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F a u l t  D i m e n s i o n s ,  D i s p l a c e m e n t s  a n d  G r o w t h  

JUAN WATTERSON 1 

Abstract--Maximum total displacement (D) is plotted against fault or thrust width (W) for 65 faults, 
thrusts, and groups of faults from a variety of geological environments. Displacements range from 0.4 m 
to 40 km and widths from 150 m to 630 kin, and there is a near linear relationship between D and W z. 
The required compatibility strains (es) in rocks adjacent to these faults increases linearly with W and with 
, ~  and ranges from e s = 2 x 10 -4 to e s = 3 x 10 -1. These are permanent ductile strains, which com- 
pare with values of e s = 2 x 10- s for the elastic strains imposed during single slip earthquake events, 
which are charaeterised by a linear relationship between slip (u) and W. 

The data are consistent with a simple growth model for faults and thrusts, in which the slip in 
successive events increases by increments of constant size, and which predicts a relationship between 
displacement and width of the form D = cW z. Incorporation of constant ductile strain rate into the 
model shows that the repreat time for slip events remains constant throughout the life of a fault, while the 
displacement rate increases with time. An internally consistent model with e~ = 2 x 10-5, giving repeat 
times of 160 years and instantaneous displacement rates of 0.02 cm/yr, 0.2 cm/yr, and 2.0 cm/yr when 
total displacement is 1 m, 100 m, and 10 km, and slip increasing by 0.5 mm with each event, gives a good 
approximation of the data. The model is also applicable to stable sliding, the slip rate varying with ductile 
strain rate and with W 2. 
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Introduct ion 

T h e  p r o b l e m  a d d r e s s e d  c o n c e r n s  the  r e l a t i onsh ip  b e t w e e n  faul t  d i m e n s i o n s  a n d  

the  to ta l  d i s p l a c e m e n t  a c c r u e d  t h r o u g h  n u m e r o u s  slip even ts  o r  s table  sl iding,  a n d  

the  c o n s e q u e n t  duc t i le  and  e las t ic  s t ra ins  r e q u i r e d  to  m a i n t a i n  c o m p a t i b i l i t y  in rocks  

a d j a c e n t  to the  fault .  T h e  n o m e n c l a t u r e  used  is i l lus t ra ted  in F i g u r e  1, wh ich  shows  

the  essent ia l  g e o m e t r y  o f  an  ideal  s imple  n o r m a l  faul t  wh ich  does  n o t  in te rsec t  a free 

surface,  i.e. a b l ind  fault .  T h e  slip sur face  is t a k e n  to be an  e l l ip t ica l  p l ane  wi th  the  

slip v e c t o r  pa ra l l e l  to the  shor t  axis o f  the  ellipse; the  d i m e n s i o n  of  the  slip sur face  

para l l e l  to the  slip vec to r  is the  l eng th  L. T h e  d i m e n s i o n  n o r m a l  to  the  slip v e c t o r  

wi th in  the  slip p l ane  is the  faul t  w id th  W. D i s p l a c e m e n t  var ies  f r o m  a m a x i m u m  at  
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Figure 1 

Essential geometry of an idealised simple normal fault with elliptical tip line, or zero displacement contour: 
(a) viewed along normal to slip surface; (b) side elevation. Disposition of an originally horizontal horizon 
on the fault plane is shown for footwall and hanging wall. L is length (parallel to slip direction), W is 

width, and D is maximum displacement. 

the centre of the elliptical surface to zero at the edge of the slip surface which, 
following thrust terminology (BoYER and ELLIOTT, 1982), is an elliptical tip line. The 
fault is assumed to grow by radial extension of the tip line with no migration of the 
point of maximum displacement. 

The maximum compatibility strains required by this geometry are, for total fault 
displacement D, length L, and width W, as follows. 

1. In rocks adjacent to the fault surface and lying along the minor axis of the 

ellipse (parallel to the slip direction), an average linear strain es = D/L: this is the 
strain arising from the edge component of the fault dislocation, referred to by 
MURAOKA and KAMATA (1983) as the slip-parallel strain. 

2. In rocks adjacent to the fault surface and initially lying along the major axis 
of the ellipse (perpendicular to the slip direction), an average shear strain ? = D~ W: 
this is the strain arising from the screw component of the fault dislocation. For  
comparative purposes a more useful quantity is the linear strain of the long axis of 
the rotational strain ellipse e s corresponding to the shear strain (RAMSAY and HtrBER, 
1983), which for the comparatively small strains (~ < 0.2) involved in faulting is 
es = ~/2, or es = D/2 W. 

The average strains can thus be simply expressed in terms of the maximum 
displacement and the principal dimensions of the fault surface. A more rigorous 
definition of the strains is not possible without knowledge of the distribution of 
displacements across and normal to the fault surface. 
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Figure 2 
Width versus maximum displacement for faults, thrusts, and groups of faults (coal field faults from 
Barnsley and N. Derbyshire areas distinguished) and slip versus width for seismic events; e, is linear 
strain required for compatibility, and F, F', and F" are model growth curves. See text for explanation. 

Fault and thrust data 

The data available are sufficient only for examining the relationship between 
total displacement and fault width, and this is shown in Figure 2 for a range of faults 
and thrusts from different geological environments and covering a wide range of 
scale. The systematic distribution is in part an artifact of the log-log scale required 
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by the range of size. Sources for the data are given below. 
1. Mine data are for normal faults encountered during deep mining operations 

in British coal fields. Where several worked coal seams intersect the same fault at 
different levels and the displacement on the fault has been recorded at several places 
in each seam, sufficient data points may exist for contours of displacement to be 
drawn over the whole, or a substantial part, of the fault surface (RIPPON, 1985). This 
allows both the maximum displacement and the principal dimensions of the fault to 
be identified. Single fault surfaces generally approximate the geometry shown dia- 
grammatically in Figure la, i.e., elliptical tip lines with displacement parallel to 
the short axis of the ellipse. The data plotted are derived either from faults where 
the complete fault plane has been defined or from faults for which sufficient in- 

formation is available for definition of the maximum displacement and the half- 
width. 

2. Thrust data are from ELLIOTT (1976) for thrusts in low-grade rocks in the foot 
hills and front ranges of the Canadian Rockies. The thrusts are not blind, and the 
assumption is made that the maximum widths and maximum displacements are 
those at the leading edge. 

3. A single data point is included for a normal fault scarp in Iceland (GUD- 
MUNDSSON, 1980), for which the same assumptions are made as for the thrusts. 

4. Seven data points refer to normal fault scarps from several ocean floor areas 
(SEARLE, 1983; LAUGHTON and SEARLE, 1979) adjacent to spreading centres: the origi- 
nal data are of mean values for length and height of several scarps within each area. 

The plotted data may therefore underestimate the maximum displacements on these 
faults. The same assumptions are made as in Paragraphs 2 and 3. 

5. A single data point represents two faults of similar size and displacement 
reconstructed from high-resolution seismic-reflection data; the faults are located in 
the North Sea. 

Also plotted in Figure 2 are contours of the corresponding linear strains es. Not 
included in the plotted data are two faults of lengths 1.3 and 2.5 m, with displace- 
ments of 13.5 and 40.0 cm (MURAOKA and KAMATA, 1983). The displacements on 

these faults are an order of magnitude greater than would be expected if the linear 
trend in Figure 2 were to be extended to smaller scales, and differences between 
length and width are unlikely to reduce the anomaly significantly. These faults occur 
in Quaternary lacustrine sediments, which may have very different mechanical proper- 
ties to the host rocks of the other faults for which data are available. 

Interpretation 

The immediate conclusions to be drawn from the data are as follows. 
1. The strains required to accommodate these faults and thrusts, just less than 

es = 0.1, or 10~o strain in the case of the major structures, are much too great to be 
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accommodated elastically and must therefore represent permanent ductile strains. In 
this context 'ductile' means strain in which material continuity is maintained, or in 
which discontinuities are on a very small scale relative to that of the strained 
volume. 

2. Strain es increases with the size of the fault or thrust. 
3. The relationship between total displacement and fault width is not linear. 
A linear relationship between fault length and the mean slip u for individual 

large earthquake events has been demonstrated (ScHoLz, 1982) for both strike slip 
and thrust movements, the characteristic values of e 1 being 1.25 x 10-5 for strike-slip 
faults and 2 x 10- 5 for thrusts. The width of strike-slip faults is limited by the thick- 
ness of the seismogenic layer, and no relationship between width and seismic slip is 
expected or found (ScnoLz, op. cit.). This limitation does not apply to deep thrust 
displacements, and the slips and fault widths for twelve such events listed by SCHOLZ 
(op. cit.) are plotted in Figure 2. The stress drop of small earthquakes is known to 
be nearly constant (HANKS, 1977) and independent of fault dimensions; as the stress 
drop is proportional to mean slip per fault radius, a linear relationship between u 
and W is expected, pace length per slip for large earthquakes. A slip per width ratio 
of 4 x 10 -5 for single slip events, corresponding to es = 2 x 10 -5, will be taken as 

the representative value. This is the strain change or strain drop (KANAMORI and 
ANDERSON, 1975). The earthquake data are not exactly comparable, since the values 
of total displacement and of e~ for the inactive faults refer to the maximum value of 
displacement on a fault, whereas the values for single slip earthquake events refers 
to mean values over the slip surface; as the mean slip is likely to exceed 0.8 of the 
maximum value (ESNELBu 1957), no correction is necessary for present purposes. 

From the data, and the assumed knowledge of the representative value of e~ 
associated with single slip events, an estimate can be made of the size of the final slip 
event on each of the faults for which the total displacement is known; e.g., a fault of 
width 100 km with a total displacement of 10 km will have had a final slip of 4 m, 

given the assumptions discussed previously. This allows some constraints to be placed 
on the manner in which faults grow and on the number of slip events which are 
required to achieve the total displacement on a seismic fault. Some absolute limita- 
tions are immediately apparent. If a fault is the product of only a single slip event, 
i.e. D = u, then it would plot somewhere along the line corresponding to 
es = 2 x 10-5; this is clearly not the case for any of the faults for which data are 
available. If every slip event on a fault were of the same size, then, given a linear 
relation between u and W, the fault would not increase in width, and the growth 
curve of the fault would parallel the y axis (log D) of Figure 2; such a relationship 
would require complete relaxation of all elastic compatibility strains between suc- 
cessive slip events, and there would be no systematic relationship between width and 
total displacement in a sample of faults. This is not the case for the sample available. 
On the other hand, if no relaxation of elastic compatibility strains took place between 
successive slip events, the established linear relationship between u and W for 
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earthquake events would not obtain. The real case must lie between these extremes, 

and it requires relaxation between successive seismic faulting events of a proport ion 
of the elastic strain, which is replaced by an equivalent permanent strain. It is evident 

that in the general case a fault will increase in width with time and that individual 
displacements of successive slip events must also increase. 

Fault growth model 

It might be expected that a model for the increase of successive slip events would 
require a complicated growth law, but this seems not to be the case. A model reason- 

ably consistent with the data is one in which the amount  of slip in individual events 

increases in simple arithmetic progression. Where successive slips increase by a con- 
stant increment, 

A = u/2 a n d D  = N . A ,  s o D  = N.u/2. 
u = N .  k, so N = u/k, and therefore D = uZ/2k. 
B u t u ~  W, so, for cons tan tk ,  D =  c . W  E , or l o g D =  c + 2 1 o g  W. 

Here D is total displacement, u is last slip, W is fault width, A is average slip, N is 
number of slip events, and k is the increment by which successive slip events increase, 
and c is a constant. 

A fault growing according to this model will have a growth curve which plots as 

a straight line on a log-log plot with a slope of 63.5 ( tan-  1 = 2 ) .  The position of the 

growth curve is determined by the values of k and u/W. A representative growth 
curve F, Figure 2, corresponds to values o f k  = 0.5 m m  and u/W = 4 • 10 -5. Most 

of the data are included in the range bounded by the two lines F '  and F", which 

correspond to k = 0.03 and k = 8 mm respectively for u/W = 4 • 10 -5. Alter- 
natively, F '  and F"  correspond to a u/Wof  8 • 10 -5 and 5 • 10 -6 respectively at 

constant k = 0.5 mm. 
I f D  = cW 2, the value of the constant c is 1.6 • 10  - 3  for line F, 2.5 • 10 -2 for 

F ' ,  and 1 x 10 -4 for F". Given the range in type and scale of the faults and thrusts 
in the data set, and the range of material properties of the rocks in which they occur, 

the required range of values for the constant and for either k or u~ W is sufficiently 
small for the model to be a potentially useful approximation. 

The conclusions drawn here conflict in some respects with the assumptions of 
WILHAMS and CHAPMAN (1983), who accept the popular  concept of a 'ductile bead' 
at the propagating tip line of a fault. This concept requires that accommodat ion 
strains are imposed only adjacent to the current tip line, thereafter remaining un- 
modified during subsequent evolution and growth of the fault. This requiremen~ is a 
consequence of the unstated assumptions (op. cit.) that (a) total maximum dis- 
placement is directly proportional  to fault dimension (length or width), and that (b) 
the displacement gradient from fault tip to point of maximum displacement is linear. 
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Table 1 

Characteristics o f  Fault  Growth with Constant Values e s = 5 x 10 15 see 1, u / W  = 4 x 10 -~, and u 

Incrementing by 0.5 mm with each Slip Event  

Total maximum displacement (km) 0.001 0.01 0.1 1.0 10 50 
Width (km) 1.6 5 15.8 25 158 173 
Time (yr x 103) 11 33 107 327 1070 2356 
Average displacement rate (cm/yr) 0.01 0.03 0.1 0.32 1.0 2.19 
Instantaneous displacement rate (cm/yr) 0.02 0.06 0.2 0.63 1.98 4.3 
Last slip (cm) 3.16 10 31.6 100 316 692 
Number of slip events 63 200 633 2000 6329 14451 
Repeat time (yr) 160 160 160 160 160 160 

The first of these assumptions is inconsistent with the data given here, and the 

second assumption is doubtful, given the radial distribution of slip required by the 
ES~ELBY (1957) model for single slip events. The increase in strains with fault 
dimensions demonstrated in Figure 2 strongly suggests that rocks adjacent to the 
whole slip surface undergo strain changes with each increment of slip, rather than 

just those adjacent to the propagating tip line, although this cannot be demonstrated 
conclusively, given that e s is defined as the mean strain. 

Rates of strain and of displacement 

Taking the growth curve F as representative, the simple growth model can be 
used in examining the relationship between rates of strain, rates of displacement, 
and repeat times for seismic events. During the growth of a fault the most likely 
constant factor is the linear ductile strain rate, and this may in fact be the parameter  
which determines all other rates. 

Taking ks = 5 x 10 -15 sec -1 as the constant ductile strain rate, the other 

changes during growth of a fault or thrust to a total displacement of 50 km are listed 

in Table 1. This shows the model to predict constant repeat times for seismic events 

throughout the life of an individual fault, regardless of size attained, and to predict 
an increase in both average and instantaneous displacement rates with increase in 

size of the fault. The value of 5 x 10-15 was chosen for ks in order to give a reason- 

able repeat time of 160 years, but it is within the range expected within the seis- 

mogenic layer. The ductile strain rates expected below the seismogenic layer range 
from 10 -12 sec -1 to 10 -14 sec -1 and are likely to decrease by approximately one 

order of magnitude for each 100 ~ reduction in temperature (see data for quartz in 
WroTE, 1976, Fig. 7). 

Although the model has been expressed in terms of seismic, i.e. intermittent, fault 

displacement, it is also applicable to faults which are characterised by stable sliding. 
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If stable sliding takes place with constant elastic strain, i.e. plastic yielding ss, the 
ductile strain rate is constant and the relationships between total displacement, 
width, displacement rates, and linear ductile strain rate are the same as for seismic 
faults. 

The model is directly applicable only to growing faults in which each slip event, 
or stable sliding, occurs over the entire fault surface, and in which the fault surface is 
extended either with each seismic event or continuously during stable sliding. It may 
prove possible to adapt the model to slip events that affect only a part of an 
existing fault surface, but it cannot be applied to kinematically controlled faults, 
where the displacement rate on a single slip surface is determined directly by plate 
motions; such faults in any case terminate in transfer structures rather than tip lines, 
and length and width as defined here cannot be measured. 
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