SCC rate of 0.8, which is a fairly typical b-value. The first, unconstrained fit has a
very low b-value, and if viewed in the context of worldwide earthquake populations
might appear to represent “characteristic” earthquake behavior (i.e. situations where a
plate-boundary fault ruptures in a few big earthquakes of similar size, but the rates of
small earthquakes are much fewer than in the standard case). Such behavior is possi-
ble in Lappland, if the deglacial behavior is atypical of contemporary SCC seismicity.
However, for this dataset it is believed instead that the data are incomplete at small
magnitudes.

If the second fitted relationship is correct, there are many unidentified earthquakes
less than magnitude ~7, shown by the gap between the rate of postglacial earthquakes
(black dots) and the red curve. At M=6 this gap is about 36 (predicted) — 10 (actual)
= 26 events for the cumulative plot. As the two curves agree at M7.0 we are missing
26 M6 (6<M<T7) events and know of only 4, i.e. from neotectonic mapping we have so
far found only 1/7™ of the expected number of events. It is not too surprising that
magnitude ~6 events might be under-reported in the fault mapping because: 1) the
scarps of M6 events can be subtle even in open ground, and hidden in vegetated land,
and 2) not all magnitude 6 events (especially M6.0-6.2 earthquakes) need break sur-
face. Fenton et al. (2005) estimate one in three M6 events would not break surface,
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based on the size dimensions of M6 ruptures and a presumed-uniform distribution of
earthquakes with depth in the 30-km-thick seismogenic crust.

In my opinion the second fit is the more likely; the first fit could be taken to be a
lower bound. The only reason for an even lower rate would be if some faults in the
Dehls et al. (2000) list are misidentified as deglacial faults and/or if the magnitudes of
the events are overestimated. The latter seems unlikely, given that competing magni-
tudes for some of the events (e.g. Bungum et al., 2005) are larger, not smaller

Rates of M>6 per 31415 km® (100-km radius circle) are established for the deglacial
period in Table 1. If the deglacial events represent tectonic strain accumulated over
the 42 kyr period when the icesheet inhibited earthquakes, then the standardized rate
for the glacial cycle would be 10.

3.4 Uncertainty in estimates

A priori we do not know that b=0.8 is correct. However, the use of alternative, yet
plausible b-values could give rates for M>6 that differ by a factor of only 1.6 (see Fig.
8). In contrast to dataset 2, it is the larger values of b that give higher estimates (see
section on future work).
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4. Rates from Deglacial events in all of Sweden

4.1 Nature of the evidence

The evidence is the record of surface faulting used in section 3, greatly augmented by
evidence of ground shaking due to large earthquakes. The additional types of evi-
dence (some types more controversial than others) include landslides, rock deforma-
tion, sediment deformation, sediment liquefaction, turbidites, tsunamis, and varve
deformation and varve turbidites (Morner, 2003, p. 304; Morner, 2004). The key evi-
dence is the sedimentary record of shaking within the varved clay deposits. The
varved sediments comprise tens to thousands of fairly regular annual layers, but also
uncommon abnormal layers. Some of the abnormal layers appear to represent the re-
sult of earthquake shaking, chiefly deformed layers, liquefied sediments and unusu-
ally thick layers interpreted as earthquake-triggered turbidity currents (or the result of
tsunamis). Individual exposures of varved sediments may contain the sedimentary
record of several episodes of earthquake shaking occurring a few years to a few hun-
dred years apart. By correlation of thickness and other sedimentary characteristics
DeGeer built up a master chronology of varve sedimentation for Sweden. By relating
the sequences of varves in individual exposures to each other and to the master chro-
nology it is possible to show that an abnormal sedimentation event in one exposure
happened at the same time (to within 1 year) of an abnormal event in another expo-
sure. By extending the method to many outcrops Morner and workers have shown
that a given abnormal layer occurred at the same time in many different places; this
evidence is then most simply explained as due to a single event, an earthquake. The
extent of the area disturbed is related to the size of the earthquake, and the location of
the area affected gives an indication of where the earthquake occurred. The impor-
tance of the earthquakes recorded in the varved sediments is that several events close
in time can be distinguished from each other (difficult if not impossible to do from the
deglacial fault scarps), the date of the event can be determined, and the size of the
earthquake can be estimated, all without needing to identify the causative fault.
Morner supports the evidence from the varved sequences with additional types of evi-
dence, arguing that the coincident timing and areal extent of these features is addi-
tional support for their earthquake origin.

4.2 Assumptions

e The region considered is termed “Sweden”, and has an area of 500,000
(rounded from 450,000 km? for convenience, and to accommodate some un-
derwater faults). The region encompases the shaded area on Morner’s map
(2003, p. 302).

e The earthquakes are as listed in Table 2 of Morner (2003) page 306-307.

e All the entries dating to older than 7999 yrBP represent single events which
occurred “soon” after deglaciation (note: the catalogue may contain duplicates,
if some dates were mis-determined, ie. the correct varve correlations between
sites were not made)

41



e The time period represented by the faulting is 1000 years, but that window is
diachronous (i.e. 12,000-11,000 in southern Sweden, 9500-8500 in northern
Sweden)

e Morner’s magnitude classes have the following numerical equivalents in order
to plot them: “>>8” =8.2,>8 =8.0,>7=7.3,~7=7.0, 6-7=6.6,>6 = 6.3, ~6
= 6.0, the rest plotted at 5.0. The largest events are not inconsistent with the
upper estimate on the magnitude of the Pdrve (M8.2). For consistency with
Lappland analysis, a second plot with the assigned magnitudes reduced by 0.6
units (i.e., 8.2 minus 7.6) was made.

e For curve fitting, the appropriate upper-bound magnitude is 0.2 units above the
value for the largest magnitude class

e The size distribution of earthquakes can be determined from the listed magni-
tudes and additional assumptions about the b-value

e The period of tectonic strain inhibition represented by the deglacial faulting
episode is taken from Figure 10 of Lambeck (unpub., 2005). The average of
42 kyr for Forsmark (but potentially it could be as long as 90 kyr) and 30 kyr
for Oskarshamn was used, 36 kyr.

4.3 Analysis

Fig 5 shows the magnitude-frequency distribution of earthquakes in Sweden deduced
from Morner’s reported paleoseismic events older than 7999 yrBP. To plot the dots it
has been assumed that all events occurred in a 1000-year time period, that is, the rate
for the largest earthquake is taken to be 0.001 per annum, and the rates for the others
follow.

Two fitted curves are shown, the first (green) is approximately a direct fit to the data,
and the second (red) a fit to the data with a b-value constrained to the worldwide SCC
rate of 0.8, which is a fairly typical b-value. The unconstrained fit has a very low b-
value, like a “characteristic” earthquake behavior. However, for this dataset it is be-
lieved that the data are incomplete at small magnitudes.

If the second fitted relationship is correct, there are many unidentified earthquakes
less than magnitude ~7%: (gap between the rate of postglacial earthquakes (black dots)
and the red curve). At M=6 this gap is about 200 (predicted) — 34 (actual) = 166
events. Hence we are missing about 166 events, and have so far found only 1/6™ of
the expected number of events, more-or-less the same fraction as for the Lappland
analysis. It is not too surprising that magnitude ~6 events might be somewhat under-
reported in the Morner paleoseismic record because despite the areal extent of his
sites across Sweden some areas large enough to contain the strong shaking from M6
events might not have been sampled.
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Figure 6 shows the effect of reducing Morner’s magnitude estimates by 0.6 units.
This is a convenient speculative reduction, based on 1) the size of the largest identi-
fied deglacial earthquake (Pirve Fault) being taken as M7.6 for consistency with the
Lappland analysis, and 2) the sense that magnitudes of continental earthquakes are
often over-estimated (relative to plate boundary events) because the efficient propaga-
tion of energy in the shield rocks leads to very large areas of strong shaking effects
(New Madrid, U.S.A. is a classic example). The unidentified-earthquake analysis is
then as follows. At M=6 the gap is about 80 (predicted) — 28 (actual) = 52 events.
Hence we are missing about 50 events, and have so far found only 1/3 of the expected
number of events. This estimate of under-reporting of events in the Morner paleo-
seismic record is less extreme than the preceding analysis and is probably more con-
sistent with the lower level of effort needed to spot earthquakes from shaking evi-
dence, instead of needing to find a fault scarp.

Rates of M>6 per 31415 km® (100-km radius circle) are established for the 1000-year
deglacial period in Table 1. If the deglacial events represent tectonic strain accumu-
lated over the (average for Sweden) 36 kyr period when the icesheet inhibited earth-
quakes the standardized rate for the glacial cycle would be 35 (taking Morner’s mag-
nitudes) to 14 (using reduced magnitudes).

4.4 Uncertainty in estimates

Without reviewing the evidence for each earthquake in Morner’s catalog in detail, it is
difficult to assess the uncertainty in the above estimates.

5. Rates from post-deglacial events in all of Sweden

5.1 Nature of the evidence

The evidence is similar to that in section 4, except that only the post-7999 yBP events
are used.

5.2 Assumptions

e The region considered is termed “Sweden”, and has an area of 500,000
(rounded from 450,000 km? for convenience, and to accommodate some un-
derwater faults). The region encompases the shaded area on Morner’s map
(2003, p. 302).

e The earthquakes are as listed in Table 2 of Morner (2003) page 306-307.

e All the entries dating to younger than 7999 yrBP represent single events unre-
lated to deglaciation (note: the catalogue may contain duplicates, if some dates
were mis-determined, ie. the correct varve correlations between sites were not
made)
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e The time period represented by the faulting is 9000 years (approximate con-
version from radiocarbon years to calibrated years).

e Morner’s magnitude classes have the following numerical equivalents in order
to plot them: “>>8”=8.2, >8 =8.0,>7=7.3,~7=17.0, 6-7=6.6,>6 = 6.3, ~6
= 6.0, the rest plotted at 5.0. The largest events are not inconsistent with the
upper estimate on the magnitude of the Parve (M8.2). For consistency with
Lappland analysis, a second calculation with the assigned magnitudes reduced
by 0.6 units (i.e., 8.2 minus 7.6) was made.

e For curve fitting, the appropriate upper-bound magnitude is 0.2 units above the
value for the largest magnitude class

e The size distribution of earthquakes can be determined from the listed magni-
tudes and additional assumptions about the b-value

5.3 Analysis

Figure 7 shows the magnitude-frequency distribution of earthquakes in Sweden de-
duced from Morner’s reported paleoseismic events younger than 7999 yrBP. To plot
the dots it has been assumed that all events occurred in a 9000-year time period, that
is, the rate for the largest earthquake is taken to be 0.00011 per annum, and the rates
for the others follow.

Instead of repeating the analyses in section 4, I note that the rate of the post-deglacial
earthquakes (red dots) is approximately 1/15™ the rate of the deglacial earthquakes
(black dots). Therefore I use the rates from section 4 reduced by a factor of 15.
Comments on the completeness of the data, etc would be proportionately similar.

Rates of M>6 per 31415 km® (100-km radius circle) are established for the 9000-year
post-deglacial period in Table 1. The standardized rate for the glacial cycle would be
84 (taking Morner’s magnitudes) to 34 (using reduced magnitudes). These rates may
be a little on the high side if the period around 7000-7999 yBP included some residual
deglacial events.

5.4 Uncertainty in estimates

Without reviewing the evidence for each earthquake in Morner’s catalog in detail, it is
difficult to assess the uncertainty in the above estimates.
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Conclusions

In my view, the agreement between the Lappland and Sweden deglacial rates is good
and argues that Morner’s work should be given more credence in future assessments.
Determining paleoearthquakes from shaking evidence such as sediment disturbance is
a valid technique, and although it is less direct than mapping a fault scarp it can
probably identify more earthquakes and with lower effort. However the evidence
needs to be closely scrutinized, as for example was done for potential postglacial
faults in Norway during the NEONOR project.

The processed standardized deglacial rates, 10 from Lappland and 14 from Sweden,
are very similar to the average SCC rate of 11. Thus the hypothesis that the deglacial
events represent the rapid release of accumulated tectonic deformation of the Fenno-
scandian shield (rather than being dominated by unbending earthquakes) is not re-
jected. Indeed if we accept the hypothesis, the deglacial rates could provide a good
(since the time period is longer, ~40,000 years) estimate of the long-term tectonic
deformation of the Fennoscandian shield.

There is room in the uncertainty for unbending earthquakes, but they are not required
for the reconciliation. Unbending earthquakes summing to ten times the SCC rate are
probably excluded, but unbending earthquakes summing to 1-2 times the SCC rate are
probably not.

Contemporary seismicity rates may be similar to both the deglacial-derived and SCC
rates, but in the analysis presented here are higher and in SKB’s analysis lower. Ad-
ditional work on the magnitude scale and appropriate b-values is warranted. Uncer-
tainties are likely to remain large unless the b-value can be constrained.

On the basis of the hypothesis proposed, there would be no difference between the
Forsmark and Oskarshamn sites over a glacial cycle (though the shorter duration of
glacial load inhibition for Oskarshamn would argue that the deglacial burst of activity
would have been less intense there).
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The study requested five parameters to describe my assessment of the distribution,
they are as follows:

Parameter Standardized Comments
rate *
Upper limit 200 Sweden is more similar to Australian SCC and/or significant

Canadian source zone “Gatineau”

Upper quartile 45 halfway in log-space between 10 and 200

Best estimate 12 From SCC, Lappland and Sweden deglacial rates

Lower quartile 3 halfway in log-space between 1 and 10

Lower limit 0 Site is more stable than average, or statistical chance that if the

correct value is 12, no events could happen

* Standardized rate is the rate of M>6 earthquakes within 100 km distance over a period of 100,000
years

Four suggestions for future work

The analysis here is based on earthquake rates, primarily earthquake rates greater than
6. This may be the correct approach in the context of the long-term safety of a waste
repository, but it relies heavily on the b-value and choosing the correct size-
distribution model for the largest earthquakes. In regard to the b-value adopted, note
the opposite consequences of different b-values used for the extrapolation of common
small earthquakes to predict the rate of M~6 earthquakes and for the extrapolation of
extremely-rare large deglacial faults to predict the rate of M~6 earthquakes (Fig. 8).
In regard to the size-distribution model adopted, an especial concern might be whether
the conditions at the time of deglaciation promoted cascading fault-to-fault ruptures so
that single magnitude 7 events happened, instead of three to thirty individual magni-
tude 6 events spread out in both space and time. Those two scenarios might have dif-
ferent implications for vault stability.

A parallel analysis should be undertaken in terms of the deformation rate, obtained by
integrating the magnitude-recurrence relationship. As noted in the discussion of Fig-
ure 1, the matching between the accumulation during the glaciation and the release
immediately afterwards should be done in terms of the deformation, not the number of
earthquakes. This integration is very sensitive to the upper-bound magnitude chosen,
however. A spreadsheet calculation for Lappland using the SCC rates and following
the method of Mazzotti and Adams (in press) which can incorporate a wide range of
uncertainties into the analysis and allows easy testing of the sensitivity to various pa-
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rameter choices is illustrated on Figure. 9. The median deformation rate across Swe-
den is 0.04 mm/yr using Mx=7.8 for consistency with the deglacial analysis, inter-
preted as shortening normal to the Norwegian margin. If Mx=7.0 is taken, as for the
SCC analysis of Fenton et al. (2005), the rate is 0.012 mm/yr. If Mx=8.2 is taken, as
for the upper estimates of the Parve Fault, the rate is 0.08 mm/yr. Thus the SCC (and
the similar Swedish) rates suggest geological shortening at 10-80 m per million years.

Morner’s 2003 table of Swedish paleoearthquakes should be analyzed more rigor-
ously, both in terms of re-assessing the evidence for each event and its likely magni-
tude, and then reanalyzing the events in terms of those that are deglacial separate from
those that represent post-deglacial or “normal SCC” activity, together with analyzing
northern and southern Sweden separately.

The existence of recognized postglacial fault scarps in Lappland but their absence in
southern Sweden is a continuing puzzle that needs to be addressed. Some have con-
sidered that the tectonic environments in northern and southern Sweden were differ-
ent, such that large deglacial earthquakes did not happen in the south. Others, includ-
ing Morner, see evidence for large deglacial earthquakes in southern Sweden, but are
unable to finger the fault scarps in a way that would convince the sceptics. Morner has
proposed that both regions had deglacial earthquakes. Based on the areas of strongest
shaking being centred near the ice front and the presence of large amounts of angular
rock debris he suggests that the fault scarps produced in the south were just inside the
ice margin and were destroyed by outward movement of the ice even as the ice front
was melting back. Fault scarps produced in the north were just outside the ice margin
and were preserved. Morner’s model should be testable by determining the timing of
stress changes relative to ice front position implied, as is possible with recent detailed
models of icesheet history (e.g. by Lambeck) for northern and southern Sweden.
Conditions that would promote the deglacial earthquakes to occur inside the ice sheet
would be rapid thinning (to reduce the load) of the icesheet without rapid melt-back of
the ice front.

Elicitation issue 2

“Given a magnitude 6.0, and 8.0 earthquake occurring at a point 10
km from a repository in a granitic type of rock, give an uncertainty
distribution for the maximum displacement (slip or shear) in an ex-
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isting fracture in the repository (/a disc of 1 sq. km x 50 m ?/).
Your uncertainty distribution should include the possibility that no
displacement occurs within the repository.”

Possible Approach to Question 2

The phrasing of this question suggests an empirical approach, rather than a rock me-
chanics approach. If the disc is taken to be 1 km in diameter and it is variously tried
with different amounts of slip (the amounts of slip have to be a plausible fraction of
the diameter), then the slip event can be characterized as an earthquake of magnitude
m. The empirical question can then be phrased in terms of aftershock studies as
“what is the probability that an aftershock of magnitude m will occur x km from the
rupture plane of an earthquake of magnitude M”. In answering the question, there
would need to be a careful selection of datasets, in terms of the appropriateness of the
rock type and the quality of the aftershock locations. The benefit of phrasing the
question in this way is that once the empirical relation is found it can be used as in a
hazard calculation viz to give the total probability of a slip event of magnitude m (i.e.
displacement d) given all M at all distances x.
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Table 1 Comparative estimates of standardized rate

Rate M=6| Rate of Rate per Length of | Rate M26
Area Fioure num- Upper-bound Time span off the M=6 per 31415 glacial load | per 31415 | Useable for
Model Source Region gube . U a b magni- ( earIs)) graph (per| million square km | inhibition, kyr | square km | distribution
(square km) © tude,Mx y annum) | square km | per kyr per 100 kyr |  estimate?
per kyr
1 Stable Craton Core seismicity Worldwide 50700000 Figure 2 4.1 0.80 7.0 40-100 0.18 3.6 0.1 0 11 yes
(Fenton et al., 2005)
Stable Craton Core seismicity Australia 3500000 - 0.67 7.0 40-100 0.11 314 1.0 0 99 high
(Fenton et al., 2005)
Adams and Halchuk (2003), Gatineau 32300 3.1 0.90 40-100 0.004 123.8 39 0 389 high
moderate activity zone, Canada
2 Panel Area NE, 40 yrs for M>3 Swedish coast 152625 Figure 3 0.80 40 0.003 19.7 0.6 0 62 yes
Panel Area SE, 40 yrs for M>3 SE Sweden 117800 Figure 3 0.80 40 0.0003 2.5 0.1 0 8 yes
Panel Area SW, 40 yrs for M>3 SW Sweden 88000 Figure 3 0.80 40 0.002 22.7 0.7 0 71 perhaps
Seismicity (SKB TR-99-03) Southern Sweden 145000 1.04 0 7 yes
Seismicity (SKB TR-99-03) Lake Vanern 77000 0.98 0 16 yes
Seismicity (SKB TR-99-03) Gulf of Bothnia 186000 1.26 0 1 minimum
Seismicity (SKB TR-99-03) Northern Sweden 375000 1.35 0 1 minimum
3 Deglacial faults (Dehls et al.| Northern Sweden 275000 Figure 4 -0.2 0.06 7.8 1000 0.01 36.4 1.1 42 3 minimum
2000), free-fit
Deglacial faults (Dehls et al.| Northern Sweden 275000 Figure 4 34 0.80 7.8 1000 0.036 130.9 4.1 42 10 yes
2000), constrained slope
4 Deglacial earthquakes (Morner, Sweden 500000 Figure 5 0.7 0.35 8.4 1000 0.035 70.0 2.2 36 6 minimum
2003) pre-7999 events, free-fit
Deglacial earthquakes (Morner, Sweden 500000 Figure 5 4.1 0.80 8.4 1000 0.2 400.0 12.6 36 35 perhaps
2003) pre-7999 events, con-
strained slope
Deglacial earthquakes (Morner, Sweden 500000 Figure 6 3.7 0.80 7.8 1000 0.08 160.0 5.0 36 14 yes
2003) pre-7999 events, con-
strained slope, magnitudes ad-
justed down 0.6 units
5 Post-Deglacial earthquakes Sweden 500000 Figure 7 - - 8.4 9000 0.002 4.7 0.1 0 15 minimum?
(Morner, 2003), free-fit
Post-Deglacial Earthquakes Sweden 500000 - 0.80 8.4 9000 0.013 26.7 0.8 0 84 high?
(Morner, 2003), constrained slope
Post-Deglacial Earthquakes Sweden 500000 - 0.80 7.8 9000 0.005 10.7 0.3 0 34 yes
(Morner, 2003), constrained slope, 50
magnitudes minus 0.6




Figure 1. Cartoon representation of concepts used.
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Figure 2. Magnitude-frequency curve for the worldwide Stable Craton
Core seismicity (from Fenton et al., 2005)
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Figure 3. Magnitude-frequency curves for three subsets of Swedish seismicity, 1965-2004
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Figure 4. Magnitude-frequency curves for deglacial faults in Lappland (data from Dehls et
al., 2000)
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Figure 5. Magnitude-frequency curves for deglacial faults in Sweden (data from Morner,
2003)
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Figure 6. Magnitude-frequency curves for deglacial faults in Sweden after reducing the mag-
nitudes by 0.6 units (otherwise, same data as Fig.5)
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Figure 7. Magnitude-frequency values (red dots) for post-deglacial faults in Sweden. Dou-
ble-ended arrow shows factor of 15 lower rate relative to Figure 5.
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Figure 8. Extrapolations of Sweden seismicity data for the NE region (from Fig. 3) and deglacial earthquake data (from Fig. 4) together with b-
values alternative to b=0.8 fitted to the data. Note the relatively large errors at M=6 from the current seismicity extrapolation, and also
that the b-values producing the larger estimates differ between the extrapolations.
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Figure 9. Spreadsheet showing calculation of deformation rate from the
SCC magnitude-frequency curve.
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Appendix 6

SSI Elicitation Report

Earthquakes in SE Sweden during a new glacial cycle
Hilmar Bungum
NORSAR

June 20, 2005

Introduction

The present report summarizes my response to two specific questions from SSI during
an elicitation process involving five experts that met with SSI (Swedish Radiation
Protection Agency) for a two-day meeting in Stockholm May 17-18, 2005. SSI’s
purpose with the meeting was to present the elicitation methodology and to discuss
the questions with the experts.

The elicitation questions are as follows:

(1) What will be the frequency of moment magnitude 6.0 or greater earthquakes
per unit area (e.g. per 100 sq. km) in the middle and south of Sweden
(Forsmark and Oskarshamn) during a glacial cycle (appr. 100 000 a) assuming
conditions similar to the Weichel glaciation? Give an uncertainty distribution
for this quantity for each area. Assume a maximum moment magnitude of 7.6
and a seismogenic thickness of 30 km.

(2) Given a magnitude 6.0, and 8.0 earthquake occurring at a point 10 km from a
repository in a granitic type of rock, give an uncertainty distribution for the
maximum displacement (slip or shear) in an existing fracture in the repository
(a disc of 1 km? x 50 m?). Your uncertainty distribution should include the
possibility that no displacement occurs within the repository.

Besides the meetings in Stockholm, five working days have been allocated for
answering these questions, which is supposed to be based on available data and
studies and not to imply any independent research work. The report includes first a
discussion of possible approaches and methodologies, followed by justified answers,
with uncertainty bounds.

It has been indicated from SSI that Question 1 is the most important one and that
Question 2 may be covered less thoroughly.

Approaches and models, Question 1

There is a fundamental difference between the two elicitation questions in that the
first one is asking for a prediction of the occurrence of earthquake during the next
100,000 years, which most likely will another glaciation cycle, whereas the second
one is addressing the estimation of maximum displacement from given magnitude
earthquakes at a distance of 10 km from a repository, irrespective of time.

There are three different approaches to this question that need to be considered in
terms of what one could base the desired predictions on:
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1. Modeling the stress effects related to a new glacial cycle, based on calibrated
assumptions;

2. Contemporary seismotectonics, adjusted with assumed additional stress effects
from a new glaciation;

3. Postglacial seismicity: What happened during the last glacial cycle,
documented essentially through the mapped postglacial earthquakes.

The final model will potentially be determined based on a combination of these
approaches, and I will discuss them all in the following.

1. Modeling stress effects

The modelling of glaciation cycles and associated rebound patterns and stress effects
are now in a mature state, the theories are well established, the boundary conditions
are well understood and the models are well calibrated empirically (Lambeck and
Purcell, 2003; Lambeck, 2005). Even so, a quantitative description of the deglaciation
process and its relation to fault stability has been rather elusive (Lund, 2005). There
are reasons to believe that this in part is related to the fact that the Fennoscandian
crust is subjected to a large number of simultaneously acting sources of stress and that
the nature and distribution of weakness zones is similarly complex (Byrkjeland et al.,
2000; Bungum et al., 2005).

In a specific study of the continental margin region of western Norway, Lambeck and
Purcell (2002) have concluded that they find no evidence from their modeling that the
crust is currently unstable as a result of past glacial action. Other studies (Hicks et al.,
2000; Bungum et al., 2005) have indicated, however, based essentially on stress
inferred from earthquake fault plane solutions combined with the occurrence pattern,
that a region that includes the coastal parts of northern Norway still may be influenced
by flexural effects from the postglacial rebound, in contrast to other regions.

Lambeck (2005) has for the purpose of this project made a numerical analysis of
glacial load stresses for Forsmark and Oskarshamn, in part similar to an earlier study
for Finland (Lambeck and Purcell, 2003). The study is making a very sensible
assumption with respect to future glaciation cycles, namely that they will be similar to
past cycles, which means that the last interglacial at 130,000 to 120,000 years ago is
equated with the present interglacial, or the Holocene.

Figs. 1 and 2 are both from the Lambeck and Purcell (2005) report, where the former
is showing the deviatoric stress components at the two sites and the latter is showing
the change in Fault Stability Margin (AFSM) predicted for a depth of 5 km, indicating
the styles of preferred faulting should failure occur. The model assumes an in-plane
stress state of (-10,0) MPa and an azimuth of the ridge push axis of 45°W. I interpret
the results from this study as follows:

1. The deviatoric stress during a glaciation cycle is highly sensitive to the
character of the ice margin movements (partly because the stress at a given site
is not only determined from the load right above that site), and since the
details here for a future cycle are not known it will not be possible to separate,
within acceptable uncertainty bounds, between the two sites.
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Fig. 1. The deviatoric stress components at Oskarshamn (left) and Forsmark
(right), where r is the radial direction (positive outwards), 0 latitude
(positive south) and A is longitude (positive east). During the early
Weichselian the stress fluctuations at the two sites are small because the ice
margins at that time lie to the north of both sites. The first glaciation reaches
Oskarshamn at MIS-4 (~64,000 ypb), followed by large and frequent
fluctuations of the ice front. From Lambeck (2005), fig. 7.

Fig. 2. AFSM (Fault Stability Margin change) predictions for a depth of 5 km for
Forsmark and Oskarshamn indicating the styles of preferred faulting should
failure occur. The model assumes an in-plane stress state of (-10,0) MPa and
an azimuth of the ridge push axis of 45° W. From Lambeck (2005), fig. 10.
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2. While the exact timing of the predicted stresses are quite uncertain due to the
sensitivities to the ice margin movements and the corresponding uncertainties,
the magnitudes of the stress variations can be assumed to be more
representative for what happened during the last cycle and thereby also during
the next one.

3. The AFSM predictions indicate strongly that major destabilisation and
corresponding failure will occur. While increased in-plane stresses will reduce
somewhat the FSM values but without removing the failures, such changes
will have a stronger effects on the mode of faulting at different times during
the cycle. Largely, however, reverse faulting should be expected.

The overall conclusions that I draw from this review is that we have to expect a major
destabilisation and associated active faulting also during the next glaciation cycle, of
the type that was experienced last time, but with considerable spatio-temporal
uncertainties.

The major problem and challenge here is, however, how this seismicity will be
distributed, where the basic supporting data will have to be taken from the last
glaciation cycle, like what is done for the modeling discussed in the above. Before
that, however, I will visit briefly the contemporary seismotectonics.

2. Contemporary seismotectonics

The present seismotectonics in Fennoscandia has been well studies and is also fairly
well understood, even though it is still being discussed, as already referred to, how
much influence that still remains from the glacio-isostatic rebound. My opinion is, as
already stated, that this influence is minor, but not nil (Bungum et al., 1991; 2005).

The seismicity of Fennoscandia is seen in Fig. 3, based on the Fencat catalogue, while
Fig. 4 shows magnitude-frequency distributions for an area in south-western and
south-eastern Sweden, the latter containing the Forsmark and the Oskarshamn sites.
While there are many more regional studies available, in particular for the coastal
areas of Norway where the seismicity is highest, one of the few that is addressing all
of Fennoscandia is the GSHAP study (http://www.seismo.ethz.ch/GSHAP/; Griinthal
et al., 1999), which numerically delineates the seismic potentials of the different parts
of this region.

A similar study that covers Norway, UK and the North Sea, is the one reported on by
Bungum et al. (2000). From the latter study (see also Bungum et al., 2005) it was
found that in a large region covering most of Scandinavia, the Norwegian margin and
the North Sea (size about 2.3 x 10° km?) the frequency of occurrence was following
the Gutenberg-Richter relation logN=4.32-1.05M, corresponding to logN=0.99-1.05M
for an area of 100 km?. This corresponds to one M5 earthquake or larger every 18,000
years, or every 9 years if the entire region is used. This corresponds quite well to the
17 (give or take 2) M>5 earthquakes in Fig. 2 for the same region, where a time span
of about 150 years is covered (with exception of the 1759 Kattegat earthquake).

For the south-eastern part of Sweden where Forsmark and Oskarshamn are located the
present activity is clearly lower, as shown by the two Fencat plots in Fig. 4, roughly
indicating one M3 earthquake every year within an area of size only a little above
100,000 km?, corresponding to about 1000 years per M3 event within 100 km?. With
that rate and a b-value of 1 it would take about 100,000 years to reach an M5 event.
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This is almost an order of magnitude lower activity rate than for the large window that
i1s dominated by the seismically more active regions in Fennoscandia. For indications

of M6 return times, multiply the M5 return times by ten. The most important factor

with respect to the long term seismic potentials is, however, not the microseismicity
levels but rather the maximum magnitude (e.g., Bungum et al., 2005), which largely
controls the moment release,.

Fig. 3. Spatial distributions of earthquakes in the Fencat catalogue from University
of Helsinki (http://www.seismo.helsinki.fi/). Magnitudes larger than M5 are

displayed with year of the event. From Munier (2005), fig. 1-1.
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Fig. 4. Magnitude-frequency distributions for the Fencat catalogue within two
smaller regions in SW and SE Sweden as defined by Munier (2005), where

also the data behind these graphs are taken from. The two plots cover two

consecutive 20-year intervals, both normalized to one year.
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These numbers are only intended as very coarse indications of the present activity
levels, to be compared later with what could be estimated as representative for the
most seismically active periods more immediately following the deglaciation.

3. Postglacial seismicity

It was concluded above that the Holocene postglacial seismicity is the best
assumption that is available to us as a basis for prediction models for what could be
expected during the next 100,000 years in Fennoscandia, and thereby also for
Forsmark and Oskarshamn. This postglacial seismicity has been documented in a
large number of publications and I do not aim at reviewing these at this stage.

One of the most complete overviews of well-documented postglacial earthquakes with
undisputed bedrock manifestations is the one published by Olesen et al. (2004),
containing altogether 12 events over an area of roughly 400 x 400 km in Lapland (a
similar table in Stewart et al., 2000, is based on the same work, the Norwegian
NEONOR project, Olesen et al., 2000). The magnitudes here, ranging up to My 7.6
for the Parve fault, are based on the (global) relations of Wells and Coppersmith
(1994). Five of the magnitudes are independently determined by Bungum et al.
(2005), based on Bungum and Lindholm (1997), with values up to 8.1. Arvidsson
(1996) has similarly high values. Both Arvidsson (1996) and Bungum et al. (2005)
have tuned their parameters specifically to the region studied.

A summary of these events and their moment magnitudes and seismic moments is
provided in Table 1.

No. | Fault Olesen et | Bungum et | Arvidsson | Seismic moment
al. (2004) | al. (2005) (1996) (Olesen et al.)

1 Stuoragurra 7,3 7,7 1,10E+20
2 | Nordmannvikdalen 6,0 1,23E+18
3 | Berill 6,1 1,74E+18
4 | Suasselkd 7,0 7,4 3,89E+19
5 | Pasmajérvi-Venejarvi 6,5 6,92E+18
6 | Vaalajarvi 6,1 1,74E+18
7 | Péarve 7,6 8,1 8,2 3,09E+20
8 | Lainio-Suijavaara 7,1 8,0 5,50E+19
9 | Merasjarvi 6,3 3,47E+18
10 | Pirttimys 6,5 6,92E+18
11 | Lansjérv 7,1 7,9 7,8 5,50E+19
12 | Burtrdsk-Bastutrisk 7,1 5,50E+19

Sum seismic moment 6,44E+20

Table 1. List of Lapland postglacial earthquakes with moment magnitudes from
different authors. The seismic moments in the last column are calculated
from the Olesen et al. (2004) magnitudes. The region is about 400 x 400 km.

It is well known, needing no additional justification in this short note, that earthquake
activity rates and thereby also seismic potentials are expressed most properly through
the moment rates and the total seismic moments released over a given time, relating
directly to the released energy. Following Hanks and Kanamori (1977), moment
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magnitude is defined as Mw=2/3*log(M,)-6.06 provided that seismic moment is
defined in Nm.

Following this, a useful way to express the level of the documented postglacial
seismicity in Lapland is therefore to start with the total amount of seismic moment
released, as given in the last row of Table 1, and to convert this moment release into a
magnitude-frequency distribution with the same moment release and a b-value of 1.0
(as a default value). The results are given in Table 2 for different combinations of the
magnitude range within which the moment is released.

No. My low My high a-value | N for M>6 | N for M>5
1 0,0 7,6 7,68 48 480
2 0,0 82 7,43 27 270
3 6,0 7,6 7,75 56 560
4 6,0 82 7,41 26 260

Table 2. Magnitude-frequency relations Log(N)=a-1.0*My, corresponding to the
release of the total seismic moment from Table 1. The four models are based
on different magnitude intervals over which the moments are integrated, with
corresponding a- and N-values.

What is seen from Table 2 is that the seismic activity rate needed to produce a certain
seismic moment is very sensitive to the maximum magnitude, where I have used the
range of values for the Parve fault in Table 1, from 7.6 to 8.2. This is, as is well
known, caused by the fact that the moment release is dominated by the largest events
and therefore highly sensitive to maximum magnitude. On the other hand we also see
that it makes very little difference if we integrate down to magnitude 0.0 or if we stop
at 6.0. In the following I will use M6 as the lower value since Table 1 has no events
below that level. For the high value I prefer 8.2, partly because that is a possible
magnitude for the largest observed earthquake and partly because we should judge
this value not only as the largest one observed but also as the maximum magnitude
that could occur during the next 100,000 years.

I have now established a recurrence relation for an area of the size of 400 x 400 km,
covering the time period that was needed to produce the events in Table 1. This time
period is highly uncertain, and while the few datings that are available are of the order
of 8000-9000 ybp, estimates of the time period range from a few hundred years to a
few thousand years. I am inclined towards the latter estimate, based on the
irregularities of the ice front and the fairly strong fluctuations that are documented,
consistent with the modelling discussed above. If we assume that the moment release
has taken place over 2-3000 years this will correspond to 100 years per M6 event or
10 years for M5, which actually is quite close the present activity level for Norway, as
documented above. This may appear to be surprising at first glance, but it does not
mean that the two areas have the same moment release, since this depends strongly on
what the maximum magnitude is.

It is seen from the above that [ have based my assessment of postglacial seismicity on
what has been documented from the Lapland region, not using the observations and
claims by Mdérner (2004). The reason for this is that I find these claims problematic in
the sense that they are not accompanied by similar observations of deep-seated
basement-related faults.
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Conclusions, Question 1

I will base my conclusions on the moment rate assessments above, and I have on that
basis defined a high, a median and a low model, as follows:

1. The high model is assuming that the postglacial Lapland activity is
representative also for SE Sweden and that it represents 20,000 years (no area
scaling, time up-scaling by 5).

2. The best estimate (median) model is assuming that the postglacial Lapland
activity is representative of an area the size of 320,000 km? and 50,000 years
(area down-scaling by 2, time up-scaling by 2).

3. The low model is assuming that the postglacial Lapland activity is
representative of an area the size of 800,000 km?® and 100,000 years (area
down-scaling by 5, no time scaling).

These models give results as shown in Table 3, with predicted values for 100 km? and
100,000 years, while the observed Lapland values are for a much shorter time period.

Region a-value | N(M6) | N(MS5) N(M3)
Lapland Observed 4,21 0,016 0,16 16,1
Predictions | High 4,90 0,080 0,80 80,3
Southeast | Best estimate 421 0,016 0,16 16,1
Sweden Low 3,51 0,003 0,03 3,2

Table 3. Three models for answers to Question 1, where values are scaled to an
area of 100 km” and moreover representing the entire 100,000 years time
period. The a-value is the one in the Gutenberg-Richter relation log(N)=a-M
(assuming b=1), and the N-values are those corresponding to magnitudes 6, 5
and 4, respectively. Note that the Lapland values represent only a few
thousand years (at most) while the predictions for SE Sweden values
represent 100,000 years.

a-value N(M6) NMS) N(M3) | N-factors
m+3c 6,07 1,19E+00 | 1,19E+01 | 1,19E+03 | 73,100
m+2c 5,14 1,39E-01 | 1,39E+00 | 1,39E+02 | 8,550
m+o 4,68 4,74E-02 | 4,74E-01 | 4,74E+01 | 2,924
m 4,21 1,62E-02 | 1,62E-01 | 1,62E+01 | 1,000
m-o 3,74 5,55E-03 | 5,55E-02 | 5,55E+00 | 0,342
m-20 3,28 1,90E-03 | 1,90E-02 | 1,90E+00 | 0,117
m-30 1,40 2,50E-05 | 2,50E-04 | 2,50E-02 | 0,002

Table 4. Uncertainty distribution for the predicted seismic activity at Forsmark and
Oskarshamn during the next 100,000 years, based on the values in Table 3.
The a- and N-values are defined like those in Table 3, and the last column
shows the ratios between the N-values.

The uncertainty distributions for these predictions are addressed through the b-values,
which we can assume to be normally distributed (so that the N-values will be log-
normally distributed). It turns out, even if this was not intentional, that the high and
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the low values in Table 3 are equally spaced (+0,705) from the best estimate, which I
chose to consider as a median value. I furthermore chose to consider this span
between high and low to cover +1.50, corresponding to 6=0.47 and a range of
variation as given in Table 4. It is assumed that the distribution is truncated abruptly
at +3 sigmas, due to reasons tied to physical limitations. The -2c level is slightly
below the contemporary seismicity in SE Sweden as inferred from Fig. 3.

It should be noted when considering these uncertainties, which are basically epistemic
in nature, that sigma values of about 0.3 (corresponding to a factor of 2 in N) is quite
common when assessing observed seismicity for logic-tree based seismic hazard
analysis purposes, assuming much more predictable recurrence conditions.

Approaches, models and conclusions, Question 2

The second question is of a totally different nature than the first one, which addresses
the expected occurrence rate of earthquakes above a certain magnitude level over
100,000 years. The second question is more generic and concerns the effects of
individual earthquakes of magnitudes 6 and 8 in terms of displacement at an existing
fracture at a distance of 10 km.

Fig. 5. Finite-fault inversions
for the distribution of slip on
the rupture of the M 7.4 1999
Izmit, Turkey, earthquake. (a)
Giilen et al., 2002, BSSA, 92,
230-244, fig. 13; (b) Liet al.,
2002, BSSA, 92, 267-277,
fig. 10; (c) Bouchon et al.,
2002, BSSA, 256-266, fig. 3;
(d) Sekiguchi & Iwata, 2002,
BSSA, 92, 300-311, fig. 6;
(e) Delouis et al., 2002,
BSSA, 92, 278-299, fig. 12.
The five solutions are not
only very different, they are
also to some extent mutually
exclusive, for example
through the fact that both
Bouchon et al. and Sekiguchi
& Iwata both invoke
supershear rupture, while
Delouis et al. state that no
supershear motion is needed
to explain the data.

From Beresnev (2003), fig. 4.
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I start by noting that estimating the slip distribution at the primary fault is by itself a
very difficult task, and even more so the slip at fractures that are offset from the main
fault. Fig. 5 shows five inversions from one of the best studied earthquakes of all, the
1999 Izmit, Turkey, earthquake. Beresnev (2003) finds that the five slip distributions
have in fact very little in common in terms of slip distribution patterns and location of
individual asperities, leading in turn to very different geological interpretations. The
only consistent feature is the maximum value of slip, which however is largely
constrained by the seismic moment.

Irrespective of the problems with slip inversion (beyond the level of average slip) it is
clear that the variation of stress drop and thereby also slip and energy release along
the primary fault plane is considerable, which clearly will have downstream effects
also in terms of slip on fractures away from the principal trace. This uncertainty in the
primary slip model is important, and any prediction model that intends to delineate the
off-trace effects will easily underestimate the associated variability unless the
variability on the primary fault is also taken into consideration.

No modeling or simulation is contributing real knowledge unless the modeling results
or the basic model components or parameters can be empirically calibrated. To this
end the results shown in Fig. 6 are useful, even if they are based on observations of
surface ruptures. The Californian earthquakes used there are mostly around magnitude
7 and above, including the M7.6 Landers 1992 earthquake that ‘jumped’ twice across
previously mapped faults, producing a 70 km long irregular fault trace. Even so, the
frequency of occurrence of displacements is down to 0.001 at a distance of 8 km from
the principal trace, with no observations beyond that distance.

Fig. 6. Frequency of earthquake displacements within 50 m cells as a function of
distance from the principal trace. From Petersen et al. (2004), fig. 4.

The problems related to Question 2 have been addressed thoroughly through a number
of SKB reports over the last years (La Pointe et al., 1997; 1999, 2000, 2002;
Béckblom and Munier, 2002). The methodology developed is stochastic, including the
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earthquake occurrence model, and the relations between magnitude, displacement and
fault dimensions are based on regressions (Wells and Coppersmith, 1994) where the
uncertainties are incorporated through a Monte Carlo approach. These relations are,
however, based on average estimated parameters for each earthquake, and the
approach therefore does not include the uncertainty discussed above with respect to
the slip distribution on the primary faults.

Even so, the SKB approach can be considered state-of-the-art. There is, however, a
major source of uncertainty related to the earthquake model used, which seems to be
quite dependent on the contemporary seismicity. The detailed regional variations in
the seismicity predicted for the next 100,000 years are in my view questionable, and
in any case they are quite different from the model presented in this report.

A useful summary of the SKB model predictions relating to Question 2 is provided in
Fig. 7. For M6 at 10 km the maximum induced slip is about 1 mm, and thereby
largely negligible, but for M8 the slip is 10 cm and thereby far from negligible.
However, these simulations are done for a fracture radius of 1000 m, which appears to
be fairly conservative (large fracture dimensions produce more slip).

Fig. 7. Maximum induced slip as a function of magnitude and distance, based on
combinations of fracture orientation and azimuth, but for a constant fracture
radius of 1000 m. From La Pointe et al. (2000), fig. 2-5.

A different and more applicable approach for the problem at hand is the one used in
Fig. 8, showing that less than 20% of the simulations will produce slip larger than 10
cm for an M8 earthquake at a distance of 10 km. A slip of 10 cm is considered to be
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the level at which damage to a canister may occur, and the diagonal line in Fig. 8
therefore represents the separation between damage (lower right) and no damage.

Fig. 8. Percent earthquakes causing induced slip greater than 10 cm as a function of
magnitude and distance, based on combinations of fracture orientation,
azimuth and radius. From La Pointe et al. (2000), fig. 2-1.

A realistic assessment of the uncertainty distributions for these estimates require an
in-depth knowledge and understanding of the modelling methodology and an
assessment of the basic relations used and the range of variation applied to the
parameters. [ have already noted that the earthquake model behind these simulations
may be questionable, and likewise I would expect that similar questions may be posed
with respect to the rock mechanical assumptions in the model. It will, however, be
beyond the scope of this elicitation to address these questions in more detail.

While for example the energy radiation from a rupturing fault includes uncertainties
that are aleatory and therefore appears to behave randomly there will also be
uncertainties in these simulations that are epistemic. A better separation between these
types of uncertainties in the simulations would have been useful.

As for the expected slip values I can not give clear recommendations with respect to
their uncertainty distribution, and for the same reason. On a general basis, however, I
note that simulations like those used here often do not catch the complete range of
uncertainties, even if I will not claim this to be the case here. There are reasons to
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expect the slip amplitudes to be lognormally distributed, and what is often found in
such cases is that there is a basic randomness in the processes involved that
corresponds to a standard deviation of the order of 0.2-0.3 log;o units. With the
additional uncertainties in the present case a more realistic sigma value may be of the
order of 0.4-0.5 for the uncertainty variation around an estimate that appears to be in
the range 1-10 cm. Like for the seismicity the distribution should be truncated at +3c.

Closing remarks

I have based my model for the seismicity expected for the next 100,000 in SE Sweden
and not on the contemporary seismicity but rather on the paleoseismic observations
documenting postglacial earthquakes in the Lapland region, distributed in different
ways in time and space. The stress effect modeling has been used essentially as a
support for expected activity well above the present level, and as an indicator against
a model that contains much regional variation, including between the two sites at
Forsmark and Oskarshamn. The contemporary seismicity in SE Sweden and Norway
correspond roughly to -26 and -10c in the uncertainly distribution, respectively.

My model for the expected slip is essentially based on SKB modeling and therefore
does not really include any independent evaluation, except for my reflections and
recommendations on uncertainties and their distribution.
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Appendix 7

Frequency of Earthquakes Mw>6.0 During a Glacial Cycle in
Central and Southern Sweden

James H. Dieterich
Riverside, California USA

Introduction and Summary

This report was prepared for the expert elicitation panel convened by SSI. It reviews the
factors, data, methods, and judgments employed in arriving at an appraisal of earthquake
occurrence resulting from a cycle of glaciation. The question considered is: “What will be
the frequency of moment magnitude 6.0 or greater earthquakes per unit area (e.g. per
100 sg. km) in the middle and south of Sweden (Forsmark and Oskarshamn) during a
glacial cycle (approximately 10°a) assuming conditions similar to the Weichel
glaciation? Give an uncertainty distribution for this quantity for each area.”

This report does not address either the probability, or the characteristics, of a renewed
cycle of glaciation — both are used as given conditions in the following analysis. The
central question for this elicitation is that of predicting the seismic response of a stable
craton to the loading and unloading stresses associated with a cycle of glaciation. This
question touches on several poorly understood topics for which no established analysis
methodologies exist. Furthermore, there is an absence of critical data on both the seismic
behavior of the Earth’s crust through a cycle of continental glaciation and the current
state of stress in this region. Consequently, considerable uncertainty must attach to
judgements on the expected frequency of earthquakes.

Stress perturbations are widely understood to be associated with increased seismic
activity and glacial loading calculations indicate that stress changes of up to 40 MPa
would occur for a repeat of the Weichel glaciation. Those stress changes are much larger
than the stresses associated both with the occurrence of aftershocks (Toda and others,
1998), and with induced seismicity associated with the filling large reservoirs (by direct
loading from the weight of water, or though changes of effective stress). Hence, a
significant seismic response to glaciation appears to be quite plausible.

The method of analysis developed for this report employs the glacial stressing histories at
Forsmark and Oskarshamn supplied by Kurt Lambeck. The analysis was designed to
provide a framework for assessing the seismic response under circumstances where input
parameters are highly uncertain. It gives preferred values of 24 and 42 earthquakes, M>6,
occurring within 100km of Forsmark and Oskarshamn, respectively, as a consequence of
glaciation. The extreme limits of the possible seismic response are 0.8 and 142 M>6
earthquakes at Forsmark, and 1.4 to 247 M>6 earthquakes at Oskarshamn. These large
uncertainties reflect the current state of limited knowledge.
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Method of Analysis

The analysis is based on a calculation of the stress relaxation (expressed as seismic
moment) required to keep the glacial stresses from exceeding a fault failure stress.
Because fault slip criteria are defined in terms of total stress, one must estimate, or make
assumptions, about the initial stress state as well as the changes of stress changes due to
glaciation to carry out such calculations. Unfortunately initial stress state is particularly
difficult to assess or constrain. Earthquake focal mechanisms and regional stress
observations compiled for the World Stress Map (Reinecker, and others, 2004) generally
indicate the principal horizontal compressive stress is oriented roughly NW-SE in this
region. The prevalence of strike slip focal mechanisms further suggest the least
compressive horizontal compressive stress is oriented NE-SW, with the intermediate
principal stress vertical. Two deep boreholes at the Siljan Ring structure indicate a similar
stress state (Lund and Zoback, 1999) and further suggest the current stresses are near the
failure stress in the depth range sampled (to about 6km). However, the magnitudes of the
stress components thoughout the entire seismic depth range and their spatial variations
are poorly understood and allow a wide range of seismic responses to the glacial stresses.

A comprehensive treatment of the elicitation question would be to directly evaluate the
effects of the uncertain initial stresses, and it might employ a large number of model
simulations that sample the parameter space that describes the range of permissible initial
stress states and fault failure conditions. In such an approach weights would be assigned
to the different stressing models (perhaps through an elicitation process) to arrive at an
evaluation, with uncertainties, of likely earthquake activity. An analysis of this type
represents a substantial undertaking that is well beyond the scope of this evaluation.

The approach used here is to first obtain a reference value for the seismic moment using a
single highly idealized model of stress and failure conditions during a glacial cycle. As
implemented the reference model employs only the stress changes due to glaciation, and
it yields the maximum possible seismic response to a glacial cycle. The actual response
may be much less than this idealized upper-limit value. To obtain a more realistic
preferred estimate of the seismic response, multiplying factors for the upper-limit result
are then introduced. These factors incorporate estimates of the effects of various
uncertain and non-ideal stress and failure conditions that could not be included in the
reference model.

Upper-Limit Model
The analysis for idealized upper-limit response employs the following steps.

1) Define the reference stressing models for stress state and stressing histories at
Forsmark and Oskarshamn.
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2) Impose a fault failure criterion that limits the maximum stresses, and calculate
stress relaxation, by fault slip, needed to keep total stress at or below the failure
limit.

3) Find the moment release equivalent to the stress relaxation for a specified volume.

4) Calculate earthquake rates from the moment release using moment magnitude and
magnitude frequency relationships.

Step 1: Stressing history. The stress tensor may be represented as an initial stress state at
the onset of glaciation, to which are added the changes of stress with time due to
glaciation. This analysis uses the histories of glacial stress change at Forsmark and
Oskarsham as supplied by Kurt Lambeck. It is assumed that tectonic stressing, which is
small compared to glacial stressing, will not affect that component of seismicity arising
from glacial stressing. Possible pore fluid changes, which alter the effective normal stress
in the failure condition, are not treated directly, but contribute to the total uncertainty
estimate described below.

The occurrence of sparse, but widely distributed seismicity indicates that at least some
parts of southern Sweden currently have stresses near the fault failure limit. For the
reference calculation, the initial stress is assumed to be uniformly at the failure limit
everywhere. During glaciation it is further assumed that the stress state at the beginning
of every time step is at the failure limit, with principal stress orientations that coincide
with the principal axes of the stress change tensor during the time step. With these
assumptions, the model employs only the stress changes due to glaciation.

Step 2: Stress relaxation due to fault slip. The analysis employs the Coulomb failure
criterion to determine amount of stress relaxation due to fault slip, if any, which occurs
during a time step. The Coulomb failure criterion is

T=7,+moc—P;) (D

where 7and o are the shear and normal stress, respectively, acting on the fault surface, 7
is the cohesion, u is the coefficient of friction, and Ps is the pore fluid pressure. The
reference calculation is independent of the values of 7y . The reference calculation uses a
preferred value of 1= 0.60. In the way the analysis is formulated, the cohesion term does
not enter these calculations. The borehole stress data of (Lund and Zoback, 1999)
indicate a coefficient of friction of 0.5 to 0.6 if the observed stresses are assumed to be at
the failure limit.

A complete analysis of the problem would entail estimation of the total stress tensor,
including the changes of orientation of the principal stress axes, and assumptions about
the orientations of potential fault planes that might form or be activated by the stresses.
The simplified analysis assumes optimally oriented fault planes exist for all possible
rotations of the principal stresses during glaciation.

Figure 1 illustrates the principles employed in computing stress relaxation due to fault
slip, if any during, during a stressing increment. Assuming mean stress is constant during
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slip, the shear stress relaxation Az is given by the path from point B to C. The shear
stress relaxation AS from point B to C is

AS = (A7 — puAo)cos(9), 2)

where Arand Ao are the changes in change in shear and normal stress for the stress
increment AB, prior to slip, and ¢=tan' . If the stress at B falls on or below the failure
curve (AS <0) then fault slip does not occur during that stressing increment.

Coulomb failure limit

Z/7

5511’955 hefore relaxation

Stess after relaxation

Normal stress

Shear stress

Figure 1. Mohr circle construction for stressing conditions during a time step. At the start of the time step
(point A) stresses are assumed to lie somewhere along the failure curve at the failure limit. Assuming no
slip occurs, the stresses at the end of the step will be as some point B, which may or may not exceed the
failure stress. If stresses lie above the failure stress fault slip will relax the stresses to point C. This stress
path assumes the mean stress remains constant during slip.

The solutions for stress release (in 5000a intervals) are illustrated in Figure 2. The letters
on the plots indicate the mode of faulting (SS=strike slip, N=normal, T=thrust) required
by the stress changes during the stressing interval. These indicate that considerable
switching of the principal stress axes occurs during the glacial cycle. Stress changes in
which the stress falls below the critical stress during the stressing interval have negative
sign. Because no slip can occur, the negative stress changes are not counted for the sum
of total stress release for the entire glacial cycle.
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Figure 2. Stress release (in 5000a increments) at Forsmark and Oskarshamn for the idealized base-line
seismicity calculation. Letters indicate mode of faulting (SS=strike slip, N=normal, T=thrust).

Step 3: Find total moment release in the reference volume. Seismic moment is defined as

Mo = GAd, 3)

where G is the elastic shear modulus, A is fault area and d is fault slip. From Hooke’s
law the relation between shear stress change and displacement for a uniform deformation
over some length L is

d=—2". )

Hence, moment is simply stress change integrated over the volume. For the uniform
stress change employed here,
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Mo=A7AL. (5)

For the reference calculation, volume is defined as a region with a 100km radius,
centered on Forsmark or Oskarshamn, with an assumed seismogenic depth of 30km.

Step 4: Find the total number of earthquakes from moment release. This calculation
employs the relationship between seismic moment and earthquake magnitude

M :%10&0 Mo—-10.7 , (6)

(Hanks and Kanamori, 1979) with the Gutenberg—Richter magnitude and frequency
relationship

log(N)=a—-bM , (7)

to solve for the rate term a in equation (7). In equation (7) N is cumulative number of
earthquakes >M. For this analysis, the frequency relationship is truncated at the
maximum magnitude M _, =7.6, and b=1.0. (These values were specified for the
elicitation.)

mq

Reference calculation for maximum response. Table 1 summarizes the results for the
reference calculation of seismic response to the cycle of glacial loading. It is emphasized
that the results in Table 1 represent a baseline for the maximum possible seismicity from
which the preferred estimate of seismic response is derived.

Table 1. Reference calculation for number of earthquakes M>6.0 due to glacial stressing.
Volume = 94,2478 km® (100km radius to a depth of 30km)

M> Forsmark Oskarshamn
6 121 206

Preferred Model of Seismic Response

The preferred estimate of seismic response to glaciation takes into consideration a variety
of uncertain factors that are expected to modify the actual seismic response from that of
the idealized model. These effects are brought into the analysis though the use of a

multiplying parameter f where

MOSEISMIC =ﬂN|OMAX > (8)
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Mo, 1s the maximum moment release of the reference calculation described above, and
MoOgg e 18 the preferred estimate of expected seismic moment release. Assuming
independence of the various uncertain effects that may modify the reference result, a /-
factor for each effect may be independently calculated or estimated then combined to
give the total effect. That is,

B= ﬁSﬂPﬂM > )

where, fs, B, and f,, are factors relating to the stress/failure conditions, parameter
uncertainty, and model physics, respectively. These are discussed below. Table 2 gives

the values for these factors. The preferred values of seismic response are obtained using
at the 0.5 fractile.

Table 2. f-factors used to scale the reference model to the preferred model. £ at the 0.50
fractile is used to obtain the preferred seismic response. The upper and lower limits of
the final combined [ (bottom row) correspond to the 0.001 and 0.999 fractiles,

respectively.
0.50 fractile 0.10 fractile 0.90 fractile
s 0.20 0.03 0.46
Se 1.00 0.50 1.50
iy 1.00 0.50 1.75
| B | 020 | Lowerlimit=0.007 |  Upper limit=1.21

Factor f5 may be viewed as a measure of the efficiency with which the crust in the
vicinity of Forsmark and Oskarshamn converts stress changes from glaciation into
seismic moment. The reference calculation assumes f=1.0. For the reference calculation
to hold in practice, four rather restrictive conditions must be satisfied. The preferred
value of fs=0.2 given in Table 2 was obtained by combining individual S-values
associated with each of those four conditions. Those sub-factors are designated as [,
Fs2, 3, and fsq in Table 3, and are discussed below.

1. The reference calculation assumes the initial stresses acting on the seismogenic
faults are everywhere at the failure stress. In other words the faults that become
active during glaciation must be incipiently active at the start of the glaciation.
Otherwise, some interval of stressing must first occur to bring the fault stresses up
to the failure limit before stressing begins to be converted to fault slip. Sparse but
widely scattered seismicity in southern Sweden and borehole data indicate that at
least some portions of the crust are currently at or near the failure stress.
However, the data are insufficient to establish that the crust is everywhere at the
critical stress. Hence, one must admit the possibility of some significant of stress
heterogeneity, relative to the failure stress. Additionally, the complex cycles of
stressing (and associated deformation) with previous glacial cycles may have left
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the region in a somewhat chaotic stress state. The assigned estimate of fs;=0.80
reflects my judgement that a modest level of stress heterogeneity probably exists.

2. The reference calculation assumes the optimally oriented fault planes for during
each glacial stressing increment are also the optimally oriented fault planes for the
total stresses (the sum of initial stress, and all previous stresses). To satisfy this
condition, the maximum and minimum principal stress axes from glacial loading
must exactly coincide with the principal stress axes of the initial condition.
Rotation or switching of the principal stress axes during glacial loading cannot
occur. Otherwise only a portion, if any, of the glacial stressing increment can be
converted to seismic moment. For example, if the glacial stressing axes are
reversed with respect to the initial stress axes, then glacial stressing will
counteract the initial stress and move the faults away from failure, even though
the reference model indicates slip would occur. The letters in Figure 2, which
indicate the mode of faulting, show that the glacial stressing is very complex and
involves numerous switches in the orientations of the principal stresses. This
switching must drastically reduce efficiency with which the stress changes can be
converted to seismic moment. A few highly idealized simulations were conducted
with different hypothetical background stresses and switching of glacial stress
axes. Those simulations suggest values of fs, the range of around 0.2 to 0.6. For
this report a preferred value of fs,=0.4 is used.

3. The reference calculation, assumes that optimally oriented faults, capable of
producing M>6.5 earthquakes actually exist at every step in the computation.
They may not. Slip of misoriented faults can occur, but it will not be as efficient
as optimally oriented faults in converting a stressing increment to seismic
moment. It view of the frequent changes of stress orientation during a glacial
cycle, it would seem unlikely that optimally oriented faults exist for all the stress
orientations that operate during glaciation. Additionally, faults large enough to be
capable of generating earthquakes M>6, at distances sufficiently close to
Forsmark and Oskarshamn to be of importance, cannot be said to exist with
certainty. For these effects I have assigned a preferred value of fs3=0.70.

4. Finally, the reference calculation assumes stress relaxation is occurs entirely in
the form of seismic moment. However, aseismic fault slip and bulk deformation
can occur in seismic regions. For this report a value of f54=0.90 is used.

Table 3. Sub-Factors for fs
These subfactors are multiplied with one another to arrive at the values of S in Table 2.

0.5 fractile P-factors used to estimate | S-factors used to estimate
(preferred value) s at the 0.10 fractile s at the 0.90 fractile
Le1 0.80 0.50 0.90
LSz 0.40 0.20 0.60
LFes 0.70 0.45 0.90
Sea 0.90 0.70 0.95

Multiplying factor S incorporates the uncertainties associated with the parameters
employed in the calculations. The reference calculations use x=0.6, M__ =7.6, and
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b=1.0. The latter two values were specified for the elicitation. However, the use a narrow
range of values for £, b and Mpax in alternative calculations of maximum moment release
indicates considerable sensitivity to uncertainty in these parameters. At the 0.1 and 0.9
fractiles, fp is assigned values of 0.5 and 1.5, respectively. The preferred value fp =1
employs the parameter values used in the reference calculation.

Multiplying factor fv provides a simple estimate of model uncertainty. The preferred
value is fv=1.0 with values of 0.5 and 1.75 at the at the 0.1 and 0.9 fractiles,
respectively. This range of values allows for the possibility of models or processes that
were not treated in this analysis, which could however alter the results. These might
include pore pressure changes, which would alter the fault failure condition; the use of
alternate failure criteria; and interactions with the free surface, which would alter the
assumed stress relaxation paths.

Preferred estimate of seismic response. Table 4 gives the preferred estimates of seismic
response at Forsmark and Oskarshamn including estimates of uncertainty. The value at
the 50% fractile is the preferred result and represents the estimate at which the actual
seismic response is equally likely to be larger or smaller. The limiting values of seismic
response (0.001 and 0.999 fractiles) were directly obtained using the limiting values of S
in Table 2. The seismic response estimates at the other fractiles were estimated by
interpolation. The number of earthquakes in Table 4 scales directly by the volume of
crust considered, which was taken to have a radius of 100km and a depth of 30km.

Table 4. Predicted seismic response at Oskarshamn and Forsmark with estimated
distribution of uncertainties. The preferred values (in bold) are those at the 0.5 fractile.
The data give numbers of earthquakes M>6 due to glacial stressing occurring within
100km of Oskarshamn and Forsmark.

Fractile Oskarshamn, M>6 Forsmark, M>6
0.001 1.4 0.8
0.05 4 2.4
0.25 21 12
0.50 42 24
0.75 83 47
0.95 206 118
0.999 247 142

There are no obvious points of reference with which to rigorously test these results. One
test of consistency however, is to compare current levels of seismicity in southern
Sweden with the predicted seismicity rate for the final interval of the glacial stressing
model, which is comparable to the present time. The average of the predicted seismicity
at Forsmark and Oskarshamn for that interval is 0.17 M>3 earthquakes per year for
region within a radius of 100km. For this elicitation Raymond Munier, and Bjérn Lund
assembled earthquake data from the Helsinki earthquake catalogue and Hilmar Bungum
assembled the data from NORSAR catalog. The two data sets, which probably have
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different levels of completeness and span different time intervals, give quite different
levels of seismicity for the SE region of Sweden. The Helsinki catalog indicates about
0.03 earthquakes M>3/a for a region with a radius of 100km, and the NORSAR catalog
indicates about 0.3 earthquakes M>3/a. Hence, predictions of seismicity for the final
stressing stages of the preferred model appear to lie within the uncertainty of current rates
for southern Sweden. The SW region has somewhat higher levels of activity than the SE
region and both catalogs indicate rates of about 0.4 earthquakes M>3/a. In summary, the
model appears to be broadly consistent with current earthquake rates, but the
discrepancies in SE region rates, and the relativelylOsmall numbers of recorded
earthquakes at levels of catalog completeness currently prohibit more robust tests.

Conclusion

As any reader of this report may fairly conclude, this analysis employed numerous
assumptions, simplifications and approximations. In part these were necessitated by the
limited time allotment and restricted scope available for this effort. And in part these
reflect the limited state of information and knowledge to be applied to this question.
These limitations are reflected in the wide uncertainty bands of the predicted glacial
response. It is my opinion that a more comprehensive analysis and study of this question
would clarify many issues and could provide a more reliable prediction of the glacial
response with narrower uncertainties.
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Appendix 8

Glacial load stresses: Can existing faults or other zones of crustal weakness be
reactivated during glacial cycles?

Kurt Lambeck.

Elicitation issue 1.

What will be the frequency of moment magnitude 6.0 or greater per unit area (of 100 km? in middle and
southern Sweden (Forsmark and Oskarshamn) during a glacia cycle assuming conditions similar to the
Weichsel glaciation?

1. Introduction.
The scientific questions underpinning the elicitation question can be reduced to three
broad questions:

1. What isthe evolution of the state of stressin the crust during aglacial cycle or
what is the incremental stressinduced in the crust by the ice loading and
unloading?

2. What isthe background stress regime in the crust in Sweden? In the absence of
glaciation what stress differences occur due to long-term tectonic processes or due
to the inherited structure of the crust and upper mantle?

3. How does the crust respond to the background stress fields and how will it
respond to the super positioning of these fields with the deviatoric glacial
loading/unloading stresses. Will existing faults or other zones of weakness be
reactivated? Are there classes of faults that are preferentially reactivated? How
large will be the resulting earthquakes?

Then, if these questions can be answered it becomes possible to consider answersto the
specific question of the elicitation, for example:

4. What isthe likelihood of fault reactivation at specified localities during past and
future glacial cycles?

5. What isthe probability of such occurrence of at least one large earthquake
occurring at a particular locality during the last glacial cycle?

The answer to the first three general questions has not been formally addressed for
specific locations in Sweden and there is no single body of work from which the answers
can be extracted. Thisisin large part because to answer them requires information from
various disciplines that do not naturally cross paths. The first scientific question requires
knowledge of the past glacial history of Scandinavia as awhole and not just for the final
stages of the last ice sheet but also for the entire cycle. (Glacial cycles are defined here as
the interval between successive interglacials, times when climate conditions were similar
to those of the past ten or so millennia and which repeat at about 110,000 year intervals.)
It also requires an ability to predict the behaviour of the next glacial cycle. (Glacial
cycles, as defined here, have occurred for about one million years and the average
duration of the interglacial phaseis of the order of 10,000 years. Thuswe assume that it
isinevitable that a new onset of glaciation can be expected at some time in the future
unless the physical processes currently operating are disrupted.)
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Beneath a growing ice load the |oad stresses are distributed through the effectively elastic
lithosphere and into the underlying viscous mantle. Beneath the growing load the crust
subsides and on the flanks the crust is deflected upwards, in part because of the flexural
response of the ‘elastic’ layer to the load and in part because the viscous mantle material
beneath the area of loading is displaced sideways. The magnitudes and rates of this
deformation are controlled by the elastic and viscous properties of the lithosphere and
mantle. The stress field generated by the load and the deformation will be approximately
proportional to the second spatial derivative of the deformation. Thusin evaluating the
stressfield afirst step isto evaluate the displacement field. Thislatter isobserved at the
Earth’s surface, both from geological data on time scales of 10° to 10° years and from
geodetic data on time scales of 10° to 10” years so that models for the earth response to
glacia loading can be experimentally tested.

To answer the first question postulated above requires a formulation of the equations
governing the response of a planet to changes in surface loads as well as rheological
properties of the planet. The theory iswell established and the relevant rheological
parameters are usually inferred from the observations of the surface response itself. That
is, for aquantified ice load what rheology is required to satisfy the observed surface
response. But the complexitieslie in the detail for the response a any one location and
time will be afunction of the global changesin load, not just the load at the point in
guestion, and it will be afunction of the history of loading because of the viscous
behaviour displayed by the Earth. That is, the deformation and stress today is afunction
of the anterior evolution of theload. A detailed evaluation of this deformational response
entails a detailed knowledge of the rheological properties, including the mapping of
zones of potential weakness, information that is mostly unavailable and in consequence
the models usually rest on simplifying assumptions about the structure of the crust.

The widespread occurrence of earthquakesin the Earth’s crust indicates that this layer is
stressed even in regions that have not been glaciated or which lie away from the world’'s
tectonically active zones. An ancient continent like Australia, for example, is subject to
large earthquakes even though there has been no active tectonics for a hundred million
years and more anywhere within its borders. Thus the crust can be considered to be
generally closeto acritical stress state such that relatively small changes in stress
orientation or magnitude may reactivate deformation on zones of weakness. Thus
knowledge of the background stress field is required, upon which the glacial-loading
stressfield is superimposed. Thus the second question requires knowledge of the tectonic
processes operating on the Earth as well as of the past processes that have shaped the
planet. These past processes have shaped the topography and internal density distribution
of the crust and mantle and any departures from hydrostatic equilibrium (from the
condition of lateral uniformity of crust and mantle) will create a background stressfield.
On-going processes such as the drivers of plate tectonics will superimpose regional
deviatoric stress fieldsin the upper layers of the Earth. In the case of Scandinavia, does
the sea-floor spreading occurring at the Atlantic Ocean Ridge produce aregional stress
field over Scandinavia over and above the stresses created by topography and internal
density anomalies? To answer these questions requires access to crustal stress/strain
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information that usually comes from arange of field observations of near-surface
conditions.

The third question requires knowledge of the strength of the crust and mantle. When and
where will brittle failure occur in the cold upper layers of the Earth? Are there zones of
weakness where failureis likely to be focussed during increasing stress during aloading
cycle? How are the stresses rearranged once failure occurs? It is at this stage that the
usual theory exhibitsits limitations. The available models al assume that the lithosphere
and mantle can be represented by the equations of continuum mechanics and once failure
occurs they are no longer valid. Thusthey can provide a useful description of conditions
up to the time of failure but not beyond. At this point one turnsto the seismic evidence,
to determine from the field record of seismic activity the frequency with which
earthquakes occur in different tectonic settings and to extrapolate to new stress regimes.
Does present seismicity define zones that are likely to be reactivated during future stress
cycles? Under what stress conditions does this reactivation occur today and how will the
frequency of reactivation be atered in response to a modified stress field?

| have attempted to provide answersto the first of the three general questions using
models and procedures that have been devel oped previously for not necessarily related
purposes. Only some of these results have been published to date. They include results
from asimilarly focussed study of crustal stability in Finland (Lambeck and Purcell,
2003) but use a new ice sheet model for the last glacial cycle that is based on an inversion
of shoreline data spanning the past 140,000 years (Lambeck et al., 2005). The procedures
have been applied specifically here for the localities of interest, Oskarshamn and
Forsmark, and for the last glacial cycle. The resultsfor the deviatoric stress regime
should be representative of the last cycle and they indicate that large stress differences
can devel op depending on the location of the site relative to the ice margin and centre of
ice loading, on the dimensions of theice load, and on the thickness of theice. If the past
ice-cycleisaqguide to the future then these results can be used as an indicator of future
changein crustal stressregime. The second question is answered by a simplified model
in which the background stressis driven by ‘ridge push’; consistent with a body of field
data that suggests a compressive regime across much of Scandinavia (e.g. Zoback, 1992;
Lund and Zoback, 1999). We assume that the present-day observed stress state is largely
free from residual glacial-cycle deviatoric-stresses, as indicated by model calculations
(Lambeck and Purcell, 2003), and that it therefore can be used for extrapolation to past or
future background states. The third question is partly addressed by calculations of the
degree the crust is stabilized or destabilized by the evolving glacial load-stress, using a
parameter known as the change in fault stability margin AFSM (Johnston, 1987; Wu and
Hasegawa, 1996). This parameter determines whether stress on a potential fault shift
towards or away from afailure limit but, because the failure limit is usually unknown, it
does not predict whether failure actually occurs. To establish this latter condition it
should be possible to compare the model calculations against palaco-fault data: if faults
occurred in the past and the magnitude of displacement can be determined then the
comparison with the model-predicted stress conditions would determine the failure limit.
In the case of the Oskarshamn region there may be some evidence that suggests that some
of the late glacial shorelines have been displaced subsequent to their formation (N.-O.
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Svensson) but this needs to be substantiated with further fieldwork. In the absence of that
the calibration can be done using the faults from northern Sweden athough this requires
an assumption of uniformity of crustal properties across Sweden.

2. Evolution of the stress field induced by the last glacial cycle.
2.1 Background
The stress calculation for loading of the earth by a time-dependent surface load, the ice
shest, involves several steps:
(1) definition of the surface load, in this case of the cyclic exchange of mass
between the ice sheets and the oceans,
(i)  establishment of an appropriate earth rheology,
(i)  evaluation of the displacement and strain fields at and within the surface of
the planet, and
(iv)  evaluation of theincremental stressfield.

(1) The surface load assumed for this study is the past ice load over Scandinavia, Arctic
Russia, and the Barents-Kara Seas. Because of a broad regional influence of the North
American ice sheet on the Scandinavian crust the ice model is supplemented with loads
of other ice sheets and, for the sake of completeness, the changing water load in the ocean
basins and adjacent seas. As Scandinavialies on the broad bulge around the larger
Laurentide ice sheet the contribution from the latter is not wholly negligible and resultsin
aspatial asymmetry of the stress field around the Scandinavian load (Lambeck and
Purcell, 2003). Also, for the early part of the cycle, Scandinavia lies on the broad bulge
that formed around the arctic Russian ice and this introduces a temporal asymmetry in the
stress fields for the stages 5 and 4 glacials and the last glacial when there was no or only
very littleice over arctic Russia

The derivation of theice load for the LGM and post-LGM interval has been previously
described and is the outcome of an inversion of sea-level data across northern Europe for
earth-rheology and ice-thickness parameters (Lambeck et al., 1998a). The most recent
iteration of thisinversion is used (Lambeck and Purcell, 2003). Theice load for the pre-
LGM starting with the penultimate glacial maximum (the Saalian) is also based on a
combination of ice-margin information and simple glaciological models constrained by
the inversion of shoreline location and sea level data (Lambeck et a., 2005). This pre-
LGM load history focuses on the interval from the Late Saalian (~ 150,000 -140,000
years ago), the penultimate glacial maximum, through to the Early Middle Weichselian
(~ 60,000 years ago). These latter characterise the onset of the glaciation over
Scandinavia, culminating in the first post-Eemian large-scale glaciation of Sweden. The
model includes an approximate ice history for the Middle Weichselian period from ~
60,000 years ago to the Last Glacial Maximum at ~ 20,000 years ago with a short
interglacial period, the Bg, following stage 4, but does not include well-devel oped Jearen
and Alesund intervals. Thus the results presented here will not contain all of the rapid
fluctuations in the ice advance and retreat that occurred during the latter part of Middle
Weichselian (M1S-3). Overal, theice model used for the past 150,000 years exhibits al
of the characteristics of the last glacial cycle and can be expected to also cover likely
changesin any future cycle.
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Because of the viscoelastic response of the earth the isostatic rebound at any timeisa
function of earlier changesin theice sheet. Thusto model the rebound for the last glacial
cycle an earlier cycle has been introduced in which the total ice volume is consistent with
the global sea-level fluctuations inferred from the marine oxygen isotope record of
Waelbroeck et al. (2002) and in which the ice has been distributed between the
component ice sheets in the same ratios as for the last glacial cycle. In so far asthe
‘memory’ of the previous cycle contributes less than 20% to the sea level signal of the
next cycle, an uncertainty in the early ice sheet of 50% introduces an uncertainty of less
than 10% in the predictions for the next cycle.

(if) Therheology of the Earth’s mantleis assumed to be linear. Thisislargely for
mathematical convenience but it is also consistent with the field evidence. This means
that, for the time and stress scales considered, the earth response is approximated by a
linear rheology quantified by effective parameters that describe the observed rebound
phenomenon on these time scales. The parameters are estimated from the rebound
observations themselves. Strategies have been devel oped that ensure that the ice sheet
and rheological parameters are adequately separated although some correlation may still
occur (Lambeck et al., 1998a,b; Lambeck 1999). That is, different combinations of earth
and ice parameters may describe equally well the observed deformation field and predict
equivalent stressfields. For the following calculations an elastic lithosphere over a
viscoelastic mantle is assumed with elastic moduli estimated at seismic frequencies and
mantle viscosity parameters described in Lambeck and Purcell (2003). Calculations with
arange of model parameters that are consistent with the observed fields indicate that the
uncertainty introduced by this choice is O (10%).

In the model results used below, the adopted effective lithospheric thickness is 80 km and
it includes the crust and part of the upper mantle. Thus on the time scales and stress
levels of glacial cyclesit isthislayer that acts as an elastic layer that is subject to
negligible stress relaxation. The mantle viscosity immediately below the lithosphere is
4x10” Pas.

(i) The theory for the deformation of the Earth under ice and water loads is well
established and theory and solutions have been independently checked. The model isfor
aspherical, radially stratified earth model, with alinear Maxwell visco-elastic response
so that the Love Number formulation can be used (Peltier, 1974; Cathles, 1975). This has
the advantage of maintaining a gravitationally consistent description of the ice-water
load, and of allowing analysis of detailed |oad geometries through harmonic
decomposition of the load and super positioning of the responses to each harmonic
component. The theory used here (Nakada and Lambeck, 1987; Lambeck and Johnston,
1998; Lambeck et al., 2003) is recognised as being both complete and accurate
(Mitrovicaand Milne, 2003). The displacement field includes the horizontal and radial
displacement. Theradial displacements can be tested against the geological field
evidence for sea-level change or the geodetic evidence for radial surface displacement.
The horizontal displacements are not recorded in the geological data and the geodetic
observations are not yet adequate for reliable results. Thus the two components are
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related by the theory of continuum mechanics. This has the consequence that certain
classes of earth models cannot be adequately tested.

(iv) The stress calcul ations associated with the glacial loading and unloading aso follow
established theories for linear viscoelastic bodies using the standard formalism relating
stress to strain rate with appropriate boundary conditions. The latter include zero traction
at the outer surface of the earth and the normal stress at the surface determined by the
load. The normal stress at iso-density surfaces within the earth is specified by the
buoyancy force due to the displacement of more (or less) dense material during
deformation. The results used here have been checked against those developed by Wu
and Hasegawa (1996) (see also Wu et a., 1999: Johnston et al. 1998). The background
stress field includes the hydrostatic field plus, for some of the results discussed below, an
assumed plate-tectonics stress field. The complete deviatoric stress tensor is calculated
as afunction of depth. For the calculation of the stress, but not the strain field, we
assume incompressibility in the lithosphere as this facilitates considerably the solution
through the property relating the radial displacement gradient to the displacement as a
function of position (e.g. Johnston et al. 1998). The full deviatoric stress tensor (the
departure from a hydrostatic reference state) is defined by six elements,,, T4, T, Toos Tz
T Wherer istheradial direction, (positive outwards), 6 (colatitude) isthe direction in the
meridian (positive south — the direction of increasing colatitude), and A (longitude) is
along alatitude circle, (positive eastward). Extensional stresses are defined as positive.

(V) The evaluation of the possible failure mechanisms is done using the Fault Stability
Margin (FSM) criteria. If o,, 0,, and o, represent the maximum, intermediate and
minimum (extensional) principal stress components, then the Fault Stability Marginis
defined as (see Fig. 1)

FSM = B [2%-u(0,+ 05)] — (0, - 03)/12
where

B = sin(tan™ w)/(2u) = (1+u*)™**/2
The cohesion t, and the friction coefficient u define the failure limit of the material
according to Byerlee'slaw

T=Ty-UO
where t isthe shear stress on the fault plane and o is the stress normal to the fault plane
(e.g. Johnson 1970; Jaeger & Cook 1979). Typicaly u=0.6. Interms of a conventional
Mohr representation of stress, the FSM is the minimum distance of the Mohr circle from
the failure limit. The position of thislimit is usually not known but its slope is defined by
u. Inthe above definition of the FSM the principal stresses represent the total stressfield.
The change in Fault Stability Margin from the initial stress statet;, is given by

AFSM = FSM - FSM©
where FSM©is the value for the pre-load condition (the hydrostatic and plate-tectonic
stressfields). The change in Fault Stability Margin is therefore represented by the
amount by which the Mohr circle is displaced towards or away from the failure criteria
[imit when an incremental stress is added to the background stress. With the sign
convention adopted here negative FSM correspond to stable conditions. For the resultsto
be consistent with the usual convention, the sign has been changed throughout. Thus
negative values of AFSM indicate that the Mohr circle has shifted towards the failure
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[imit and that the incremental stress field enhances the likelihood of faulting for optimally
oriented ‘virtual’ faults. That is, existing faults close to this orientation and for which the
background stressis close to critical may be reactivated under the influence of the glacial
unloading. Positive valuesfor the AFSM indicate enhanced fault stability.

Compresion O 05,”  ol®  Extension

Fig. 1. Definition of the Fault Stability Margin FSM. Compressive stresses are
negative. 0, and o, are the maximum and minimum principal stresses of the
reference state and o, and o; are the maximum minimum principal stresses of
the perturbed state. AFSM isthe change in the Fault Stability Margin. Inthis
case it is positive and the incremental stress stabilises the faullt.

2.2 Results

2.2.1 The interval since the Last Glacial Maximum. \We calculate here the isostatic
rebound and the associated stress field for the last two glacial cycles, starting at the
penultimate interglacial at about 240,000 years ago. |f we assume that future cycles will
be similar to the past cycles then we can use this result as a prediction for future change
by equating the Last Interglacial, from 130,000 to 120,000 years ago, with the present
interglacial, the Holocene. For the preliminary results given below we present only the
stress variation during the past 20,000 years, from the LGM to the present. This permitsa
comparison to be made with previously published results. For the preliminary results, the
only background stress considered is the hydrostatic state 6, (i =1,2,3) = pgD where p is
the crustal density, g gravity and D depth in the crust. That is, we assume that before
240,000 years before present the earth was in hydrostatic equilibrium and it is then
cyclically loaded and unloaded up to the present. By starting at this early time we ensure
that any long-period relaxation times are adequately represented. We calculate the
stresses up to the present and any non-hydrostatic components will be today’ s residual
stress from the previous glacial cycles.

Figure 2 illustrates the deviatoric stresses for the Forsmark locality at the surface and at 5
and 15 km depth. The components shown aret,,, T4, T,;, and the other components

T Trr Ty, @€ SMall such that the first three components approximate principal stresses.
(The largest off-diagonal values occur for <, and approach 15% of |t |- They are non-
zero because of the asymmetry of the ice sheet. The componentst,,, T,, are non-zero but
small, the non-zero values resulting from the changing orientation in space of level
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surfaces through time.) The behaviour is similar for the three depths so that it will
generally suffice to consider the results at 15 km as being representative for the crust.
(The model is effectively that of an elastic layer, of depth-dependent properties, over a
viscous mantle. Thusthe load is partly supported by the mantle and the concept of zero
deviatoric stress on a middle plane does not provide a good approximation. Also, the
shear modulus increases with depth and this will aso result in amodified depth
dependence of stress when compared with standard engineering plate solutions. Only at
depths greater than ~ 15 km does the depth dependence become significant.) Note that
compressional stresses are negative. All three major components are compressional with
the radia (positive outwards) being of least absolute value and if failure were to occur it
will be by thrust faulting. Figure 3 gives similar results for Oskarshamn.
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Figure 2. Deviatoric stress at Forsmark from the LGM to the present due to glacial loading and
unloading of the last two glacial cycles. (r,r) ==,,; (phi,phi) = t,; (theta,theta) =,
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Figure 3. Sameas Fig. 2 but for Oskarshamn and at 5 km and 15 km depths only.

At both sites the rapid change in stress at ~ 20,000 years is because in the ice model the
ice load has remained approximately constant from ~ 26,000 to 20,000 years ago and is
then followed by arapid collapse over the Gulf of Bothnia causing the late advance of ice
over the northern European Plain and down the Baltic to Denmark (Lambeck et al.,
2000). The small increase in the magnitude of the stress at ~ 12,000 years is because the
ice retreat halted at this time (the Y ounger Dryas) and asmall increase in ice occurred.
The stresses given above are the incremental stresses from the ice load cycle. The total
stress is the sum of thisfield and the hydrostatic background field (I have ignored other
stress fields for the moment) and thisisillustrated in Fig. 4 as the principal stresses at
both Forsmark and Oskarshamn for 5 km depth. The patterns are similar but the
magnitudes of the stresses differ by afew MPa because of the different ice loads
(magnitude and time of retreat) for the two localities.
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The change in Fault Stability Marginisillustrated in Fig. 5. Initially the values are
positive and the ice stabilises the crust (the Mohr circle is moved away from the failure
limit) but at about the time of retreat of the ice from the region (or when the ice has
become thin) the sign changes and the crustal stability isreduced. The peak destabilising
occurs earlier at Oskarshamn than at Forsmark because of the earlier ice retreat at the first
site and the maximum amplitude of [AFSM| is greater at Forsmark because theice
thickness there was greater than at Oskarshamn.

The table below summarizes the principal stresses at three depths including the
orientation of the maximum compressive stress. The vertical stressisthe least
compressive stress at all times. At Forsmark the orientation of the maximum principal
stress remains nearly constant over the depth range considered but at Oskarshamn the two
horizontal principal stresses change order between 5 and 10 km depth.
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Table 1. Principal compressive stresses as function of depth at time of maximum crustal instability.

Site Time Depth Max.  Azimuth Interm. Least
yr before km comp. (degrees) comp. comp. T,
present (M Peas)) (- ve=west) (MPas.) (MPas.)
Forsmark 10,000 5 180.8 -17 178.2 167.9
10 3466 -19 344.4 334.4
15 5125 -20.1 5104 500.9
Oskarshamn 14,000 5 187.1 -15 181.6 166.7
10 3412 77 338.1 333.3
15 507.3 78 504.8 499.8
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2.2.2 Results for extended time series 140 ka BP to present. The above results are
illustrated below for the longer time series, from the end of the penultimate interglacial at
~140,000 years ago to the present (the load cycle for the previous glaciation is included
hence deviatoric stresses are not zero at the start of the Last Interglacial). The character of
the Weichselian ice margin movements of the adopted model at the two localities can be
seen from Figure 6 which illustrates the radial stress,, at the surface. During the early
Weichselian, the stress fluctuations at the two sites are small because the ice margins
during the stadials M1S-5d and M1S-5b lie to the north of Oskarshamn and only reach
Forsmark during the latter stadial (M1S-5b). The first post-LIg glaciation of the
Oskarshamn region occurs during M1S-4 at ~ 64,000 years ago, with the ice being
significantly thicker over Forsmark than Oskarshamn. Thereafter the southern margin of
the model ice sheet fluctuates rapidly in keeping with the global sea-level oscillations at
thistime. The adopted model includes major ice retreat at the end of M1S-4, during the
Ba Interstadial when the ice retreated from Oskarshamn but not from Forsmark, and
some later rapid but small fluctuations of the ice across the southern area, including a
major Middle Weichselian Baltic Ice Advance at ~ 45,000 years ago. (The Alesund
interstadial at ~ 37,000 years ago which is sometimes taken to be atime of almost total
iceretreat from Scandinavia (Arnold et al., 2002) has not been included in this model. It
will introduce a further oscillation at ~ 37,000 to ~ 33,000 years ago similar to that at ~
45,000 years ago.)
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Figure 6. Theradial stress component at the t,, surface at the two sites.

Figure 7 illustrates the major deviatoric stress components t,,, T, T;, fOr the two sites. In
interpreting such results two factors need to be kept in mind: (i) because the stresses
generated by the surface loads are spatially distributed, the stress at any one site is not
only afunction of the load immediately over the site but also of the loads away from the
site, and (ii) because of the viscous memory of the mantle, the stress at any time reflects
not only the load at that time but also the earlier loads. In consequence, the deviatoric
stresses can fluctuate significantly from one location to another and thisis seen in these
results, with the predicted stress pattern at Oskarshamn being quite different from that at
Forsmark. In particular, extensional deviatoric stresses t,, T,, are predicted to occur at
Oskarshamn at ~ 50,000 years ago, but not at Forsmark because while the former siteis
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ice-freeit lies on the peripheral bulge of the deformation created by the more northern
ice.
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Figure 7. The deviatoric stress componentst,,, Ty, Ty, at (I€ft) Oskarshamn and (right) Forsmark.

Because the work for which the ice model used here has not focussed on the Middle
Weichselian period, theice history for the interval from 60,000 — 30,000 years ago is
uncertain and does not include the Alesund interstadial. Thus predictions of the stress
field for this period are correspondingly less certain than for the other periods and may
undergo additional oscillations in the period 40,000 to 30,000 years ago. Nevertheless,
the ice model captures the main characteristics of the last glacial cycle: theinitial ice
activity being restricted to the high ground of Norway and Sweden followed by periods
of rapid advance of ice from the north and times of ice retreat before the maximum
glaciation develops. Thus while the timing of the predicted stresses may be questioned,
the magnitudes are representative of what will have occurred during the past glacial cycle
and that can be expected to occur during afuture cycle.

Figure 8 illustrates the predicted AFSM for the two locations. The major destabilisation
is predicted to occur at Oskarshamn at ~ 50,000 years ago, corresponding to the time
when rapid fluctuations occur in the location of the ice margin and when the stress field
at Oskarshamn is determined by the flexural stressesin the peripheral zone of the ice load
that extended south to about Forsmark. Any failure at thistime would occur as normal
faulting with a preferred east-west fault orientation.
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Figure 8. AFSM predictions for the Forsmark (blue) and Oskarshamn (red) locations indicating
the styles of preferred faulting should failure occur. The predictions are for adepth of 5
km. No in-plane stress has been applied. Thetime scale at the top of the diagram isthe
schematic future change assuming that (i) we are near the end of the present interglacial
and (ii) that the next glacial cycle replicates the past cycle.

2.3 An answer to the first general question.

The incremental stress regime during a past glacial cycle can be predicted with some
confidence once the glacia history has been quantified. This quantification still contains
elements of speculation because of the incomplete preservation of the records for the past
glacial advances and retreats. But the model adopted here is believed to have the
characteristics of atypical glacial cyclewithinitially slow build up and the peak
glaciation coming only late in the cycle. The calculations show that the predicted stress
fields vary significantly from location to location, particularly when the ice sheets grow
larger and the sites lie close to maximum ice margins. This arises because of the
dependence of the flexural stressesin the peripheral bulge zone on both the height and
radius of the ice sheet (c.f. Figure 4, Lambeck and Nakiboglu, 1980). Thus Forsmark is
an intrinsically more stable site than Oskarshamn, all other factors being the same,
because when it lies on the bulge, the ice sheet creating it isrelatively small and localised
over northern Sweden. But Oskarshamn in on the bulge only when the ice sheet has
become correspondingly larger. Were failure to occur at either site during the glacial
cycleit would be seen preferentially as normal faulting at the Oskarshamn locality at the
time that the ice sheet first reached into southern-central Sweden. How the crust actually
responds will depend on the stabilizing influence, or otherwise, of the background stress
field.
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The most notable result is the large instability that devel ops at Oskarshamn at the end of
MIS-4. Thisglacial stage isunusual for thelast cycleinthat it is the first time since the
last interglacial that alarge ice sheet develops over Scandinavia, one that begins to match
the subsequent glacial maximum during stage 2, while at the same time the last of the
large Russian ice sheets centred on the Kara Sea (Svendssen et al., 2004), began its
retreat. During the retreat of these ice loads, southern Sweden lies on the bulge of both
ice loads and the component stress field are both extensional such that their combined
effect isto introduce the crustal instability noted in Fig. 8. Astheice sheetsretreat the
extensional stresses grow until the time of the next ice advance over the area at 50 ka
when the load stress exerts a stabilising influence. During this time central Sweden
remains beneath the ice and the effects of the two loads tend to cancel out. A similar but
smaller amplitude instability develops in southern Sweden during the earlier stadial, MIS-
5b.

3. Background tectonic stress field.

3.1. Results

The background tectonic stress comprises several components. One part is topographic
stress and this would evolve slowly with time due to erosion and sedimentation. It has
been demonstrated that this can be a significant component along the Norway margin but
it has not been previously considered for Sweden. These stresses will typically be of the
order pgh where p isthe crustal anomaly, g gravity and 4 the elevation. Another
component is the non-hydrostatic stress resulting from density anomaliesin the crust and
upper mantle. These will be comparable to the topographic anomalies because of the
general state of isostasy reached in the crust. We do not consider these components here
because for both localities the topographic variations are relatively small. The third
component is the plate tectonics stress.

This stressfield can be inferred from the present-day stress orientation measurements on
the assumption that these stresses now dominate the largely relaxed glacial-load stresses.
Such measurements (Stephansson, 1989, 1993; Claus et al., 1989) show considerable
variability probably due to topographic stresses and to internal crustal structures
including faults. Stressindicators from depths of 300 m or greater show greater
consistency and point to a mainly NW-SE direction of maximum compression (Zoback,
1992; Lund and Zoback, 1999). Thus| assume that the principal tectonic stressis one of
compression, with the maximum stress orientation being NW-SE. | do not specify the
stress magnitude since thisis largely unknown but also because it is only the stress
difference that isimportant in defining the AFSM (Wu & Hasegawa, 1996). Estimates of
~5-10 MPafor the stress drop on some of the palaeo faults of Sweden (Arvidsson 1996)
suggest that an appropriate value for the maximum stress difference for the plate-tectonic
stressis of this amplitude and | adopt 10 MPa.

The background stress field modifies the Mohr circle construction in Fig. 1 in two ways:
the centre of the Mohr circle shift along the principal stress axis and the radius of the
circleismodified. Beneath theice acompressive regional stress field shifts the Mohr
circle to higher (negative) values and the radius increases such that the two modifications
compensate and the AFSM estimate remains unchanged, provided that the deviatoric in-
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plane stresses are less than the principal load stresses as will generally be the case for
large ice sheets (c.f. Fig. 2). Only near the margins of the ice sheet will the effects of a
compressive regional stress field modify the AFSM estimates in any significant manner.
In particular, where the incremental (glacial load) stressfield is extensional the effect of
the in--plane stressis to drive the crust to a state of greater stability and to change the
potential style of faulting from normal to thrust. Hence we can expect that the southern
Sweden results will be more sensitive to the choice of in-plane stress parameters than the
central Sweden results.

Thisisillustrated in Figure 9 for the two sites and for ,,"*-0,™" = -10 MPawith a NW-
SE orientation for the maximum horizontal stress axis o,™. The results are for 5 km and
are representative of upper crustal depths.

time (kainto future)

0 40 80 120
| I T | | T
Sadlian | Eemian Weichselian | Holo-
0 Early ‘ Middle ' Late | cene
MIS-4 B
\ wis-so M ¢ * ’ Forsmark

| J\/\/m

NV
3 5 Oskarshamv\ /
=
3 .
3 Depth = 5km | Mixed |
10 P \J >
Thrust h N Thrust .
-15 < Ny, < > < Ny,
Thrust predominantly Thrust
Normal
-20
150 100 50 0
time (kaBP) (-10, 0)
Figure 9. Same as Figure 8 but with an in-plane stress state of 0,,™-0,™" = -10 MPa and with the

maximum stress direction from NW to SE.

Thisresult differs from the zero in-plane stress case primarily during the Middle
Weichselian interval and then at the Oskarshamn site only, with the crust moving towards
amore stable state and the possibility of failure by normal faulting is now decreased to a
short time interval only, from 56,000 to 44,000 years ago.

3.2 An answer to the second general question.

A consensus opinion on the background stress field would be that it is compressive with
the axis of maximum in-plane stress oriented normally to the Atlantic Ridge axis. There
is also a consensus that the stress drops for large Scandinavian earthquakesis of the order
-10 MPa, which suggests that the crust in compression is able to support stresses up to
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about thislimit. The effect of the in-plane stressesisto stabilize the crust in two
important ways: (i) the stress state moves away from the failure limit when compared
with the zero in-plane stress state, and the nature of faults with preferred orientation
changes from normal to thrust (compare Figures 8 and 9). The total stress state again is
gpatially variable and the maximum departures from stability occur at Oskarshamn for the
same reason as for the zero in-plane case.

4. The state of stress in Northern Sweden after the last glaciation.

The predictions discussed above indicate that substantial stress differences can develop in
the crust during aglacia stress cycle and that there is a potential for reactivation of
existing faults or zones of weakness. If this has occurred at either locality it should be
seen mainly at times when particular combinations of ice sheet margin, ice thickness and
site location occur. Such conditions are most likely to occur when the site lies near the
edge of alarge ice sheet and of the two locations considered, the Oskarshamn region is
more likely to be subject to earthquake triggering than the Forsmark area, all other factors
being the same. The most probable time of occurrence during the last glacial cycleis
prior to the LGM but if surface faulting had occurred the surface evidence will have been
largely erased by the last part of the glacial advance and retreat. These Middle
Welichselian stresses are larger than during the last phase of deglaciation because at this
latter time there is not the contribution from an eastern ice load.

Where unambiguous postglacial faulting has occurred is in northern Sweden with the
well-known post-glacial faults (Lagerbéack, 1990, 1992), the largest of which Parvi Fault
with an estimated moment magnitude of 7.6 according to Olesen et a. (2004) or 8.1-8.2
according to Bungum et al. (2005) and Arvidsson (1996). To establish an empirical
relationship between moment magnitude and the AFSM estimates, the stress state for
northern Sweden has been cal culated using the same procedure as for the Forsmark and
Oskarshamn sites. Results are shown in Figure 10 for three fault locations; Langarv,

Lainio and Pérvi for the same in-plane force case asin Fig. 9.
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Figure 10. Predicted AFSM values at three of the northern Sweden faults for the case with in-plane
horizontal stressand at 5 km depth.
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Asthethree sites al lie well within the ice margins at all times of major glaciation, these
results are largely unaffected by the choice of in-plane stress provided that the deviatoric
stress of the latter is less than the incremental |oad stresses at these sites. The results
indicate that the maximum departure from stability occurs after the retreat of theice from
the region, particularly at the end of the glacial maxima at 9000-10,000 years (calibrated)
before present, consistent with estimates of the age of the faults (Lagerback, 1979, 1992),
and at the end of the penultimate interglacial, but also at the end of the M1S-4 glaciation.
Thus the faults can be expected to be reactivated several times during any one glacial
cycle and as there have been at least 8 magjor cycles since the onset of the present glacial
pattern, it would not be surprising if the earthquake zones represent major zones of
weakness as a result of repeated faulting.
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Figure 11. Predicted AFSM values at 10,000 years ago along a section from the Norwegian shelf near
Lofoten to the Gulf of Bothniafor the two in-plane stress states (blue zero in-plane stress, red, deviatoric
stress of =10 MPa) and at 5 km depth. The top part of the figure indicates the predicted orientation of the
maximum horizontal stress vector for the two cases.
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The change in AFSM aong a section across northern Sweden and Norway at 10,000
years ago is shown in Figure 11 for the two background stress states. Only at the margins
of the former ice sheets, in this case at the Norwegian margin, do the two cases differ in
both the magnitude of the AFSM and in the style of faulting. The value ranges between -
3 and -4 MPa over the area encompassed by the faults with failure occurring by thrusting.
Only at the Atlantic coast does the preferential fault mechanism change, rotating from
thrust through strike dlip to normal. The orientation of the maximum principa horizontal
stressisalso indicated in Figure 11. For the zero in-plane stress condition this azimuth
rotates from ~-36° at Langjarv to about -73° at Pérvi fault but when the in-plane forceis
introduced this rotation is much less significant (~ 10°) and within observational noise.

Generally these model predictions for the northern Swedish region are consistent with the
field evidence for the faults and styles of faulting, suggesting that the model predictions
should also be realistic for the southern and central Sweden localities discussed above. In
one regard the situation in northern Sweden differs from that in southern-central Sweden
in that the topographic relief, including that of the Norwegian shelf is more important and
the background stress may need to be modified to take this into account. In addition,
there may be along-term evolution of this stressif erosion and sedimentation has been
significant. The erosion-sedimentation stressis primarily that predicted by elastic plate
theory since the time constants here are probably longer than for the glacial 1oading
cycle; thus, at the surface, extensional stresswill occur at the locus of unloading and
compressive stress at the centre of sediment loading across the shelf. Some ssimple
models for this stress field have been considered in the context of studying the stability of
the shelf margin during glacial loading (Lambeck and Purcell, 2002) which indicate that
thisincremental stress field may amplify the instabilities for sites closer to the coast such
that if this effect was included for the above transect it would drive the crust further from
stability at sites such as Parvi than at Langjérv. Estimates for this contribution are of the
order of 0.2 MPafor an average plateau erosion of 10m and fjord deepening of 40 m per
glacial cycle with offshore deposition of 50% of the material eroded at any time
(Lambeck and Purcell, 2002). Thisislessthan the uncertainty in the glacial stress
estimates and this contribution can probably be ignored. It is, however, interesting to
note that the Pérvi fault is larger than the onesto the east, although the stress calculation
suggests that the deviatoric glacial-rebound stresses are the largest and this may be a
consequence of these additional incremental stress fields.

5. The response of the crust to glacial loading at Forsmark and Oskarshamn.

The results for northern Sweden indicate that failure can occur with earthquakes of
seismic moments up to 7.6 at atime that AFSM ~ -4 MPa. On the assumption of uniform
rheology and distribution of faults between this region and the Forsmark and Oskarshamn
areas (I am not aware of evidence that would allow me to avoid this assumption) then,
with Figure 9, we would infer that failureis likely to occur at the Oskarshamn locality, if
there are zones of weakness with preferred orientation. In contrast, failure is not
predicted for the Forsmark site. Comparing the Oskarshamn and northern Sweden results
(Figures 9 and 10) indicate that the maximum departure from stability occurs at the
former site with AFSM values of the order of —10 MPa during the special 1oad
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configuration of M1S-4 whereas such values are approached in northern Sweden only at
the end of the intense penultimate glaciation. Thus major failure would be predicted to
have occurred at that time, and at the end of earlier major glaciations, with reactivation
having occurred at the end of the last glaciation. In contrast, the last opportunity for
failure at Oskarshamn would have occurred before the last glacial maximum and, in a
region where the ice was probably warm-based, the morphological evidence for surface
faulting can be expected to have been largely removed.

6. Response to Elicitation issue 1.

6.1 Preamble

The results for northern Sweden suggest that one can have confidence in the principles of
the model stress calculation and on the inferences of when the crust approaches more
stable or less stable states. Different parameters for the earth structure and rheology will
change the magnitudes of the stress estimates but | would not expect a change in the
overall stressregime. The biggest uncertainty resides in the assumptions about the ice
history. Future glacial cycles are likely to exhibit the same cyclic behaviour of theice
sheet growing and retreating with successive advances extending further south. The early
part of the cycleis unlikely to produce large deviatoric stress fields. Sites where (i) the
iceisnot very thick and (ii) that do not lie near the margin of ‘large’ ice sheets are
unlikely to be subject to large negative AFSM values. Forsmark satisfies these criteria,
Oskarshamn less so.

The Northern Sweden earthquakes indicate that moment-magnitude 7.6 earthquakes do
occur when AFSM values are ~ -5 MPa. Such values are predicted for Oskarshamn but
not for Forsmark. Based on the mapping of the northern area, thereis > 100 km between
faults with ~ 12 faultsin an area 400x400 km. Thus the probability of an earthquake
occurring in aunit area of 100 km? of northern Sweden in the immediate post-glacial
period is~1/130 (or ~1 in 4 for an area of radius of 100 km).

AFSM values of -5 MPa can be reached at Oskarshamn at least once during atypical
glacial cycle. Thefaultsthat will be preferentially reactivated at such times are normal
faults. If such faults exist then there is a potentia for crustal failure. By analogy with the
Northern Sweden evidence, the probability of such failure occurring once in any unit of
100 km? is 1/130. This assumesthat every unit of area has asimilar distribution of zones
of weakness and has had asimilar glacial-stress cycle. The present background
seismicity at Oskarshamn appearsto be relatively low, suggesting that there are no zones
of particular weakness in the area and that any present energy release occurs
preferentially away from the area. Thus the above estimate of 1/130 islikely to be an
upper limit. If | use the current density of earthquakes as a measure of stability (crust
twice as stable as half the number of earthquakes) then | would place alower limit (30) at
1/400. Because | do not have knowledge of the structural geology and cannot assess
whether there is a probability of there being unmapped faults, | would place an upper
limit (30') at 1/100.

In contrast to Oskarshamn, Forsmark is an areathat isless likely to be destabilized at any
time during glacial cycles unless future glaciations are more intense than that of the Late
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Saalian. Perhaps as a corollary, the location is also one where current seismic activity is
low compared with other regions. The Late Saalian glaciation appears to have been the
most intensive one since the onset of the 100,000-year cycle about 800,000 years ago.
Thus the probability of such an intense glaciation occurring again is taken at 1/8.

6.2 Inference:

Oskarshamn: Some seismic activity at the level of moment-magnitude 7.6 may be
triggered by glaciations in southern Sweden during afull glacial cycle at times of
particular ice geometries. Such geometry is predicted to occur about once in aglacial
cycle. At that time, the probability of at least one earthquake of such magnitude
occurring in aunit area of 100 km? is about 1 in 130 within acycle of 100,000 years. For
areas where the current seismicity is low, this probability will be reduced. My
assessment that 1/130 is a reasonabl e estimate for the probability, with limits of 1/400
and 1/100 (3o estimates).

Forsmark: Seismic activity at the level of moment-magnitude 7.6 is unlikely to be
triggered by glaciations in central Sweden during afull glacial cycle. In addition, current
background seismicity islow. Thus probabilities will be less than that for Oskarshamn. |
place the probability of an earthquake of moment-magnitude 7.6 occurring in aunit area
of 100 km? at about an order of magnitude less.
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Appendix 9

Large earthquakes during a glacial cycle

Report to the June 2005 SSI expert panel

Bjorn Lund
Department of Earth Sciences

Uppsala University
Sweden

1 Introduction

This report contains my contribution to the Swedish Radiation Protection Authority (SSI)
expert panel elicitation on earthquakes during a glacial cycle. On May 17-18, 2005, SSI
gathered a panel of five experts in order both to evaluate an elicitation methodblogy [
and Jensen2002] and to obtain expert opinion on the likelihood of large earthquakes due to
glaciation. It was pointed out by SSI that the numbers resulting from the elicitation process
were not going to be used as the basis for a hazard assessment for a nuclear waste repository.
The experts were allocated five days of work on the elicitation issues and were then due to
meet again for two days, June 20-21, 2005, to present their results and to participate in the
actual elicitation.

During the initial meeting, we discussed two proposed elicitation issues and decided to
focus on the first issue, with experts addressing the second issue only if there was enough
time. The first issue was slightly modified from the original formulation:

Elicitation issue 1 What will be the frequency of moment magnitude 6.0 or greater earth-
guakes per unit area (e.g. per 100 sq. km) in the middle and south of Sweden (Fors-
mark and Oskarshamn) during a glacial cycle (approximately 100000 yr) assuming
conditions similar to the Weichsel glaciation? Give an uncertainty distribution for this
quantity for each area.

Two common assumptions were made:

1. The maximum earthquake moment magnitude should be 7.6 (nominal value for
the Parve fault$tewart et al.2000]).

2. A thickness of the seismogenic crust of 30 km.
| have addressed the issue with the following modifications.

1. As a background, non-glacial seismicity rate | have used the references agreed on
during the first meeting, which are cast in terms of local magnitudes, not necessarily
based on moment magnitudes.
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2. | have used a circular area of radius 100 km, i.e. 314d5%

3. The glacial model supplied by Kurt Lambedlainbeck2005] has a time step starting
at 106.5 kyr BP, which | used as the starting point for my analysis.

This report contains the basic assumptions underlying my analysis, a description of the
method | used and comments on the uncertainties. It should be noted that the five days
allocated for this work did not allow a full analysis with proper treatment of uncertainties
and modelling verification.

2 Approach to elicitation issue 1

The influence of a large ice sheet on seismogenesis has been discussed using essentially
two different lines of thought. On one hand, as discussed byJelgnston[1987, 1989],

an ice sheet suppresses the seismicity induced by tectonic loading, causing strain energy to
accumulate and then be released in a burst at the end of deglaciation. On the other hand, as
modelled by e.gQuinlan[1984]; Wu and Hasegawfl996]; Johnston et al[1998]; Lund

[2005], fault stability during the glacial cycle is affected by the stresses induced in the Earth
by the ice load. In this report, | will follow the latter approach but instead of neglecting the
tectonic strain release | will allow it as a constant seismic base rate in the calculations that
follow. This is not in agreement with the suppression of seismicity observed bjofugston

[1987], but is a simple way to incorporate the tectonic strain effect.

As the basis for my work here | have utilized the models of glacially induced stresses
provided by K. Lambecklfambeck and PurcelR003;Lambeck 2005] to the expert panel;
current seismicity in southern Sweden as reported by the Helsinki bulletin, the Swedish Na-
tional Seismic Network and the compilation bgPoint et al.[1999]; the maximum magni-
tude earthquake agreed on in the elicitation question; and a model for the temporal evolution
of seismicity byKing and Bowmat2003]. Using the glacially induced stresses | have esti-
mated the stability of faults during the glacial cycle for different assumptions on the existing
tectonic stress field. The resulting temporal variations in fault stability were then used as a
basis for estimating the temporal variation in seismicity rate, using a variation on the method
proposed byKing and Bowmaifi2003] and estimates of the current background rate and the
maximum activity rate. Finally, the number of earthquakes of magnitude six or higher were
summed over the glacial cycle.

3 Glacially induced stresses

The modelling of the Earth’s response to an ice load, i.e. Glacial Isostatic Adjustment, is
nowadays rather well understood and developed. Refinements such as fully three-dimensional
and high resolution models are still emerging, but the fundamental aspects of lithospheric
bending and glacial rebound is well established, see Lambeck’s contribution to this compila-
tion. Climate driven ice sheet models [@&@slund et al.2003] and a multitude of empirical

data such as shore-line displacements, lake-level data, glacial moraines etc. provide further
evidence that there is good reason to believe that a future glaciation will not be fundamen-
tally different to the latest glaciation. For the purpose of estimating crustal stresses during
the next glacial cycle we will, therefore, use the stresses estimated from the Weichselian ice
sheet model oEambecl{2005]; Lambeck and Purce[R003].
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Figure 1: Evolution of the stress field at 5 km depth at Forsmark (left) and Oskarshamn (right).
oy IS the radial (vertical) componentyy the colatitude (south horizontal) component angd the
meridian (east horizontal) component. These stresses only contain the glacially induced stresses.
FromLambecK2005], Fig. 7.

Figure 1, fromLambecK2005], shows the evolution of the horizontal and vertical stresses
at Forsmark and Oskarshamn during the last interglacial and the subsequent Weichselian ice
age. We see the decrease in stress at the end of the previous glaciation, at approximately
135 kyr BP, how Oskarshamn is virtually ice free (the vertical stress,is approximately
zero) until 65 kyr BP and how there is varying, but increasing each time, ice coverage over
Forsmark. The large tensional stresses induced at Oskarshamn are due to the fore-bulge cre-
ated by the thickening of the ice sheet to the north. Through the final stage of the glaciation
both Oskarshamn and Forsmark are covered by thick ice and, thus, show similar behavior.
We note that the horizontal stresses are always larger in magnitude than the vertical stress.
The reversal in which of the horizontal stresses is the largest between the two sites are due
to three-dimensional effecttgmbeck 2005, personal communicajion

Fig. 1 shows that the glacially induced stresses are very sensitive to the location of the ice
margin. In addition, the stresses also depend on the slope of the ice margin and the thickness
of the ice. Hence, small variations in the ice model have can have large impact on the
stress levels so, due to the inherent uncertainties in our knowledge of the location of the ice
front in a subsequent glaciation, | will not treat Oskarshamn and Forsmark as separate sites
but instead perform the analysis using the modelled stresses from the two sites as possible
variations at a single site in southeastern Sweden.

4 Fault stability during the glacial cycle

The stability of faults in the stress fields created by a glaciation depends on a number of
factors in addition to the glacially induced stresses. The background, tectonic stress field,
the strength of the crust and pore pressure effects are all vital to an analysis of fault stability
[see e.gWu and Hasegawd 996;Lund, 2005]. The following analysis will be based on the
Coulomb failure function

CFF =1 — u(o, — P) — 19 Q)
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wherer ando,, are the shear and normal stresses on the fault pjarsethe coefficient of
friction, P the pore pressure ang the cohesion. Th€FF measure is positive when the
shear stress on the fault is large enough to cause failure, and negative if the fault is stable. As
is customary when analyzing fault stability at depth in the crust, the cohesion will be ignored

in the following. Pore pressure effects are very important for fault stability and the addition

to the crustal pore pressure from the ice sheet is likely to be varying substantially in time and
space due to varying basal pore pressure conditions. In the analysis presented here | have
considered a hydrostatic pore pressure in the crust without contribution from the ice sheet,
I.e. assuming very low pore pressure under the ice sheet.

The initial stress field, in this case the sum of the lithostatic (overburden) stress, the
tectonic stresses and any other contributors to the stress field such as topography or varying
layer thicknesses in the Earth, is very important when assessing the likelihood of of fault
instability. On the scale of plate tectonics, a glacial cycle of 100 kyr is a short time and
we would, therefore, expect the preglacial tectonic stress field to be similar to the current
tectonic stress field. Erosion during glaciation affect the topography, and thus the stresses,
but this is a relatively small effect. Approximately 10 kyr have passed since the last ice left
southern Sweden and any remaining glacially induced stresses are modelled to be very small.
I will, thus, consider the initial stress field to be similar to the current ambient stress field.

What the current ambient stress field is, is however not a trivial problem. There are not
many stress measurements made below 1 km depth in Sweden, and stresses above 1 km are
generally severely affected by local geological conditidglsnga[1991] showed that earth-
guake focal mechanisms in southern Sweden generally agree on a strike-slip state of stress
with a direction of maximum horizontal compressionMN60°W. Lund and Zoback1999]
found a strike-slip regime with the maximum horizontal stress in the dire¢t@gitW in
the two deep boreholes in Siljan, central Sweden. A number of authors have found that
individual earthquakes in Sweden show large variation in their focal mechanisms, from nor-
mal to reverse faulting, with an increasing number of reverse faulting mechanisms in the
more northerly parts of Sweden. Magnitudes of the in-situ stresses are even more elusive, an
exception being theund and Zoback1999] study. In the following, | will use both a strike-
slip and a reverse faulting ambient stress field. Since there is so little data, | will assume an
initial crustal stress field in failure equilibrium on optimally oriented faults, using laboratory
derived coefficients of friction [segoback and Townen@001, for a short review]. The sta-
bility analysis below will consider the stability of the most unstable, i.e. optimally oriented,
faults in the area. | use a coefficient of friction of 0.6 when constructing the initial stress field
and when analyzing fault stability with the Coulomb failure function.

Fig. 2 shows the inferred stability of optimally oriented faults in the Oskarshamn and
Forsmark areas for a variety of different initial stress states. Generally, we see that the direc-
tion of the maximum horizontal stressy, has very little effect on fault stability. Comparing
with Fig. 1, we also see that in the case of a reverse faulting stress state, stability is enhanced
when the sites are ice covered and instability is promoted during phases of rapid deglacia-
tion, both at the end of the previous glaciation and at the end of the Weichsel glaciation.
The onset of instability comes earlier at Oskarshamn than at Forsmark, as expected by the
deglaciation history. We note that the general collapse of the ice sheet at approximately 19
kyr BP destabilizes faults in Oskarshamn but not in Forsmark, where further deglaciation is
necessary before instability occurs.

Turning instead to the strike-slip initial states in Fig. 2, we see that there is some differ-
ence between the two initial states, the purple state based dmutiteand Zoback1999]
being at all times more stable than the green state. This is due to the difference between the
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Figure 2: Estimated fault stability at Forsmark (upper) and Oskarshamn (lower) during the glacial
cycle. Red, blue and green lines use an initial state of stress in frictional equilibrium (see text) whereas
the purple line uses the stress state filaimd and Zoback1999]. Red lines have a reverse faulting
initial state of stress, with maximum horizontal stresg, in the directionN65°W. Blue lines have

a reverse faulting initial state of stress witly E-W, approximately parallel to the ice edge. Green
lines have a strike-slip faulting initial stress state with in the directionN65°W.

horizontal stress magnitudes being lower in thend and Zoback1999] stress state than

for the state constructed to be in frictional equilibrium using a coefficient of friction of 0.6.

We also note a large difference between the two sites. As discussed above, the Oskarshamn
region experiences a glacially induced tensile horizontal stress during the growth of the ice
sheet 60-50 kyr BP. At that time, Oskarshamn is in the fore-bulge of the bending lithosphere
and with a strike-slip initial state, fault instability is strongly promoted. During the most
heavily glaciated times, faults are stabilized and the deglaciation does not cause any strong
tendencies for fault instability, as in the reverse faulting case. At Forsmark, the strike-slip
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state has indications of fault instability during the early glacial phase, but for most of the
glacial cycle faults in Forsmark are stabilized by the glaciation.

Summarizing, we see that a reverse faulting state of stress causes fault instability at
deglaciation in both areas. The combination of high horizontal stresses from the initial
stress state and high residual horizontal stresses from the glaciation, after the ice has dis-
appeared, will always cause fault instability at deglaciation. A strike-slip initial state, which
is more likely considering the current stress field in southern Sweden, will however not pro-
duce similar conditions of fault instability at deglaciation. It is more likely that strong fault
instability was present during mid-glacial times. The large difference between Oskarshamn
and Forsmark depend on details of the ice model. It is, probably, not unlikely that conditions
similar to those modelled for Oskarshamn could occur in Forsmark and | will, therefore, not
distinguish between the two sites in the further analysis.

EARTHQUAKES [N NORTHERN EUROPE IN 1965-2003

Epkenters for 1965-2002 ‘*'0‘}1; \50"‘3\ Epienters for 2003
magnitnde magnitnde
1 PR 3

3 3
4 4
5 5
6 6

e

Teangverse Meeator puojection Tnditole of Sz kooology, T nive ity of Helzinki

Figure 3:Seismicity of northern Europe, 1965 - 2003, as recorded by the Helsinki bulfétioat,
2005]. Note the scarcity of events in southeastern Sweden.
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5 Seismicity of southeastern Sweden

The stresses induced by a glaciation will modify the non-glacial seismicity of an area, in-
creasing or decreasing it as faults are moved closer to, or further away from, stability. In
order to establish the background seismicity, we have investigated a number of different
sources of seismic data for the region of interest. Both Forsmark and Oskarshamn are lo-
cated in areas of very low seismicity, as is much of southeastern Sweden, see Fig. 3. The
Helsinki catalog Fincat, 2005] contains data from region, which is reasonably accurate from
approximately 1965. The magnitude of completeness is probably around 2.5, which is very
high compared to the maximum recorded magnitude in the region, which is on the order of
3.5 during the time of the cataloglLdPoint et al, 1999] estimated a magnitude-frequency
relation for southeastern Sweden, which they normalized to a circular region of radius 100
km (31415km?) and a time of 100 kyr, see TR-99-03 in Fig. 4. In the Figure | have included
frequency-magnitude relationships for 40 years of data from the Helsinki cafalocai,
2005] for southeastern Sweden (red line), as defined in the note supplied to the expert panel
by SKB [Munier, 2005]. | also included an estimate based on only 3.2 years of data, scaled
to 40 years, from the new Swedish National Seismic Network (SNSN) (purple Bi&)-[
varsson and Lund2003]. We see that the Helsinki and SNSN estimates are lower than the
[LaPoint et al, 1999], but since | have not carried out an in-depth analysis of the data, |
will use the LaPoint et al, 1999] data as the current seismicity, and also as the constant
tectonic background seismicity. This background rate will produce 2.7 events equal to or
above magnitude six in the circular area in 100 kyatifoint et al, 1999].

Elicitation issue 1 was formulated using a maximum magnitude earthquake for Sweden
during the glacial cycle. | will use this event, and a Gutenberg-Richter relation based on the
event and a b-value of approximately one, as the basis for a model of the seismicity at the

Figure 4:Gutenberg-Richter relationships for various earthquake data sets for southeastern Sweden.
TR-99-03 is thellaPoint et al, 1999] data, FINCAT is the Helsinki bulletin and SNSN the data from
the new Swedish National Seismic Network, see the text for details.
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time of peak activity during the glacial cycle, whenever that period occurs.

6 Modelling stress evolution

The stability analysis performed above gives an indication of how stable faults are at dif-
ferent times during the glacial cycle. In order to use this information to estimate seismicity
levels, | use a model bi&ing and Bowmarj2003] for earthquake statistics based on Mohr-
Coulomb failure stress considerations. They studied the evolution of seismicity between
large earthquakes, using the stress field induced by the earthquake together with tectonic
stress accumulation with time. The model considers an inhomogeneous background stress
field where faults are at or below failure in a random pattern. This background field is then
disturbed by the occurrence of a large earthquake, which increases stress in some areas,
causing aftershocks, and relaxes stress in other areas. As tectonics reload the fault region,
earthquakes are produced in the areas where stress increases. Tectonic strain accumulation
Is continued until the area is ready for another large earthqusikg. and Bowmarj2003]

use a rectangular grid of 300 by 300 nodes to which they randomly assign a Coulomb failure
stress. The evolving stress field is added at the nodes and nodes at which the Coulomb stress
reaches failure are counted as earthquakes. The magnitude of an event depends on how many
failing nodes (V) are connected, all connected nodes are counted as one event with the mag-
nitude determined a&/ = N%3. The model produces enough earthquakes at each time step

to estimate the Gutenberg-Richter relation, which makes it possible to investigate b-value
variations.

The King and Bowmarj2003] model considers an area where large earthquakes and
tectonic strain accumulation combine to produce spatially and temporally varying stresses
which affect the inhomogeneous background field. This approach is not directly applicable
to the situation considered here, which studies two separate sites where stress is only varying
in time, with the glacial cycle. However, the model can still be used to generate frequency-
magnitude relationships for the stress fields pertaining to different times in the glacial cycle.
| generate a grid of randomly distributed CFF-values, mostly below the failure threshold but
with enough nodes above the threshold to reproduce the background seismicity Gutenberg-
Richter relationship. | then proceed to model the Gutenberg-Richter relationship for the time
period of the maximum magnitude eveiM,y = 7.6, by adding the maximum CFF value
for the considered scenario to all the nodes, as well as by increasing the area of the model.
The increase in grid size for increasing CFF-stress is necessary in order to not underestimate
the number of smaller events. | use the following relationship between magnitude and the
number of failing nodesM = N°6, Gutenberg-Richter curves for all other times in the
considered scenario can then be generated from the model using appropriate scaling of CFF
values and model size. If, however, the glacial stresses are such as to increase the stability
of faults, | do not estimate Gutenberg-Richter curves below the background seismicity, but
rather let the background stay constant.

Fig. 5 shows thd.aPoint et al.[1999] reference curve, scaled to 1 kyr, as well as my
model results for the background seismicity rate and the 1 kyr time interval of maximum
activity. We see that the background model curve agrees very well withaReint et al.

[1999] curve, and that the maximum curve has a reasonable b-value of 0.92. Note that the
maximum activity curve has been scaled to a circular area of radius 100 km, from the area
of Sweden (450000 square km). My implementation of the Gutenberg-Richter relationship
for the maximum magnitude event implies that as the maximum magnitude increases, the
number of smaller events will also increase. Also note that the time of maximum activity is
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Figure 5: Gutenberg-Richter curves of seismicity for a circular area of radius 100 km and 1 kyr.
Blue is the background curve given irmPoint et al.[1999], purple the model based background
curve and red the model curve for the time interval when the maximum magnitude event, M=7.6,
occurs somewhere in Sweden.

considered to occur when the CFF stress is the largest, without regard to the actual value of
that stress. This disregards the large absolute difference between the maximum CFF stresses
in, e.g., the Forsmark reverse faulting initial case (max CFF = 2.5 MPa) and the Oskarshamn
strike-slip initial case (max CFF = 14 MPa). One could claim that the latter case should
experience more, or larger magnitude, seismicity due to the larger stressing rates. | have,
however, considered each case in isolation and only assumed that the time of maximum CFF
gives the time of maximum activity.

7 Results

| have used two of the results of the stability analysis above in order to estimate earthquake
activity during the glacial cycle, using the modelling outlined above. The Forsmark stability
analysis for a reverse faulting initial stress state, applied to optimally oriented faults, was
used as an illustration of endglacial faulting, i.e. large earthquake activity during the last
stages of deglaciation. The Oskarshamn analysis for a strike-slip initial stress field illustrates
the consequences if the glacial stresses from a region which is in a strong fore-bulge area
are added to a strike-slip stress state. In this case, the resulting seismicity deviates strongly
from what is generally thought of as glacially induced seismicity, but which may have been
present in southern Scandinavia during mid-glacial times.

The upper row of Fig. 6 shows the modelled seismicity for the Forsmark reverse faulting
state. The result is displayed as Gutenberg-Richter curves at different points in time during
the glacial cycle. The time axis is directly from the model provided_bynbeck[2005],
starting at 106.5 kyr in accordance with the given assumption that a glacial cycle lasts ap-
proximately 100 kyr. As expected from the modelling procedure, we see that the times of
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Figure 6:Distribution of seismicity, as Gutenberg-Richter curves, with time during a glaciation. The
red grid delineates the M=6 line at N = 1, 3 and 10. Upper) The Forsmark reverse faulting initial state
case. Lower) The Oskarshamn strike-slip faulting initial state case.

largest activity coincides with the times of large fault instability, at the end of deglaciation,
compare with Fig. 2. There is also a spur of increased seismicity during the deglaciation at
approximately 60 kyr BP. The figures show that there are rather few earthquakes of magni-
tude six or larger generated during the glaciation.

The lower row of Fig. 6 shows the case for the Oskarshamn strike-slip initial state of
stress. As in the Forsmark case, the times of increased seismicity follow closely the times of
high fault instability, which corresponds to the time around 50 kyr BP when Oskarshamn was
in the fore-bulge of the growing ice sheet. We see that this case produces almost no seismicity
during deglaciation. Again, there are very few magnitude six or larger earthquakes produced.

In Fig. 7 | plot the distribution of magnitude six or larger events with time, with the
cumulative number of such events. We see that the Forsmark reverse faulting case produces
approximately 15 magnitude six or larger events, and that the Oskarshamn strike-slip state
produces approximately 11 events. The gentle slope in these figures when the seismicity is
very low is the background tectonic strain release.
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Figure 7: Number of events per time interval (blue) and cumulative number of events (red) as a
function of time during the glaciation. Left) The Forsmark reverse faulting initial state case. Right)
The Oskarshamn strike-slip faulting initial state case.

8 Discussion of uncertainties

The analysis in this report was performed during five days and a thorough investigation, with
parameter variations, would have required substantially more time. Some of the assumptions
in this report contain very large uncertainties or simplifications, and the following is a list of
some of the these.

e The result is very much governed by the assumption about the maximum magnitude
for the largest earthquake that occurs during the glacial cycle. In this model, a larger
earthquake implies more smaller earthquakes and, thus, more events of magnitude six
or larger.

e Paleoseismic evidence is incomplete, and debated, but there have been no large endglacial
faults found in either Forsmark or Oskarshamn. Paleoseismics is not complete enough
to constrain the frequency-magnitude relationship, in addition, it is not necessary for a
magnitude six event in the thick Swedish crust to rupture to the surface.

e The current earthquake statistics in SE Sweden is poorly constrained due to the very
low seismicity.

e Theice load, thickness, steepness and temporal evolution governs the induced stresses
and these are likely to show some variation for different glaciations.

e The deviatoric background stress field (tectonics, mountains, etc) is not known well
enough.

e Pore pressure effects have a very large impact on fault stability and the glacially in-
duced pore pressure variations are likely to be considerable.

e The applied model for seismicity generation from stress field evolution may not be
the most appropriate. This model does not incorporate stress relaxation after an event,
which leads to an overestimate of the seismicity.
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e The model implementation slightly underestimates the number of smaller events and
the model statistics are rather unstable at lower activity rates.

9 Conclusions and parameter distribution

The modelling carried out in this report, with all the approximations and uncertainties dis-
cussed above, indicates that there will be a rather limited number of magnitude six or larger
events in a circular area with radius 100 km during a glacial cycle such as the Weichselian.
Different initial stress fields produce slightly different amounts of events, as do the locations
of Forsmark and Oskarshamn with respect to the ice model. | do not consider the location
differences to be significant with respect to variations in the ice model, or the repeatability
of ice sheets during different glaciations, so | will not consider earthquake rates for the Fors-
mark and Oskarshamn sites separately. My modelling gives 10 to 15 events of magnitude
six or larger, depending on the initial conditions, for a site in southeastern Sweden. The
elicitation procedure requires a probability distribution of the earthquake frequency, which |
estimate as follows:

| Cumulative probability 0| 0.25/0.5| 09| 1
| Frequency of M>=6 [ 0| 4 | 12100/ 200 |
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SSI has about 110 employees and is located in Stockholm.
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Swedish Radiation Protection Authority
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