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Abstract. Estimation of hazard in regions of
low seismic activity such as many parts of
Western and Eastern Europe, the Urals,
Western and Central Siberia is an important
issue. The limited seismological coverage typical
of low activity areas constrains detailed scientific
studies and this reduces the quality of seismic
zoning maps of many territories throughout
Europe, Northern Eurasia and elsewhere. The
lack of optimal techniques for estimating hazard
in regions of low seismic activity such as the
Western Ural region has led to re-examination
of existing methods. This paper examines ways
in which a wide range of geological, geophysical
and seismological data, beyond those
traditionally used, can be related to seismic
hazard and to the estimation of the key
parameter “maximum magnitude” in an
integrated fashion. The focus of this technique
is the identification of common characteristics
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of “geodynamically unstable zones”. Character-
istic features of geodynamically unstable zones
previously identified for the West Ural region and
tested by application to the Western Siberian
plateau are here applied to the UK region and
the model is developed through the identifica-
tion of additional diagnostic characteristics. A re-
gional model of these zones has been built within
the “GEQO" Geographic Information System and
used to construct predictive maps of maximum
magnitude for possible earthquakes in the United
Kingdom. These initial results suggest that the
method shows promise and is deserving of fur-
ther, structured, development.



1. Introduction

The scientific and practical benefits of seismic classifi-
cation and zoning have long been evident in terms of
enabling construction to proceed with appropriate de-
grees of safety without incurring disproportionate cost.
Even in regions of low seismic activity, earthquakes of
magnitudes as low as M = 5.5 have caused loss of
life, destruction of housing and other serious damage.
Such regions are present worldwide, and in parts of
Europe such as the UK are associated with high pop-
ulation densities. Thus, although the level of seismic
hazard is low, substantial numbers of people and high-
value infrastructures are nevertheless at some degree
of risk. Standard methods of seismic mapping, clas-
sification and zoning can be applied to such regions,
but alternative techniques based on the interpretation
of regional geodynamics and calculation of associated
seismic potential may offer additional insights.

Here, we present a model for the classification of
seismic activity in the UK developed using a technique
based on the identification of “geodynamically unsta-
ble zones” (GUZs). These are determined based on
a range of geological and geophysical data leading to
a model for the seismic potential of the region ([Fig



lure T). GUZs are identified according to the condition,
properties and dynamics of underlying geological pro-
cesses, which suggest that the zone may be somewhat
more susceptible than the region overall to deformation
under the effects of regional and global forces. The
deformation may be manifested in seismicity [Blinova,
. Zones may be distinguished using geological and
geophysical parameters that characterize the properties
of the medium, or derived from data related to previ-
ous and current crustal movements in the region. This
method therefore identifies areas of potential seismic-
ity, although not all of them need necessarily be active
at present. It leads to the possibility of creating a re-
gional model of GUZs incorporating a variety of levels
of activity.

The technique was initially developed to address seis-
mic classification for regions of low seismic activity,
specifically for the Western Ural region. This is located
at the junction of three geo-structures of the Earth's
crust: the eastern outskirts of the Eastern-European
platform, the Preduralsky foredeep, and the Western
Urals folding zone [Blinova, 2003]. It has since been
used to identify GUZs and to calculate seismic poten-
tial for the Western Siberian plateau [Blinova, 2009].
It is here extended and used to identify GUZs for the
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UK region. The technique is shown in schematic form
in [Figure 1]

The method is rooted in the construction of a da-
tabase which includes a wide range of geological and
geophysical parameters for the region as well as the
catalogue of tectonic earthquakes over as long a pe-
riod as is available. Its key concept exploits the notion
that where a hierarchy of structures is present in the
seismic, geological or geophysical environment, scale-
lengths for heterogeneity in the underlying seismic, ge-
ological, geophysical or other relevant data can be iden-
tified. Whenever this analysis is consistent with what is
known of the overall regional tectonic environment, any
correspondence of scales and hierarchy orders within
the zones identified establishes an empirical link be-
tween those geological and geophysical parameters and
seismicity. A list of features characterizing the GUZs of
the Western Ural region was initially determined, and
this list has been expanded as the technique was applied
to the Western Siberian plateau and, most recently, the
United Kingdom.

The links between seismicity and geological, geo-
physical and geodetic characteristics of the environ-
ment for the Western Ural region and the Western

Siberian plateau were described by [Blinowva, {2003, [2009].



For each region, a model of GUZs was digitized and
constructed within the “GEQ" geographical informa-
tion system [Gitis and Yermakov, (hereafter re-
ferred to as GEO-GIS). The resulting model was used
as the basis for the next stage of research, and the con-
struction of predictive maps of maximum magnitudes

of possible earthquakes [Gitis, 1975} Gitis and Yer-
makov, .

In its original form, these authors used an accumu-
lation of earthquakes to identify and delineate seismic
zones of different character, but this is not practica-
ble in regions of low seismic activity. Blinova ((2003)
extended the method using geological and geophysical
data to identify zones of differing geological proper-
ties and geodynamical characteristics and classify them
according to the maximum earthquake magnitude ob-
served in each zone. Whilst a rigorous mathematical
formulation of this method is desirable, and a long-
term objective of this research, the current state of
knowledge and the wide variability in types and qual-
ity of data available mean that this is not yet practi-
cable. The analysis and integration of numerous ge-
ological and geophysical data presently relies on the
ability of an analyst to assess and integrate a large
set of facts and considerations. Similarly, our current



understanding of the relationship between the maxi-
mum magnitudes (Mnax) of tectonic earthquakes and
the geological and geophysical features of a region are
as yet too generalized to permit the construction of
predictive maps of the maximum magnitudes of pos-
sible earthquakes that are both accurate and detailed.
Nevertheless, we feel that this two-stage approach is
deserving of further investigation and development.

Information modeling is the tool that makes it pos-
sible to combine all available approaches including de-
scriptive knowledge, expert hypotheses, and processing
methodologies. It facilitates analysis of diverse kinds of
data and knowledge, enabling predictive relationships
to be established and used, as here for example, in the
construction of maps of maximum magnitude, Mmyax
[ Blinova, ; Gitis and Yermakov, . Informa-
tion models become more reliable as additional data
appears and as new expertise or knowledge becomes
available.

In terms of constructing predictive maps of maxi-
mum magnitude, the key step is that of finding a func-
tion that reliably predicts M.« from geological and
geophysical features and that can be used to forecast
maximum magnitudes of possible earthquakes. For
each region defined on the basis of geological and geo-



physical features — the GUZs [Blinova, — a rele-
vant value of Mp,ax is determined. The desired relation-
ship is then calculated as the piecewise linear function
which offers the best approximation for the known re-
gions. Max can then be estimated for all other points
in the region as values of the prediction function cal-
culated from the relevant geological and geophysical
features at those points.

The technique described above permits geoscientific
data to be used to produce results which are of immedi-
ate value in engineering, planning and social contexts.
In the sections that follow, we illustrate its application
by developing a model of GUZs for the United King-
dom region. Then, we move to the final stage of this
technique and tentatively construct a predictive map of

the maximum magnitudes of possible earthquakes for
the UK.



2. Construction of an Electronic Data-
base for ldentification of Geodynamically
Unstable Zones and Calculation of Seis-
mic Potential for the UK Region

The first step in solving the seismic classification prob-
lem is to construct an electronic database of the avail-
able geological, geophysical and seismic data (see
ure 1))

For the UK region the database at our disposal in-
cludes results of the LISPB regional profile [Bamford
et al., [1976]. It also incorporates data on subsurface
geology in interactive form and a graphical map of gen-
eral and regional faults and a geological map of the UK
and adjacent territories.

A second set of data maps is obtained using GEO-
GIS with its subsystem generating knowledge and facts.
Using GEO-GIS, the analyst is able to calculate numer-
ical fields with schemes of linear objects, such as calcu-
lation of fields of fault density. She can work with fields
of this sort undertaking isotropic or anisotropic filter-
ing, calculation of gradients and azimuths, construction
of maximal and minimal values in a circle, construc-
tion of differences and so on. We constructed maps of



fault density without consideration of their ranges, of a
field of maximal and minimal values and the variation
in depth of the Moho surface, of relief of the Earth’s
crust, and of heat flow. Similarly, we calculated and
constructed fields of moduli of their gradients, as well
as fields of azimuths of gradients, for all of the geo-
logical and geophysical parameters for which this was
practicable.

The earthquake catalogue is an essential part of the
database. The available earthquake catalogue, cover-
ing the region bounded by latitude N = 48...63deg
and longitude E = —11...7deg, contains 1511 earth-
quakes between 1382 and 2009, with magnitudes rang-
ing from 2.0 to 6.1 and depths between 0 and 33 km.
Sub-catalogues for the magnitude ranges M = 2.0 to
29 M =30to 39, M =401to0 49, M = 5.0 to
6.1 were constructed in order to develop the regional
model using GEO-GIS.



3. ldentification of Geodynamically Un-
stable Zones Using Geological and Geo-

physical Parameters and Construction of
a Regional Model in the GEO-GIS Sys-
tem

The second stage of the technique is to use the avail-
able geological and geophysical data, here for the UK
region ([Figure 1)), to identify GUZs. The initial set
of parameters for identifying such zones was developed
for the Western Urals region, and has since been used
for identification of GUZs in Western Siberia [Blinova,
2003].

It was not possible to apply this schema to the UK in
exactly the same fashion as was used in the Urals and
Siberia. On the one hand, the relatively large number
of earthquakes in the catalogue for this region meant
that the relationship between the zones identified using
geological and other data and regions of low-magnitude
seismicity was not readily apparent as in the other re-
gions. Consideration of the magnitude-restricted sub-
catalogues provided some insight. On the other hand,
certain types of data that had previously proved use-
ful for the identification of GUZs were not available



for the UK. These included limited details of crustal
structure and neotectonic crustal movements, as well
as information about features such as the temperature
at key horizons within the sedimentary cover or their
internal temperature gradients. All the available fea-
tures were studied using the cross-section capabilities of
GEO-GIS. Cross-sections were examined at one degree
intervals from north to south along the region studied,
and variation in parameters in these directions was an-
alyzed. Consideration of all these parameters enabled
us to identify new features that are diagnostic of GUZs
for the UK region.

In previous studies of low activity regions, GUZs
were found in locations where the depths of the Moho
changed rapidly. This feature may well be connected
with the activation of tectonic processes within the up-
per mantle [Blinova, 2003]. We traced the positions of
such zones within the limits of the UK. Several areas
were identified where the depth of the Moho surface
changes from 27 to 34 km over a short distance, even
though this parameter changes across the entire region
only from 27 to 37 km ([Figure 2)).

Gradients of the depth to the Moho surface and gra-
dients of the gravitational and magnetic fields were in-
troduced as further indicators of GUZs. Maps of these
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parameters were calculated and constructed within GEO-
GIS. We examined the map of modulus of gradient of

depth to Moho. At the limits of the GU/Zs tentatively

identified on the basis of the preceding analysis, the

modulus of the gradient of the depth to that boundary

is small, whereas the value of this parameter increases

at the edges of the zones. The margins of these areas

were less clearly defined in the offshore regions. It is

not clear whether this effect is real, or an artifact of

data acquisition or analysis.

We also analyzed variations in the modulus of the
(Bouguer) gravity field gradients. Within the GUZs
in the onshore part of the region, the modulus of the
gradients of the Bouguer gravity field takes small val-
ues — between 0.03 and 0.8 mGal/km — whereas the
modulus of the gradient increases to between 1.0 and
2.1 mGal/km at the edges of the zones ([Figure 3| and
Figure 4)).

The modulus of the gradient of the magnetic field
behaves in an analogous manner, but any dependencies
are less obvious ([Figure 3| and [Figure 4f). At the limits
of the GUZs the modulus of the gradients of magnetic
field anomalies are small — between 1 and 6 nT/km
— although the modulus of the gradient increases to
the range 13 to 20 nT/km at the edges of the zones
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(Figure 3| and [Figure 4)).

This situation reveals new features that will be use-
ful for future identification of GUZs, because these
variations are co-located with other indicators of these
zones. Such changes in the gradients of gravitational
and magnetic fields were not previously anticipated.
There are several possible explanations for the newly
observed behaviour of these parameters. Consider first
that sedimentary cover laid down over a mobile fault
zone is subject to movements which are not present in
cover laid down over stable blocks, and that the effects
of that underlying movement are often visible in the
gravitational and magnetic fields. Recalling that the
junction between systems of faults is a primary identi-
fying feature of GUZs, it is possible to draw an anal-
ogy between the behaviour of these fields over faults
and over GUZs. An alternative explanation for the
increased gradient of the gravitational and magnetic
fields at the edges of zones is based on the relationship
of those fields to the density of faults. The density
of faults within previously identified GUZs characteris-
tically takes average values. In other words, they are
“living” parts of the Earth's crust characterized by nei-
ther the greatest nor the lowest density of faults. At
those sites, the conditions for the accumulation of elas-




tic tectonic stresses and their relaxation are being cre-
ated. The density of faults, as a rule, may therefore be
expected to decrease at the edges of GUZs, resulting
in an increase of values of the gradient of the grav-
itational and magnetic fields. In this way, it may be
possible to draw some conclusions about the proxim-
ity of processes in geodynamically unstable areas and
structures such as faults in the Earth’s crust.

We also analyzed changes in the modulus of the gra-
dient of contemporary vertical motions of the Earth's
crust [Teferle et al., 2009]. At the limits of the on-
shore zones, the moduli of the gradients of contem-
porary vertical motions of the Earth’s crust take small
values ((13 —90) x 10~* mm/yr/km). In this case the
modulus of the gradient increases strongly and reaches
(72—130) x 10~* mm /yr/km at the edges of the zones
(Figure 3|and [Figure 4]). This is characteristic of all re-
gions previously considered.

Faults in the Earth’s crust and lithosphere control a
wide range of processes taking place both at depth in
the Earth and near, even at, its surface. Seismic classifi-
cation is traditionally undertaken based on data derived
from seismic and geological studies, which take into
account the distribution of epicenters of earthquakes
and the known geological situation, within which fault




movement plays a significant role. Fault zones, espe-
cially active fault zones, are regions of maximum seis-
micity within any area. This has been shown to be true
for the regions of low seismic activity previously exam-
ined using our method, such as the West Ural region
and the Western Siberian plateau.

However, it has proved very difficult to find such reg-
ularities within the UK and adjacent territories studied
here.

It is generally accepted that fault maps can indicate
the directivity, the genetic types and the age of the
movements depicted. However, they do not always fully
reflect the quantitative state of fragmentation of the
crust, and from this perspective the information derived
from such maps is not always complete. Maps of fault
density [Sherman, [I977} Sherman et al., were
constructed as part of this study.

Maps of fault density for the UK region were con-
structed as follows. Fault density is defined as the
number of faults per unit area. This parameter was
calculated using GEO-GIS.

The fault density field is calculated as follows: for
each point of the region under consideration, a value is
assigned equal to the ratio of the number of fault lines
in a circle of chosen averaging radius Rnax to the area of



this circle (TR2.,,). The fault density map of the UK
was initially constructed using circles of radius R =
15 km. This value was selected taking into account
the maximum variation in the thickness of the Earth's
crust, the typical length of faults and the depth of the
epicenters of earthquakes. A larger averaging radius
shows only larger scale processes, whereas a smaller
radius causes the resulting map to be dominated by
individual heterogeneities in the structure of the Earth's
surface. Calculations were also undertaken for R =
10 km and R = 20 km and these confirmed our a priori
view that R = 15 km constitutes a reasonable balance
between these two extremes.

The identification of GUZs was undertaken by con-
structing east-west sections at one degree intervals from
the north to the south of the region, complemented by
three further sections through the whole region taken
in different directions. The fault density map was com-
pared with the GUZs as described above. It was ap-
parent that, in all, three zones traced on the fault den-
sity map of the crust of the UK were associated with
average values of fault density in the range 2.30 to
330 x 103 m2, compared to an overall range in this
parameter of 0.41 to 4.97 x 1073 m—2. Thus the GUZs
are characterized by average values of fault density. It



appears that conditions for the accumulation of elas-
tic tectonic stresses and their relaxation are created in
these sections.

Zones of fault intersection are no less important for
determining the positions of GUZs and understanding
the reasons for their formation. These are primary tec-
tonic structures influencing not only the intersection it-
self but the surrounding volume, and are sites of impor-
tant geological and geophysical processes (structural,
metamorphic, hydrogeological, geo-thermal and so on)
including changes in the state of stress, all caused by
the conjunction of differently oriented dislocation sys-
tems. The zone of intersection of faults is connected
with many geological processes, from the motion of flu-
ids and ore formation to strong earthquakes [Sherman,
1959)

However, in the case of the study of the UK reported
here, it proved impossible to use the intersection of
individual faults either for the identification of GUZs or
for establishing the connection between fault tectonics
and seismicity. However, it did prove possible to use the
zones of intersection of systems of faults, an alternative
previously proposed for the West Ural region [Blinova,

2003).

Five zones of intersection of systems of faults were



identified, most of which coincided with the zones iden-
tified using the previous indicators of GUZs. In the
northern part, one zone of intersection of systems of
faults is identified but it does not fully explain the man-
ifestation of seismicity in this part of the region. Seis-
micity in the north of the UK may be associated with
the substantial past displacements on the Great Glen
Fault and the Moine Thrust. Three western zones of
intersection of three systems of faults trending in differ-
ent directions partially or completely coincide with the
GUZs. The eastern zone of intersection of faults coin-
cides with the GUZ. It is both the intersection of three
systems of faults and a zone in which the direction of
propagation of faults changes by 90deg. Zones of in-
tersection of differently directed systems of the faults
are typically seismically active.

Within the onshore and immediately offshore areas
of the UK, four GUZs are identified. Their identifi-
cation is based on known geological and geophysical
features. Each zone is associated with specific charac-
teristic motions. For example, the conjunction with the
Great Glen Fault is characteristic of the northern zone,
and the western and eastern GUZs are located in areas
of ongoing motion of blocks, as is evident on the kine-
matic model for the UK region due to Chadwick et al.



[1996[ and Musson [2007]. Each of these is also char-

acterized by an increase of gradients of current vertical
motions at the edges of zones.

The regional model of zones was constructed in GEO-
GIS and then digitized using specially constructed cat-
alogues of earthquakes ([Figure 5)).

We created a map of geodynamic unstable zones.
It should be noted that specific values of geophysical
fields within the zones correspond to defined values of
magnitudes of possible earthquakes. These values mag-
nitudes are shown in zones ([Figure 5|). In constructing
of the map of magnitudes our knowledge (connection
the values of geophysical, geological and geophysical
parameters and the values of magnitudes) will be dis-
seminated on the throughout region. Each point of
this map will have its value of magnitude of possible
earthquakes.

Thus, Mmax can then be estimated for all other points
in the region as values of the prediction function cal-

culated from the relevant geological and geophysical
features at those points [Gitis, [L975] Gitis and Yer-

makov, 2004].
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Figure 5. Regional model of the GUZs obtained using
GEO-GIS. The numbers inside each zone indicate the pre-
dicted maximum earthquake magnitude within that zone.




4. Discussion and Conclusions

The technique discussed here, originally developed for
the Western Ural region of low seismic activity and
since applied to the Western Siberia plateau, has been
applied to the United Kingdom region. A database
of geological, geophysical and seismic data was con-
structed and the “geodynamically unstable zones” of
the region were identified. A regional model, based on
the set of the indices and parameters, and characteriz-
ing the specific features of the tectonic structure was
derived using specialized GIS technologies.

We used the results of this study to construct predic-
tive maps of maximum magnitudes of possible earth-
quakes for the UK. The construction of these maps
for the United Kingdom is of particular value because
the number of earthquakes available in the historical
record also permits the construction of predictive maps
of seismic hazard using standard methods, so it will
be possible in the future to compare the results of the
standard approach with the results of this technique
which has been especially developed for regions of low
activity. This will in turn improve both the technique
itself and our understanding of the processes associated
with seismicity in the UK.



These investigations have demonstrated that differ-
ent regions may require the introduction of new fea-
tures for identification of GUZs, according to the geo-
logical and geophysical parameters that are available to
make up the database. The technique, whilst originally
designed for application to the Western-Ural region of
low seismic activity, and tested for the Western Siberian
plateau, and further developed through application to
the UK region, can now be offered to address problems
of seismic zoning of other suitable regions such as those
parts of Europe with low seismic activity. To further
improve the technique, to make it robust, and to test
its outcomes, additional studies in different regions are
required. Development of a body of further example
use cases will permit generation of more accurate pre-
dictive maps of the maximum magnitudes of possible
earthquakes.
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