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Earthquakes pose a s i g n i f i c a n t t h r e a t t o 
t h e s a f e t y o f p e t r o c h e m i c a l 
i n s t a l l a t i o n s . This hazard i s e s p e c i a l l y 
important for i n d u s t r i a l f a c i l i t i e s which 
e i t h e r have not been s e i s m i c a l l y designed 
or which a r e l o c a t e d a t s i t e s of major 
t e c t o n i c f a u l t i n g : many p e t r o - c h e m i c a l 
i n s t a l l a t i o n s i n Europe f a l l i n t o one or 
both of these ca t ego r i e s . 

INTRODUCTION 

The u n d e r s t a n d i n g of e a r t h q u a k e haza rd has b e n e f i t e d from a wave of new 
r e s e a r c h i n i t i a t i v e s . P r i n c i p i a h a s f o l l o w e d a s c i e n t i f i c approach t o 
s e i s m i c h a z a r d , s h i f t i n g t h e emphas i s away from ' s t a t e - o f - t h e - a r t ' 
procedures t h a t focus on the manipula t ions of (often inadequate) d a t a - s e t s 
t o c o n c e n t r a t e r e s e a r c h on fundamen ta l d a t a - b a s e s and l o c a l l y d e r i v e d 
p a r a m e t e r s . From d e t a i l e d s t u d i e s of h i s t o r i c a l s e i s m i c i t y and an 
u n d e r s t a n d i n g of t h e g e o l o g i c a l and s e i s m o t e c t o n i c c o n t e x t i t i s now 
poss ib l e t o quant i fy p r o b a b i l i s t i c se ismic hazard with a new r e l i a b i l i t y , 
even for r e g i o n s of c o m p a r a t i v e l y mode ra t e s e i s m i c i t y , such as n o r t h e r n 
Europe. 

This hazard i s remarkably non-uniform. While many areas a r e e f f ec t i ve ly 
a se i smic , p a r t s of England have a s i g n i f i c a n t haza rd - l eve l t h a t should be 
t a k e n i n t o c o n s i d e r a t i o n i n t h e d e s i g n of new p e t r o c h e m i c a l f a c i l i t i e s . 
Hov/ever t h e most s e r i o u s p rob l ems e x i s t w i t h r e g a r d t o p r e - e x i s t i n g 
f a c i l i t i e s fo r t o x i c and h a z a r d o u s c h e m i c a l s t h r o u g h o u t Europe, most of 
which were b u i l t with no concern for earthquake hazard. 

The new earthquake geology has a l s o provided remarkable i n s i g h t s i n t o the 
a s s o c i a t i o n of m o r p h o l o g i c a l f e a t u r e s w i t h a c t i v e f a u l t i n g . Around t h e 
M e d i t e r r a n e a n c o i n c i d e n t a l n e o t e c t o n i c a s s o c i a t i o n s have inadve r t en t ly 
encouraged p l a n n e r s t o l o c a t e s e v e r a l p e t r o c h e m i c a l complexes a t t h o s e 
p laces prone t o most c a t a s t r o p h i c ear thquakes. 

* P r inc ip i a Mechanics, London/Cambridge. 
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The nature of earthquake hazard, 

Petrochemical i n s t a l l a t i o n s , along with other sensitive industrial 
f a c i l i t i e s dealing with dangerous and tox ic ma te r i a l s , must be designed 
with some acknowledgement of the risk posed by earthquakes. Every year as 
the number of petrochemical i n s t a l l a t i o n s i n c r e a s e s and a s t h e s e 
instal la t ions becomes ever more sited in the developing parts of the world 
so the probability of a major faci l i ty being badly damaged or destroyed in 
an earthquake r ises . Such damage may not just be restr icted to the plant 
but through the release of toxic chemicals and through f i re and explosions 
could a lso extend to the population l i v ing in the v i c i n i t y . Within the 
rapid phase of post-War expansion, both in technological advances in 
f a c i l i t i e s and in global development, petrochemical instal lat ions have been 
fortunate (chiefly through geographical fac tors) to have so far remained 
relatively unscathed by earthquakes: notable perhaps is the incineration of 
oi l storage fac i l i t i e s at Bakersfield, California following the earthquake 
of July 2 l s t , 1952. 

Within the past decade there have been important changes in the way 
in which ea r thquakes a r e unders tood . There i s now a s c i e n c e of 
earthquakes, a science tha t l i ke any other science i s p red ic t ive , not as 
yet about the most sensitive topic of when a major earthquake will occur, 
but instead the a l l important where a majori ty of the major earthquakes 
w i l l be located. Earthquakes are produced by f au l t movements: such 
displacements recur along the same fault-zones (planar crustal breakages), 
time after time. This repetit ion i s a simple function of the surface of 
weakness provided by the fau l t . As the underlying cause of the 
deformation remains the same, and as stresses build up within the crust in 
the same way, so they are relieved through movement along the same faul t -
zones. The full significance of this repetition require an understanding 
of the appropriate time-scale of repeated fault-movements: measured from 
hundreds to hundreds of thousands of years . This r e p e t i t i o n allows 
individual fault-movements of no more than a fev; metres to produce major 
components of topography: valleys, troughs, escarpments and mountains. The 
locations of major recurrent earthquakes can be read in the landscape. 

The configuration of faulting i s controlled by geometric relationships 
associated with the overa l l nature of c ru s t a l deformation. The most 
important and largest scale geometry to be found dictating fault-movements 
i s that of plate tectonics: the movement of sections of rigid shell across 
the sphere. At a p la te boundary the d i rec t ion of movement along a l l the 
component faults i s constrained. 

This deformation would be extremely simple if i t were not for the 
importance of pre-existing faults in determining the location of current 
f a i l u r e surfaces within the c rus t . While oceanic crus t i s geological ly 
very young, and remarkably unfaulted giving rise to simple narrow oceanic 
p l a t e boundaries, cont inenta l plate-boundaries such as the 'Alpine' 
c o l l i s i o n zone extending from Spain through to China, reveal a more 
diffused pa t te rn of t ec ton ic deformation. Behind the major ax i s of the 
Alps there i s an offshoot of this collision zone extending into the North
west Europe, providing crustal deformation and associated seismicity. 

A major new s c i e n t i f i c component to the understanding of t ec ton ic 
processes that operate on a time-scale of many human generations has come 
from research into historical earthquakes extending back as far as records 
permit . Europe and the Middle East have an extraordinary resource of 
documentary evidence of earthquakes, evidence tha t i s sca t te red through 
obscure h i s t o r i e s , c h r o n i c l e s , d i a r i e s , newspapers e t c . When 
comprehensively researched and re-analysed t h i s database can provide the 
f i r s t scientif ic picture of the long-term regional pattern of seismicity: 
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the return periods, location and style of past earthquakes. This resource 
has only relatively recently begun to be quarried. 

Previous neglect of the earthquake hazard in Britain owes nothing to 
any calculation but simply reflects the ignorance of actual risk. Up until 
the las t two or three years the risk was unknown. Damaging earthquakes do 
occasional ly occur, and have in the past f e l l ed churches and even a 
ca thedra l . Through the wealth of the new research i n i t i a t i v e s i t i s now 
poss ible for the f i r s t time to evaluate the r e su l t an t hazard with some 
precision. 

The comprehensive researching of the his tor ical seismicity of Britain 
and Norway has recently been undertaken at Principia, and has involved the 
accumulation of an archive of 10,000 pages of original documentation. I t 
i s now possible for the f i r s t time to find accurate re turn periods of 
significant earthquakes, and to prove marked geographical regionalisation. 
One among many of the important results of this re-analysis of his tor ical 
se i smic i ty has been to define a zone of damaging earthquakes passing in 
from the Lower Rhine Graben, around Aachen, through Belgium into South-East 
England (fig 1). While the eastern end of th is zone had been suggested by 
formerly recognised earthquakes (in pa r t i cu l a r events in 1938 and 1672 
which caused widespread building damage and some fa ta l i t i e s ) , i t was tv/o 
similar previously poorly known events at the English end that have defined 
the continuation of the zone and i t s association with a known geological 
axis of deformation. The earthquake of 13 82/5/21 caused great damage in 
cen t ra l Kent around Canterbury and Hollingbourne. as well as producing 
minor building damage deep in to Belgium (Melvil le , 1982). The 1580/4/6 
earthquake caused damage and casualties around the Channel ports of Dover 
and Calais and as far away as London (Melville, 1981). 

The se ismic i ty of North West Europe i s very regional : northern 
Germany, Southern Denmark, the south-centra l North Sea, nor th-eas tern 
Br i t a in and almost the whole of Ireland have had almost no se i smic i ty 
throughout the past centur ies of recorded h i s to ry . In contras t pa r t s of 
coasta l western Norway are shaken every few years. Seismic hazard i s 
correspondingly highly variable: from 'hot-spots' in parts of south eastern 
England, and South Wales, Belgium, the Rhine va l ley and coas ta l and 
offshore Norway to regions such as western Ireland for which any concern 
with local earthquakes would be unnecessary. This var iabi l i ty l imits the 
need for simple nat ional regula t ions on seismic hazard. As i s already 
carried out for platform s i tes in the Norwegian sector of the North Sea, a 
local evaluation of hazard i s required, to define the appropria te 
mitigating structural design requirements. 

This seismic zoning i s i t s e l f in par t determined by the increasing 
knowledge of local fault activity. A number of faults have been found from 
geological evidence to show continuing a c t i v i t y in the North Sea (Muir 
Wood, 1984). whereas in northern Europe the long-recurrence interval of 
significant fault movements gives p r i o r i t y to h i s t o r i c a l se i smic i ty , in 
regions of higher seismicity around the Mediterranean i t i s impossible to 
rely simply on regional seismic zoning maps because the proximity to active 
faults will make the most significant contribution to the hazard at a s i t e . 
Such ac t ive f au l t s are only generally uncovered though de ta i l ed loca l 
inves t iga t ion . While in northern Europe much a t t en t i on has t o be given 
(especially for seismic hazard projects for nuclear power plants) to the 
demonstration that local faults have not shown recent movement, in southern 
Europe i t i s necessary to locate those places where the crust ar t iculates 
in order to find the local zones of c ru s t a l deformation and earthquake 
generation. 

The new understanding of the geometric configuration of ac t ive 
fau l t ing has highl ighted an unrecognised i n t e r c o n n e c t i o n between 
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earthquakes and refinery fac i l i t i e s . This interconnection comes from the 
o r ig ina l s i t i n g decision. Once a planner 's requirements can be framed 
according to the major morphological features of the s i t e i t becomes 
simple. Some f lat-ground i s needed, adjacent to a shel tered deep-water 
harbour. 

The morphology of the earth's surface i s i t se l f sculptured according 
to some simple rules. Erosion i s almost insignificant a few metres below 
sea-level. Unless a landscape i s sinking slowly into the sea, i s kept free 
of sediment by s t rong - t i da l cur ren t s , or has been sculpted by g l a c i e r s , 
deep-water does not occur very close to shore. 

These three descriptions respectively apply to the deep water harbours 
at Milford Haven in Pembrokeshire, Rotterdam, and the Norwegian fjords. In 
shel tered seas l i k e the Red Sea and the Mediterranean in which t i d a l 
cur ren ts a re almost i n s ign i f i can t , deep water adjacent to the land 
generally has a tectonic significance. 

In the aftermath of some normal (extensional) fault earthquakes near 
Corinth in early 1981 the phenomenon of footwall uplift was described for 
the f i r s t time (Jackson e t a l 1982). While a normal f au l t movement 
involves the downward motion of the block above the fault, the block under 
the f au l t (the footwall block) becomes unloaded and r i s e s , a d is tance of 
about one tenth of the t o t a l fault-movement (fig 2). The land ra ised by 
the footwall uplift wil l originally have been at , or even below, sea-level, 
where through wave-erosion and associated sedimentation the surface i s 
l i k e l y to have been f l a t . Movement on the normal fau l t w i l l u p l i f t t h i s 
surface; for a moderate displacement of a hundred metres on the normal 
fault the uplift wil l be of ten metres. 

Regions undergoing tec ton ic extension charac te r i s t i ca l ly present a 
configurat ion of fau l t ing in which the normal f a u l t s l i e en echelon, 
parallel but offset from one another. Where the pattern of normal faulting 
l i e s adjacent to a landmass, the en echelon fau l t ing and the footwall 
uplift combine. The most landward normal fault provides subsidence that 
forms a deep water i n l e t . The neighbouring more seaward sec t ions of an 
echelon faulting provide footwall uplift in their own right that wil l form 
par t ia l barriers to the sea to either side of th is inlet (fig 3). A simple 
process of t ec ton ics operating according to the s implest geometrical 
'rules' has constructed an excellent deep-water harbour. Adjacent to the 
most landward normal fault the footwall uplift has elevated a section of 
formerly sea-level land-surface and provided a s l i g h t l y ra ised platform 
adjacent to the deep water anchorage. 

To the planner th is ideal location must indicate the beneficience of 
the natural world. In terms of earthquake hazard the s i te i s equivalent to 
a mousetrap for a hungry rodent. Not only is there an active fault running 
within a few metres of the ref inery locat ion but should a f au l t - r up tu r e 
emerge i t w i l l i n t e r sec t any pipel ine connecting the ref inery with the 
deep-water anchorage. 

The natural world i s never qu i t e as s t ra ightforward as the model in 
fig 3, but such tectonic locations are fair ly common, and a number of major 
ref inery and s torage i n s t a l l a t i o n s have been b u i l t in t h i s general 
situation: in regions such as Greece and Western Turkey, in the Red Sea in 
Z e i t Bay, Egypt where a r e f i n e r y complex i s a t the moment being 
constructed, and a t Augusta, on the east coast of S ic i ly . The th rea t to 
the f ac i l i t i e s that l ine the bay of Augusta for ten kilometres has yet to 
be fu l ly evaluated with regard to the localy ac t ive f au l t i ng , but can be 
seen mote directly from the his tor ical record of the region's earthquakes. 
The towns and c i t i e s of the Eastern seaboard of S ic i ly have already been 
devastated in two great Earthquakes in 116 9 and 16 93 (Caputo. 1983). 
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Conclusions 

In loca t ions such as those noted above the function of any seismic 
hazard (where i t i s applied at a l l ) comes too la te , after the location has 
been chosen. The normal fault harbour location i s merely the simplest of a 
s e r i e s of t ec ton ic loca t ions that produce appropriate s e t t i n g s for 
refinery-port complexes. Extensional tectonics associated with horizontal 
or s t r ike-s l ip faulting has provided the natural San Francisco Bay, while 
deep-water anchorages along the northern coast of Algeria and around 
Gibra l tar owe the i r existence to the t ec ton ic configuraton of ac t ive 
compressional thrust faulting. 

The new scient if ic understanding of earthquakes and the configurations 
of ac t ive t ec ton ics should be applied within any s i t t i n g decis ion to 
evaluate the economic significance of a high earthquake risk. Where the 
risk i s unacceptably high, an alternative location may be sought. 

The impl ica t ions , both economic and soc ia l of a major earthquake-
induced accident are considerable. These impl ica t ions go far beyond the 
f a c i l i t y damaged (as the nuclear industry has l e a rn t ; and the chemical 
industry i s learning following the calamitous gas storage explosions in 
Mexico City, and chemical leakages in Bhopal, India towards the end of 
1984). An accident anywhere in the world impl ica tes a l l f a c i l i t i e s . 
Should a ca tas t rophic petrochemical accident be earthquake induced i t i s 
l i k e l y tha t a re-assessment of earthquake design procedures would be 
required for a l l local f ac i l i t i e s . 

The majority of p re -ex i s t ing chemical p lan t s were not designed 
spec i f i ca l ly to withstand earthquake ground shaking. There e x i s t s a 
possibi l i ty that a relatively small local earthquake could produce a major 
accident, in particular if the chemical released involves a pressurised or 
liquefied gaseous agent of high toxicity or flammability. 

As ye t , la rge ly through luck, ra ther than judgement, problems of 
ea r thquake h a z a r d ' h a v e not i m p l i c a t e d chemical and petrochemical 
instal lat ions. All too often the understanding of a hazard has postdated 
i t s occurrence. I t i s necessary for the petrochemical industry to follow 
the example set by the nuclear industry and prove that i t s f a c i l i t i e s are 
safe. As has been shown by the chemical released a t Bhopal, chemical 
accidents have not only the possibil i ty of being as devastating as nuclear 
acc idents , but through the neglect of t h i s p o s s i b i l i t y , the lack of 
regulation, and the large number of plants, they may present a more serious 
global hazard. 
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