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This Workshop, supported by Shell, Chun Wo Development Holdings (Hong Kong), and the National
Centre for Earth Observation, was held in response to NERC’s Action Plan: Increasing resilience
through improved hazard forecasting and take-up of scientific advice in earthquake-prone and volcanic
regions. Over fifty scientists, social scientists, and engineers attended the Workshop, bringing exten-
sive experience of earthquake risk from Greece, India, Italy, Iran, Pakistan, Turkey, and the USA.
The list of the international participants is given in Appendix B, and electronic versions of their
presentations can be found on the Workshop website.

The participants considered earthquake resilience in a global context, but were also aware of the
constraints (Rees) associated with NERC’s Programme in Increasing Resilience to Natural Hazards,
particularly the limited budget and time frame. Their discussion therefore was also conditioned by
the following questions: (i) Which areas in UK science can make the greatest impact in increasing
resilience and reducing uncertainty about risk? (i) What practical outcomes can be achieved within
the financial and temporal constraints of this programme?

The following recommendations arose from the two days of discussion:

- The overwhelming priority, when considering resilience to earthquakes, is the risk to human life
in the developing world. (Section 1)

The greatest risk to human life from earthquakes lies not at plate boundaries, but in the conti-
nental interiors, where growing populations are exposed to earthquake risk from distributed
networks of faults that are poorly characterized. (Section 2)

The unifying themes across all earthquake-prone societies are that reliable knowledge of the
processes of earthquake generation, underpinned by basic science, is fundamental to increased
resilience, and the transmission of that knowledge to individuals, communities, and govern-
ments, is a prerequisite for effective action. (Section 3, Section 4)

The Increasing Resilience to Natural Hazards Programme is likely to make its greatest impact on
earthquake risk by focusing on the risk to human life in those countries where the capabilities
of the earthquake science community need to be developed, and there is significant uncertainty
in our knowledge of the earthquake hazard. (Section 1)

Problems of uptake of scientific advice are context-specific, but the UK social science community
has relevant expertise in the development and application of appropriate methodologies in
both developed, and developing, world settings. New partnerships will need to be forged
between social scientists and earthquake scientists. (Section 3)

Improving knowledge of seismic risk rests on the use of a wide range of geological and geophysical
skills to identify the distribution of hazard, which is often poorly known in the countries most
at risk. The INRH Programme should seek to export the UK’s expertise in these areas to the
scientific communities of those countries. (Section 4)

Training of young indigenous researchers in the relevant scientific and social-scientific disciplines
is essential if this Programme is to provide a lasting legacy in the countries at risk. (Section 4)

- NERC should critically reappraise the scientific goals defined in its current Theme Action Plan,
as they relate to earthquake risk. The scientific scope of that Plan is limited, and fails to
address the most pressing problems concerning earthquake hazard and risk in the countries
most exposed to heavy loss of life in earthquakes. (Section 5)
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1. Resilience to Earthquakes: Global Variability
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world, while nevertheless tragic, are relatively low. For example, in the recent Christchurch, New
Zealand, earthquake, fewer than 0.1% of the population affected by shaking of intensity VIII or
greater were killed, and the M9 Tohoku earthquake exposed over 6 million people to shaking of
intensity VIII4 [1], of whom approximately ~ 0.4% died or are still missing, mostly in the tsunami.

Those figures are in striking contrast to death rates cause by earthquakes in the developing world,
which often exceed 5% and, as in the 2003, Bam, Iran earthquake, can be as high as 30%. Furthermore,
much of the seismic hazard in the developing world arises in the continental interiors, where the
problem is intrinsically more complex than at plate boundaries (Iyengar, Selvaggi, Talebian, and see
Section 2, below).

For these reasons, the participants in the Workshop emphasized that the overwhelming
priority, when considering resilience to earthquakes, is the risk to human life in the
developing world.

Although the principal benefits of the INRH Programme, within its lifetime, are likely to be human-
itarian, the improved scientific knowledge will also have financial implications. Increasing population
density means that the cost of earthquakes is rising steeply. As Figure 1 shows, damage caused
by earthquakes in the past couple of decades cost significantly more than in earthquakes of similar
magnitudes within the same country earlier in the twentieth century (in some cases by more than
a factor of 10 — all costs in Figure 1 are in 2011 $US). The rate of economic development in India
and China is further escalating the structural capital at risk. Such countries represent a growth area
in the insurance markets, so reduction of the uncertainty in risk would have significant economic
implications in the medium term (Coburn).

2. Distributions of Earthquake Risk

Devastating earthquakes take place in two principal settings: on plate boundaries, and on diffuse
networks of faults within continental interiors. The plate boundaries are narrow fault zones, whose
locations are precisely known. The networks of faults within the continents are hundreds or thousands

2The USA National Earthquake Hazards Reduction Plan has run for 35 years, and is currently funded at $120M per
year; Japanese expenditure is of comparable magnitude.
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of kilometres in width and contain hundreds of separate faults, many of whose locations and seismic
potential are poorly known [2,3]. During the past 120 years, about 130 earthquakes took place
in which 1000 or more people died (Figure 2 and Table A.1). Of these, about 30 took place on
plate boundaries, causing 800,000 deaths. Over that interval, earthquakes in the continental interiors
caused the deaths of at least 1,400,000.

Figure 2 carries several crucial implications for the INRH Programme. (i) Many more people die
in earthquakes in the continental interiors than in earthquakes on plate boundaries. (ii) Most of
these deaths occur in earthquakes of My, 7-8, which have typical repeat times of a few hundred to
a few thousand years; it follows that the faults which generated the devastating earthquakes in the
continental interiors during the past century represent only a small fraction of the total number of
faults upon which future similar earthquakes are accumulating. (i) We do not know where most
of those faults are. The majority of the devastating earthquakes in the continental interiors take
place on faults whose existence was previously unknown, or whose threat was not anticipated. Recent
examples include earthquakes in Bam, Iran, in 2003 (30,000 deaths), Muzzafarabad, Pakistan, 2005
(75,000), and Wenchuan, China, 2008 (70,000). (iv) The severity of this threat is increasing rapidly
as millions of people every year migrate into vulnerable mega-cities [4—6].

For these reasons, participants in the Workshop argued that the most significant impact of NERC
science upon resilience to earthquakes would be to improve knowledge of the seismic hazard posed by
the distributed faulting in the continental interiors. Large populations in developing countries across
the Middle East and Asia are exposed to this poorly understood hazard, and they need to develop
the capabilities of their communities to meet this challenge.

Action based on this knowledge has the potential to make significant impacts on the risk to life in
many countries where earthquakes as small as My, 7 frequently cause tens of thousands of deaths
(Figure 2, and Figure A.1). This knowledge will also pay dividends in plate-boundary settings; for
example, there are striking parallels between the 2003, Bam, Iran earthquake and the 2010/11 Can-
terbury, New Zealand and 2010 Haiti earthquakes.
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some countries, the main killer is lack of an

effective construction code; in others, it is circumvention of perfectly adequate construction codes
(Erdik, Lodi, Spence). Often, societies have highly unrealistic expectations of what scientists can
deliver [7,8].
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Agreement among the participants centred around the following points:

- Devastating earthquakes in a particular country often occur over areas that are hundreds of
kilometres wide, affecting large populations in a wide variety of risk environments. Some degree
of governmental involvement is required if widespread mitigation methods are to be put in place.
However, key decision-makers are often indifferent to evidence-based advice.

- Commonly, a sophisticated local understanding already exists of the barriers to converting scien-
tific and engineering knowledge into effective solutions. Therefore, there must be clear identi-
fication of the ways in which UK-based scientists and social scientists can augment indigenous
efforts.

- Lessons about earthquake risk, and response to it, often are not exported by the communities
that learn them. However, there are nascent programmes to disseminate this knowledge, and
they would benefit from a coherent framework for the uptake of scientific information.

Participants in the Workshop identified underlying themes that would derive great benefit from a
multi-national approach, and which can only be fully addressed by looking across the entire spectrum
of earthquake-related problems, and of the societies in which they are embedded.

- A toolkit of approaches has been developed and successfully applied in enabling science to inform
policy and action in other problem areas (Young). How can this experience best be translated
into the earthquake arena?

- Earthquake science is young. What are the pathways to impact for a science that is still evolving?
How can societies be persuaded to act on knowledge whilst it is still being generated? There
are clear parallels here with many other areas of NERC’s activities, particularly LWEC.

- How do we design a feed-back loop that allows our learning about the applicability of the scientific
knowledge to influence the evolution of scientific priorities during the programme?

4. UK role in earthquake science

Participants from countries at high risk from earthquakes all made the same two points. First,
the involvement of foreign scientists improves understanding of local earthquake problems through
insights gained from other tectonic settings. Secondly, the conclusions that individual scientists reach
with respect to earthquake risk carry more influence within their own countries when those scientists
are recognized as being part of the international community.

The fundamental uncertainty in earthquake risk in the continental interiors lies in where the hazards
are accumulating. The challenge is to measure the rates of strain, and then to identify the faults
on which that strain will be released. This task is significantly more difficult than at the plate
boundaries, because the areas affected are millions of square kilometres in extent, and logistics are
frequently challenging. Success in this enterprise depends on bringing a wide range of techniques in
geodesy, seismology, geomorphology, geochronology, and geology to the problem. The UK has a long
track record of using these multi-disciplinary skills in partnership with colleagues from many parts
of the world. Recent high-profile examples of this approach include the quantification of the tsunami
hazard in the eastern Mediterranean [9], and the recognition of a blind thrust fault in the centre of
Tehran (Jackson).

There is an urgent need in many countries to generate a critical mass of researchers in the area of
earthquake risk. Significant advances have taken place in our ability to identify the traces of active
faulting during the past decade [10], and the INRH Programme offers an opportunity to disseminate
this knowledge into the countries where it is needed. Research training through an international
programme would contribute immensely towards that goal. Participants in the Workshop urged that
training of young indigenous researchers in the relevant scientific and social-scientific disciplines is
essential if this Programme is to provide a lasting legacy in the countries at risk (Bilham).
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5. What Doesn’t Work

One aim of this Workshop was to illuminate practices that have been unsuccessful when applied to the
problems of earthquake risk. The points below are widely understood by the international scientific
community, but some may have been overlooked during development of the Theme Action Plan.

Don’t fight the last war. Media and political pressures often over-emphasize the significance
of a current tragic event. It is not uncommon for funding agencies to respond to those pressures
by diverting funds away from long-term basic science, while the spotlight is upon such events. The
recent unexpected earthquakes in New Zealand and Japan emphasize the limitations of this approach.
Looking backwards is a poor way of predicting what will happen next when dealing with rare, high-
intensity events. Having said that, it is worth noting that there 40 nuclear reactors operating or under
construction in China, one of the areas at greatest risk from distributed faulting (Figure 1, and see
Appendix A).

Don’t focus too narrowly. International participants who read the Theme Action Plan were
surprised by its emphasis on a very narrow area of earthquake science. All participants in the
Workshop were adamant that the science and social science required to make a significant impact on
earthquake risk are broad in their scope. The fundamental route to increasing societies’ resilience
to earthquakes is through improving basic knowledge about earthquake phenomena and advancing
understanding of earthquake generation processes. Indeed, this philosophy underpins the entire US
National Earthquake Hazard Reduction Programme, and should underpin NERC’s programme.

Don’t confuse humanitarian and scientific priorities. To take a topical example: there is little
doubt that the city of Padang, Sumatra, is exposed to an enormous tsunami risk because it sits in a
gap between recent great earthquakes. Scientists correctly identified the the tsunami hazard before
the 2004 earthquake (e.g. [11]), and have refined the information as far as possible since then. The
urgent need now lies outside the realm of scientific enquiry: large-scale engineering is necessary to
build tsunami refuges for the 600,000 people at risk (Tucker).

Don’t apply the wrong solutions. On the plate boundaries, the location of the hazard is well
known and the greatest uncertainty lies in when the earthquakes will occur. In many parts of the
continental interiors, however, we do not even know where the hazards lie. Participants in the
Workshop warned that slavish application of a model based on plate boundaries around the Pacific
rim to earthquake hazard in the continental interiors is not merely unhelpful, but can be positively
dangerous. At the plate boundaries, a parsimonious approach is justified: identification of one, or a
few, major faults is usually sufficient to identify the major hazards. Such an approach, when applied
to the continental interiors, overestimates the hazard associated with the identified faults and neglects
the hazard elsewhere. Anyone who doubts this point needs only to read the accounts of devastating
earthquakes in the past two millennia in southern Europe and the Middle East [12—-14], and attempt
to assign them with certainty to faults of known location.
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A Appendix A

Figure A.1 shows the locations of the earthquakes summarized in Figure 2. In this figure, earth-
quakes not occurring on plate boundaries are inscribed within a black circle. Some earthquakes, a
recent notable example is the 2010 Haiti earthquake, are commonly thought of as plate boundary
earthquakes, but the key argument in Section 2 is that the greatest uncertainty in seismic risk lies in
places where the release of strain could occur on any one of a number of faults. The fault that slipped
the 2010 Haiti earthquake is (i) only one of several large faults in the region and (iz) is not the plate
boundary. Similar arguments apply to earthquakes along the Himalaya; the large thrust faults of
this region are sometimes referred to as a plate boundary but, again, the fact that the locations and
seismic potentials of these faults are poorly known is the important issue.

In Table 1, the earthquakes that took place on a plate boundary (all of those causing 1000 or more
deaths occurred on subduction zone faults) are labelled “PB”, those in continental interiors are
labelled “CI”. Locations and origin times are taken from the NOAA Significant Earthquake Database
(http://www.ngdc.noaa.gov/hazard /earthgk.shtml). Except as indicated, magnitudes are assigned
as follows: if the earthquake is in the catalogue of Engdahl and Villasenior, (International Geophysics
81 665-690, International Handbook of Earthquake and Engineering Seismology), their magnitude is
used; failing that, the magnitude given by NOAA is used; failing that, the magnitude from the USGS
website are used. Other sources for magnitudes are given in the caption to Table 1. Dashes in the
Table indicate unresolved depths or magnitudes.
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Figure A.1: Distribution and scale of earthquake-related deaths for 1900-2011. Circles show earthquakes with
more than 10,000 fatalities; the area of the circle is proportional to the number of deaths and the colour to the
earthquake magnitude. Earthquakes represented by circles with black rims did not occur on plate boundaries.
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http://www.ngdc.noaa.gov/hazard/earthqk.shtml

Table A.2: Significant earthquakes, with estimates of the cost of the damage they caused (see
Figure 1). Costs are taken from http://www.ngdc.noaa.gov/hazard/earthgk.shtml, and adjusted
to 2011 US dollars using an annual inflation rate of 3.2%, which represents an average for
the 20" century, from a number of sources including the US consumer price index calculation
http://www.bls.gov/data/inflation_calculator.htm.

2011 3 11 | 142.369  38.322 9.0 | 27581 310000 310 “Honshu
1995 1 16| 34.583 135.02 6.9 5502 217671 218 Kobe

2011 0 O 0 0 7.8 1500 200000 200 ‘Los Angeles Future
2008 5 12| 31.002 103.322 7.9 | 87652 132992 133 Wenchuan
1999 8 17| 40.748 29.864 7.6 | 17118 29187 29 Izmit

1994 1 17 0 0 6.7 33 28280 28 Northridge
1999 9 20| 23.772 120982 7.7 2297 22431 22 Taiwan

1976 7 27 39.57 11798 7.5 | 242000 21081 21 Tangshan
2009 4 6 13.38  42.347 6.3 308 17500 18 L’Aquila
1990 6 20| 36.957  49.409 7.4 | 40000 15501 16 Iran

1980 10 10 | 36.195 1.354 7.1 5000 13806 14 ElAsnam
2004 12 26 3.295 95982 9.1 | 175827 12467 12 Sumatra
2011 2 11 | 172.701 -43.583 6.3 181 12000 12  Christchurch
1985 9 19 18.19 -102.53 8.0 9500 9073 9.1 Mexico

1906 4 18 37.67 -12248 7.9 2000 9000 9.0 San Fancisco 1906
2010 1 12| 18.457 -72.533 7.0 | 222570 8800 8.8 Haiti

2003 5 21| 36.964 3.634 6.8 2266 6433 6.4 Algeria

2005 10 8| 73.588  34.539 7.6 | 86000 6000 6.0 Kashmir
1999 0 0 23.6 38.11 6.0 143 4400 4.4  Athens

2001 1 26| 23419 70.232 7.7 | 19000 3594 3.6 Bhuyj

1908 12 28 | 38.183 15.683 7.1 | 82000 2575 2.6 Messina
1915 1 13 42 13,5 6.9 | 29978 1234 1.2 TItaly

1993 9 29| 18.066  76.451 6.2 | 11000 560 0.6 Latur

1920 12 16 36.7 104.9 7.8 | 200000 439 0.4 Gansu

2003 12 26 | 28.995 58311 6.6 | 31000 420 0.4 Bam

1939 12 26 39.8 39.5 7.7 | 32700 200 0.2 Erzincan
1978 9 16 | 33.386  57.434 7.4 | 20000 141 0.1 Tabas

@ Estimate from Forbes 11/April/2011.
b Estimated by the USGS Multi-Hazards Demonstration Project [15].
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Appendix B

The following list includes foreign participants at the Workshop, and speakers from within the UK.
Stars indicate people who accepted and, though unable to attend the Workshop, contributed advice
or material used in this report. The Workshop consisted of a day of lectures, and a second day of
group discussions; these discussions were minuted and form the basis for this report.

- Roger Bilham, University of Colorado, Professor of Geological Sciences.

- Eric Calais, Professor of Geophysics, Purdue University.
Science Advisor, United Nations Disaster Risk Reduction program, Haiti.

- Andrew Coburn, Risk Management Solutions, London.
Vice-President, Emerging Risk Solutions.

- Nicola D’Agostino, Istituto Nazionale Geofisica Vulcanologia, Italy.
Senior Researcher, National Earthquake Centre.

- *Mustafa Erdik, Director, Kandilli Observatory and Earthquake Research Institute, Istanbul.

- Manouchehr Ghorashi, Geological Survey of Iran, Tehran.
Director, Research Institute for Earth Sciences.

- R. N. Iyengar, Jain University, Bangalore, India.
Director, Centre for Disaster Mitigation.

- James Jackson, Department of Earth Sciences, University of Cambridge.
Professor of Active Tectonics and Head of Department.

- Thorne Lay, Professor of Earth and Planetary Sciences, UC Santa Cruz.
Director, Center for the Study of Imaging and Dynamics of the Earth.

- Sarosh Lodi, NED University of Engineering and Technology, Karachi.
Dean, Civil Engineering and Architecture.

- Hamid Nazari, Research Institute for Earth Sciences, Geological Survey of Iran, Tehran.
Head, Geology and Paleoseismology Department.

- Demitris Paradissis, National Technical University, Athens.
Professor of Surveying Engineering and Director of the Dionysos Satellite Observatory.

- John Rees, NERC. Theme Leader.

- Giulio Selvaggi, Istituto Nazionale Geofisica Vulcanologia, Italy.
Director, National Earthquake Centre.

- Robin Spence, Department of Architecture, Cambridge University.
Emeritus Professor of Architectural Engineering, and Director of Cambridge Architectural Re-
search Ltd.

- Costas Synolakis, University of Southern California.
Professor of Civil and Environmental Engineering, and Director, Tsunami Research Center.

- Morteza Talebian, Research Institute for Earth Sciences, Geological Survey of Iran, Tehran.
Head, Seismotectonics and Seismology Department.

- Brian Tucker, President, Geohazards International.
- John Young, Deputy Director, Overseas Development Institute.

- *Peizhen Zhang, China Earthquake Administration Director, Institute of Geology.
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