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Abstract--For almost a century, the view has existed that the tilting of blocks between closely-spaced planar 
normal faults is rigid-body rotation. This interpretation requires only simple geometry, and has consequently 
found widespread application. However, it is not consistent with the deformation expected around normal faults 
given the present knowledge of stress fields and rheology in basement in the brittle upper crust, which is better 
regarded instead as distributed vertical simple shear. Rigid-body rotation and vertical shear involve different 
relations between fault and bed tilting, and thus predict different initial fault dips for particular present-day dips 
of faults and beds. These two schemes also predict different amounts of extension, and it is consequently 
important to establish which is correct. With this aim in mind, we examine normal faults associated with Neogene 
extension in western Turkey and the western United States, and with Mesozoic extension in the North Sea. 
Except where extension and the associated tilting are minimal, rigid-body rotation predicts unrealistically steep 
initial fault dips. Some extensional basins also exhibit reversals of normal fault polarity and tilt polarity of beds, 
which are incompatible with rigid-body rotation. We therefore conclude that the general cause of the tilting is 
vertical shear, not rigid-body rotation. This has three main observational consequences. First, the heave on any 
normal fault equals the amount of extension across it. Second, no feature near a normal fault can rotate through 
the vertical. A normal fault thus cannot rotate through the vertical and appear as a reverse fault. Third, any 
initially-vertical feature near a normal fault will remain vertical. A vertical dyke in the tilted surroundings of a 
normal fault is thus not necessarily younger than the extension that caused the tilting. 

INTRODUCTION 

DURING continental extension, the upper mantle and 
lower crust appear to extend plastically, principally by 
distributed pure shear. In contrast, the upper crust, 
shallower than -15  km depth, is brittle, and extends by 
slip on normal faults. These faults appear to be planar 
rather than listric within basement in the upper crust, on 
the basis of seismic reflection observations (e.g. Roberts 
& Yielding 1991), earthquake studies (e.g. Jackson 
1987) and geodetic analyses (e.g. Stein & Barrientos 
1985). As a consequence of slip on any such normal 
fault, older stratigraphy becomes tilted. Beds within this 
stratigraphy (or other surfaces that are initially horizon- 
tal, such as unconformities or erosion surfaces) act as 
convenient passive markers to determine the extent of 

this tilting. It is inferred that the faults that control the 
extension of the upper crust also tilt, developing pro- 
gressively less steep dips as extension proceeds. A typi- 
cal cross-section through extended upper crust showing 
major planar normal faults in basement and tilted bed- 
ding, for Mesozoic extension of the northern North Sea, 
is shown in Fig. 1. 

Many people (e.g. Emmons & Garrey 1910, Morton 
& Black 1975, Jackson & McKenzie 1983, Jackson 1987) 
have noted that normal faults are often closely-spaced, 
with blocks between them narrow compared with their 
vertical extent. In localities where the major normal 
faults that control extension have the same polarity and 
approximately equal spacing, the resulting quasi- 
periodic tilting of beds and the inferred tilting of closely- 
spaced faults gives the impression that the fault- 
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Fig. 1. Cross-section across the Viking graben in the northern North Sea, showing Mesozoic normal faults with irregular 
spacings and polarity reversals, with tilting substantial in basement near major normal faults but dying out towards the edges 

of the extensional province. Adapted from fig. 2 of Marsden et al. (1990). 
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Fig. 2. Schematic cross-sections showing extension accompanied by 
rigid-body rotation. (a) The proportionality between fault spacing and 
displacement that is required to maintain constant rotation. This 
historic diagram, adapted from fig. 15 of Emmons & Garrey (1910) 
was---to the best of our knowledge--the first ever portrayal of °rigid 
domino' extension. (b) Representation after Jackson's (1987 fig. 4) 
model that extensional pure shear can be partitioned as simple shear 
localized on normal faults and rigid-body rotation. Extension factor fl 

equals L I / L  o. 

bounded blocks have rotated around horizontal axes. 
Such blocks have been likened to dominoes, and it has 
been suggested that they are infinitely rigid and take up 
extension by rigid-body rotation (e.g. Jackson 1987) 
(Fig. 2). 

For rigid-body rotation, tilt angles of beds and faults 
are identical. This assumption is frequently used to 
determine initial dips of normal faults (e.g. Jackson 
1987). Let 0 denote the present-day dip of a surface that 
was horizontal when extension began. If the initial and 
present-day fault dips are 60 and 6 (with fault tilt ~p = 60 
- 6), then for rigid-body rotation: 

0 = 6o - 6 = 9a. (1) 

For example, if the steepest beds in a basin dip at 15 °, 
and the normal fault at its margin dips at 45 ° , with this 
assumption one may deduce an initial fault dip of 60 ° . 
An angle ~ can be defined as the difference of tilt 
between a normal fault and a surface in its surroundings 
that was horizontal when extension began: 

x = 0 - % (2) 

For rigid-body rotation x is thus always zero. We suggest 
the name 'tilt discrepancy' for x. 

For coseismic processes, the vertical partitioning and 
distribution of vertical displacements between the 
hanging-wall and footwall of a normal fault can be 
modelled using elastic dislocation theory within a self- 
gravitating lithosphere (e.g. Stein & Barrientos 1985, 
King et al. 1988), which can be well-approximated as an 
elastic halfspace because the vertical extent of faulting 
( -15  km) is much less than the typical lithosphere 

thickness ( -100  km) (Fig. 1). On longer time scales 
(perhaps on interseismic time scales of thousands of 
years, perhaps over -100,000 years), viscoelastic relax- 
ation within the lower crust and mantle lithosphere 
redistributes the vertical forces generated by extension. 
As a consequence of time-dependent creep in the lower 
crust and mantle lithosphere, the response of the litho- 
sphere changes over these time scales from that of a self- 
gravitating elastic halfspace containing a finite cut to that 
of a self-gravitating brittle-elastic upper-crustal plate 
above a fluid substratum. The final distribution of verti- 
cal displacements within the hanging-wall and footwall 
of a normal fault in basement is thus the sum of many 
coseismic displacements plus the cumulative postseismic 
viscoelastic relaxation (e.g. King et al. 1988). 

The viscoelastic redistribution of the isostatic forces 
generated by extension does not appear to be associated 
with additional upper-crustal extension or slip on major 
faults, or with other significant seismic activity. Its 
principal observable consequence is uplift throughout 
each normal fault zone, which adds to the coseismic 
footwall uplift and cancels part of the coseismic hanging- 
wall subsidence (e.g. King et al. 1988). The absolute 
coseismic hanging-wall subsidence is typically 5-10 
times the absolute footwall uplift (e.g. Stein & Barrien- 
tos 1985, King et al. 1988). In contrast, after relaxation 
absolute coseismic hanging-wall subsidence and foot- 
wall uplift are more equal, with their precise ratio 
dependent on the amounts of hanging-wall loading and 
footwall erosion (e.g. King et al. 1988, Kusznir et al. 
1991). The long-term viscoelastic redistribution of iso- 
static forces thus appears to be accommodated by mainly 
vertical displacements in response to the bending of a 
thin, self-gravitating, upper-crustal plate. Neither co- 
seismically nor post-seismically do footwalls and 
hanging-walls of normal faults appear to behave as 
infinitely rigid blocks undergoing rigid-body rotation. 
Laterally varying distributed vertical simple shear 
appears instead to be a more appropriate way to de- 
scribe their postseismic response and the resulting 
cumulative deformation. 

Other fundamental problems of rigid-body rotation 
(Fig. 2) are its failure to explain how normal-fault 
polarities can switch within extensional regions, or how 
these regions terminate laterally (Fig. 3). Nor does it 
permit arbitrary spacing or displacement on adjacent 
faults; spacing and displacement must be in proportion 
to maintain constant rotation (Fig. 2a). It is difficult to 
see how these aspects of the behaviour of real normal- 
fault systems (e.g. Fig. 1) can occur without internal 
deformation of fault-bounded blocks. 

UPPER-CRUSTAL VERTICAL SHEAR DURING 
EXTENSION 

Buck (1988) and Kusznir et al. (1991) have shown that 
the elastic bending stress associated with flexure and the 
development of curvature within the brittle layer around 
an isolated planar normal fault is large, and will cause 
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brittle failure in the surroundings of the fault if realistic 
mechanical properties are assumed. As a result, the 
rigidity of the blocks bounding any isolated normal fault 
cannot reasonably be regarded as infinite, and may 
indeed be quite small, corresponding to an effective 
elastic thickness of only a few kilometres. This reasoning 
against an infinite rigidity for normal-fault-bounded 
blocks also applies for systems of multiple faults. 

Jackson (1987) proposed a scheme for extension of 
the brittle layer where extensional pure shear is achieved 
by partitioning deformation into rigid-body rotation of 
blocks around horizontal axes and simple shear, the 
simple shear being parallel to and localized on each fault 
plane (Fig. 2b). On a regional scale, over many normal 
faults, the brittle layer can take up deformation that is 
equivalent to extensional pure shear. However ,  on the 
scale of an individual normal fault a more realistic way to 
partition deformation treats the horizontal displacement 
perpendicular to fault strike, the heave, as taking up 
extension by enabling blocks to separate (Fig. 4), 
whereas its vertical component ,  the throw, enables each 
fault to accommodate local tilting, which results from 
the need to maintain isostatic equilibrium as the footwall 
becomes unloaded and the hanging-wall becomes 
loaded during extension. Most recent schemes for nor- 
mal faulting, whether qualitative (e.g. Wernicke & 
Axen 1988) or quantitative (e.g. Buck 1988, Kusznir et 
al. 1991), incorporate distributed vertical simple shear 

a) 

b) 

z=cx+d 

/ 
/ /y=ax+h 

/ 

= 8/O/ 

/ 

lr IT II lr IT ,, 
Fig. 4. Schematic summary of tilting around an isolated normal fault 
by distributed vertical simple shear. In (a) the fault forms with initial 
dip 6 o. In (b), after some extension, the fault has dip 6 and a surface 
that was initially horizontal now has dip 0 adjacent to it. As is shown in 
the text, angles 60, 6 and 0 are related by equation (6). Paired vertical 
arrows beneath (b) indicate the sense and relative magnitude of 
vertical simple shear strain at different horizontal positions along the 
tilted surface and in the vicinity of the fault plane. On the scale that we 
consider, we regard this vertical shear as distributed; not, for example, 

localized on vertical faults. 

to some extent. With vertical shear occurring in both the 
footwall and hanging-wall of a normal fault, the heave 
on the fault will equal the amount  of extension across it. 
Moving away from an isolated fault, one would expect 
the vertical simple shear strain to decrease to zero, as in 
Fig 4(b). Between closely-spaced subparallel normal 
faults, this strain would not be expected to vary substan- 
tially, causing roughly uniform tilting. Uniform tilting of 
blocks between closely-spaced normal faults is thus not 
necessarily caused by rigid-body rotation: it may arise 
instead through uniform vertical shear. 

Many people have developed flexural solutions for 
deformation in the surroundings of normal faults (e.g. 
Buck 1988, Kusznir et al. 1991). Flexure differs in 
principle from ideal vertical shear, insofar as it involves 
blocks laterally dilating and/or contracting above and 
below a neutral fibre whose length is unchanged. How- 
ever, where curvature of the surroundings to a normal 
fault is gentle, with radius of curvature large compared 
with the horizontal extent of tilting, the deflection pre- 
dicted for flexure will be subvertical, such that it 
approximates vertical shear. Thin plate flexure theory 
neglects horizontal displacements, and methods based 
on it (e.g. Kusznir etal.  1991) thus predict displacements 
that are equivalent to vertical shear. Wernicke & Axen 
(1988) suggested instead that footwal l  uplift is by ideal 
vertical shear, although hanging-wall subsidence is not. 

Each of the above schemes (Buck 1988, Wernicke & 
Axen 1988, Kusznir et al. 1991) predicts deformation of 
basement in the surroundings to normal faults. Their  
assumption that the vertical simple shear strain is uni- 
form in each vertical column in the brittle layer means 
that it is different at different depths adjacent to the 
fault. This means that, as extension proceeds, a normal 
fault that is initially planar will gradually cease to be 
precisely planar, because different parts of it will be in 
localities with different vertical simple shear strain. The 
inferred bending of fault planes is assumed to occur on 
the post-seismic time scale. 

Compared with Wernicke & Axen (1988), some other 
schemes for deformation around normal faults assume 
even greater differences between hanging-wall and foot- 
wall deformation styles, requiring footwalls to remain 
fixed as hanging-walls tilt. In these schemes, decreases in 
hanging-wall tilting away from any normal fault require 
the fault to be listric. Verrall (1981) proposed a geo- 
metrical method for investigating hanging-waU tilting, 
which assumes that it accompanies distributed vertical 
simple shear. White et al. (1986) developed this method 
to cover inclined distributed hanging-wall simple shear, 
suggesting that this shear is typically oriented at - 4 5  ° in 
the antithetic sense. These two schemes assume and 
require fundamentally different theology and defor- 
mation mechanisms for hanging-walls and footwalls. 
This assumption makes no sense when dealing with 
deformation in basement that is the same on both sides 
of a fault. Neither scheme incorporates the isostatic 
response to displacement on a normal fault. Further- 
more,  it is evident from many of our figures that normal 
fault footwalls have tilted. For these reasons we exclude 
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schemes that require fixed footwalls. It is noteworthy 
that many localities formerly interpreted using Verrall's 
(1981) method are now regarded as having taken up 
extension accompanied by both footwall and hanging- 
wall tilting instead (e.g. Roberts & Yielding 1991). 

While major normal faults in basement, which take up 
coseismic extension, are approximately planar (e.g. 
Jackson 1987), the elastic dislocation theory that gov- 
erns coseismic deformation does not require precisely 
planar shape. Minor fault curvature and changes in fault 
dip are entirely reasonable. Westaway et al. (1989) 
documented a normal fault in basement in Italy with 60 ° 
dip at the Earth's surface and 48 ° dip at - 1 0  km depth, 
indicating average fault curvature of -0 .03  km-1. This is 
within the range of surface curvature observed near 
basement-bounding normal faults and attributable to 
elastic flexure (see, e.g., Kusznir et al. 1991), and is 
presumably accommodated by the wall rocks to the fault 
flexing. Curvatures of this order correspond to bending 
stresses that approach the limit for crustal rock, and thus 
require some brittle failure (see, e.g., Kusznir et al. 

1991). Much sharper fault curvature has of course been 
documented by many people in weak materials, such as 
unconsolidated sediments. In the absence of well- 
documented sharp curvature on normal faults in base- 
ment, we believe it is reasonable to assume that these 
faults typically initiate planar and remain approximately 
planar as they take up extension. We suggest that this 
may be because the initial elastic strength of the base- 
ment enables it to resist the development of sharp fault 
curvature. Alternatively, if moderate fault curvature 
were to develop, the resulting stress may well be suf- 
ficient to shear off the block on the concave side of the 
fault, restoring it to approximately planar geometry. 
Conversely, if for some reason sharp curvature of a 
normal fault in basement were to develop, more com- 
plex deformation would probably be required in its 
surroundings. 

The above arguments suggest that bed and block 
tilting occur by a combination of coseismic elastic dislo- 
cation response and post-seismic vertical shear to re- 
store isostatic equilibrium, rather than by rigid-body 
rotation, and can be regarded overall as vertical shear, 
to a good approximation at least. This deformation style 
imposes no constraints on fault displacements, orien- 
tations and spacings. It thus permits normal fault sys- 
tems to exist with irregular displacements, orientations 
and spacings--behaviour that is incompatible with the 
rigid domino model. In the next section it is also shown 
that the relationships between tilts of beds and faults for 
vertical shear also differ fundamentally from those for 
rigid-body rotation. 

'ROTATION' OF FAULTS AND BEDS BY 
VERTICAL SHEAR 

We now pursue quantitatively some consequences of 
the assumption of ideal distributed vertical simple shear 
in the surroundings to normal faults, to derive the 

relationship between the tilting of normal faults and dip 
of the oldest beds adjacent to them. Consider the geo- 
metrical configuration in Fig. 4, where a planar normal 
fault has initial dip bo, where tan(bo) = - c ,  and satisfies 
the equation: 

z = c x  + d .  (3) 

A general scheme for ideal distributed vertical simple 
shear will cause lateral variations in fault and bed tilting 
as a result of lateral variations in vertical shear. Let us 
consider the relationship between fault and bed tilting 
by ideal vertical shear in the limit of infinitesimal dis- 
tance from the fault. In this limit, the fault can be 
assumed locally planar, with local dip b. 

Suppose extension is accompanied by ideal distrib- 
uted vertical simple shear that acts to tilt an initially 
horizontal marker (such as a bed that was deposited at 
the start of extension, or an older bed or other surface 
that was subhorizontal at that time) by angle 0, where 
tan (0) = a, and also acts to tilt the fault. Suppose that 
after extension this initially-horizontal marker locally 
has equation: 

y = ax + b. (4) 

Adjacent points on the fault will now have vertical 
co-ordinate v(x),  where v = z + y. Thus: 

v = z + y = c x + d + a x + b  

= (c + a)x + (b + d). (5) 

As a result of this vertical shear, the fault dip b will be 
such that tan(b) = - (c + a). 
Substituting for c and a gives: 

tan(b) = tan(bo) - tan(0) 

o r  

tan(0) =tan(bo) - tan(b) (6) 

which can be compared with equation (1) that assumes 
rigid-body rotation. Following equation (6), if beds dip 
at 15 ° near a normal fault with dip 45 °, one should 
deduce that the fault had initial dip 52 °, not 60 ° as 
before. The assumed distributed vertical simple shear 
has the same sense (in this case, down-to-the-left) on 
both sides of the fault in Fig. 4(b). Because this fault is 
drawn planar, in this case this shear strain is the same 
adjacent to it on both sides, equal to a or tan(0), and 
gradually decreases to zero away from this fault on both 
sides. 

Recalling that fault tilt 7) equals bo - b, then b = b o - 
~p, and given the general trigonometrical relationship 
that: 

tan(6o) - tan0p) 
tan(bo - ~p) -= 1- T t - ~ n ( ~ o ~  ) 

equation (6) can be written in terms of ~p as: 

tan(bo) - tan0p) 
tan(b) = tan(bo) - tan(0) = 1 + tan(bo) tan0p ) 

(7) 

(8) 

o r  
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tan(0) = [tan0p)tan2(6°)] (9) 
1 + tan(do) tan(~p) 

Equation (9) can then be rewritten as: 

tan(0) = ftan(~p) (10) 

to give the relationship between bed and fault tilt, where 

f =  1 + tan2(6o) (11) 
1 + tan(6o) tan(~p) 

As one moves away from any isolated normal fault the 
dip of any bed will decrease, eventually becoming zero. 
These equations cover dips of beds when immediately 
adjacent to faults, and to apply them thus requires bed 
dip measurements in suitable localities immediately 
adjacent to faults. The distance over which bed dip 
decreases depends on the effective elastic thickness of 
the upper crust (e.g. King et  al. 1988, Kusznir et  al. 1991) 
and is not quantifiable simply in terms of geometry. 
Because any curved normal fault can be approximated 
as the limit of a large number of small planar patches, 
these equations will apply to tilting adjacent to each 
patch taken separately, provided this tilting comprises 
distributed vertical simple shear. However,  as already 
noted, deformation near any strongly-curved normal 
fault in basement would be expected to be more complex 
than distributed vertical simple shear, and we expect the 
useful application of these equations to be limited 
mainly to normal faults that are planar or approximately 
planar. 

The upper limit for ~p is 60, which occurs when a 
normal fault has tilted to horizontal orientation (Table 
1). However ,  in some cases when normal faults tilt 
sufficiently that their dips approach - 3 0  °, a new gener- 
ation of fault may form nearby to take up continuing 
extension (Jackson & McKenzie 1983, Jackson 1987). If 
so, this limit is never reached. From equation (11) a 
necessary condition for f >  1, which gives 0 > ~p and x > 
0 °, is that ~p < 60. Given that ~p = 60 - 6, this condition is 
equivalent to 6 > 0 °. Thus, for al l  non-zero dips of 
normal faults, vertical shear makes bed tilt exceed fault 
tilt, with x > 0 °. Depending on 60, x can indeed some- 
times be substantial (Table 1). 

Although x is positive for all non-zero dips of normal 
faults and all positive values of % it does not increase 
monotonically with increasing ~p or decreasing 6 (Table 
1). Values o fx  decrease at large % reaching zero when ~p 
= 60. For a fault in this regime, increments to bed tilt will 
be smaller than the corresponding increments to fault 
tilt. The relationship between x and ~p is thus significant. 
It can be obtained by substituting ~p = 60 - 6 and 0 = x 
+ ~p into equation (6), expanding the resulting equation 
using multiple-angle formulae equivalent to equation 
(7), and rearranging: 

tan(x) 

= tan2(6o) tan(~p) - tan(6o) tana~p 
1 + tan(do) tan(~p) + tan2(6o) tanZ(~p) + tanZ(~p)" 

(12) 

Table 1. Normal fault and bed tilting assuming distrib- 
uted vertical simple shear 

Fault tilt0p = 60 - 6) Bed tilt (0) x = (0 - ~p) 

0.0 0.0 0.0 
>0.0 impossible 

60 = 15 ° 
0.0 0.0 0.0 
7.4 7.6 0.26148 
7.5 7.8 0.26140 

15.0 15.0 0.0 
> 15.0 impossible 

60 = 30 ° 
0.0 0.0 0.0 
7.5 9.3 1.8 

13.9 16.1 2.20 
15.0 17.2 2.19 
22.5 24.0 1.5 
30.0 30.0 0.0 

>30.0 impossible 

60 = 45 ° 
0.0 0.0 0.0 
7.5 13.1 5.6 

15.0 22.9 7.9 
18.4 26.6 8.1 

22.5 30.4 7.9 
30.0 36.2 6.2 
37.5 41.0 3.5 
45.0 45.0 0.0 

>45.0 impossible 

6o = 60 ° 
0.0 0.0 0.0 
7.5 23.2 15.7 

15.0 36.2 21.2 
19.1 40.9 21.8 
22.5 44.0 21.5 
30.0 49.1 19.1 
37.5 52.8 15.3 
45.0 55.7 10.7 
52.5 58.0 5.5 
60.0 60.0 0.0 

>60.0 impossible 

60 = 75 ° 
0.0 0.0 0.0 
7.5 52.8 45.3 

13.2 61.8 48.6 
15.0 63.4 48.4 
22.5 67.6 45.1 
30.0 69.9 39.9 
37.5 71.4 33.9 
45.0 72.4 27.4 
52.5 73.2 20.7 
60.0 73.9 13.9 
67.5 74.5 7.0 
75.0 75.0 0.0 

>75.0 impossible 

See text for discussion 

This equation can be simplified by substituting D = 
tan(6o), P = tan(~),  and K = tan(x): 

D 2 p  _ D p  2 

K =  1 + D P  + D 2 p  2 + p2" (13) 

Differentiating equation (13) treating D as a constant 
gives: 

d K  _ D ( D  - 2 P  - 2 D P  2 - D 3 p 2 ) .  (14) 
dP (1 + D P  + D 2 p  2 + p2)2 
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Table 2. Conditions for maximum values of ~ for ~p > 0 

60 ~p 6 O 

75 13.2 61.8 61.8 48.6 
70 16.1 53.9 53.9 37.9 
65 18.0 47.0 47.0 29.0 
60 19.1 40.9 40.9 21.8 
55 19.5 35.5 35.5 16.1 
50 19.2 30.8 30.8 11.6 
45 18.4 26.6 26.6 8.1 

For each 60, the value of ~p for maximum g is calcu- 
lated using equation (17). The value of 6 is then calcu- 
lated as 60 - ~P; 0 is then calculated using equation (6); 
and z is calculated as 0 - ~p. 

Apart from the solution with D = 0 (60 = 0°),  dK/dP will 
be zero, at a maximum, when: 

o r  

p2(D3 + 2 D )  + 2 P  - D = 0 (15) 

p = - 1  + ( D  2 + 1) .  (16)  
D(D 2 + 2)  

Positive values of ~p are relevant to the tilting of normal 
faults during extension. The positive root of equation 
(16) is thus appropriate: 

tan0p) _ tan(6o) (17) 
tan2(6o) + 2 

Values of ~p corresponding to maximum x for different 
values of 60 are listed in Table 2, with corresponding 
values of 6, 0 and x. Maximum x occurs when 6 = 0 for 
the values of 6o listed. It is easy to show that this is true in 
general, and is so because the condition for maximum x 
for normal faults with ~p > 0 ° corresponds to tan(6) = 
tan(6o)/2. 

As already noted, g is zero when a normal fault tilts to 
zero dip. If a normal fault were to tilt through the 
horizontal direction, reversing its dip polarity, ~ would 
be negative. 

The negative root of equation (16) is: 

tan(-~p) = cot(6o). (18) 

This solution is appropriate to any fault that becomes 
steeper as a result of vertical shear in its surroundings. 
The extent to which it can be considered applicable to 
reverse-faulting is briefly discussed later. It is note- 
worthy that equation (18) is not equivalent to equation 
(17) with a change of sign. In particular, because 
equation (18) corresponds to ~p = 60 - 90 °, it gives 6 = 
90 ° regardless of 6o. Thus this second solution involves 
increasing monotonically as fault dip increases to 90 ° 
(Table 3) except for 60 = 0 ° when n is always 0 °. 

Vertical shear and rigid-body rotation thus predict 
fundamentally different relationships between fault and 
bed tilting. The difference n can be substantial for 
normal faults with initial dip ~>50 ° (Tables 1 and 2), 
which should enable these two schemes to be dis- 
tinguished by field data. 

Table 3. Reverse fault and bed tilting assuming distrib- 
uted vertical simple shear 

Fault tilt (W = 60 - 6) Bed tilt (0) n = (0 - lp) 

(~o ~ 0°  
0.0 0.0 0.0 

-7 .5  -7 .5  0.0 
-15 .0  -15 .0  0.0 
-22.5  -22.5  0.0 
-30 .0  -30 .0  0.0 
-37.5  -37.5  0.0 
-45 .0  -45 .0  0.0 
-52.5  -52.5  0.0 
-60 .0  -60 .0  0.0 
-67.5  -67.5  0.0 
-75 .0  -75 .0  0.0 
-82.5  -82 .5  0.0 
-90 .0  -90 .0  0.0 

60 = 15 ° 
0.0 0.0 0.0 

-7 .5  -8 .3  -0 .8  
-15 .0  -17 .2  -2 .2 .  
-22.5 -26.5 - 4 . 0  
-30.0  -36.2  -6 .2  
-37.5  -46 .0  -8 .5  
-45 .0  -55 .7  -10 .7  
-52.5  -65 .0  -12.5  
-60 .0  -73.9  -13 .9  
-67.5  -82 .2  -14.7  
-75 .0  -90 .0  -15 .0  

< -75 .0  impossible 

rio = 30° 
0.0 0.0 0.0 

-7 .5  -10 .8  -3 .3  
- 15.0 -22 .9  -7 .9  
-22.5  -36 .0  -13.5  
-30 .0  -49.1 -19.1 
-37.5 -61 .4  -23 .9  
-45 .0  -72 .4  -27 .4  
-52.5 -81 .9  -29 .4  
-60.0  -90 .0  -30 .0  

< - 6 0 . 0  impossible 

60 = 45 ° 
0.0 0.0 0.0 

-7 .5  -16.9  - 9 . 4  
-15 .0  -36.2  -21.2  
-22.5  -54 .7  -32.2  
-30 .0  -69 .9  -39.9  
-37.5  -81 .4  -43 .9  
-45 .0  -90 .0  -45 .0  

< -45 .0  impossible 

6 o = 60 ° 
0.0 0.0 0.0 

-7 .5  -34 .3  -26 .8  
-15 .0  -63 .4  -48 .4  
-22.5  -80.3  -57 .8  
-30 .0  -90 .0  -60 .0  

< - 3 0 . 0  impossible 

60 = 75 ° 
0.0 0.0 0.0 

-7 .5  -75.5  -68 .0  
-15 .0  -90 .0  -75 .0  

< - 15.0 impossible 

See text for discussion, 

VERTICAL SHEAR OR BLOCK ROTATION? 
SOME OBSERVATIONS 

We now compare and contrast the angular relation- 
ships expected for distributed vertical simple shear and 
rigid-body rotation for normal faults in western Turkey, 

$6 15:6-F 
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Table 4. Fault and bed dips 

Fault Block 6 0 6os 6oR x C 

Western Turkey 

Denizli F 45 20 54 65 9 0.32 
Bfiyfik Menderes F 45 26 56 71 15 0.40 

Western United States 

Tucki Mountain H (la) 30 21 44 51 7 (0.03) 
Tucki Mountain F + H (lb) 18 39 49 57 8 0.14 
[Tucki Mountain F + H (2) 18 50 57 68 11 0.45] 
Cricket Mountain F + H 52 20 59 72 13 0.53 
Wasatch F 45 35 60 80 20 0.58 
Virgin Mountains H 60 19 64 79 15 0.78 
[Virgin Mountains F (1) 60 45 70] 
[Virgin Mountains F (2) 60 60 74] 

North Sea 

Draugen F + H 47 13 53 60 7 0.29 
Coffee Soil H 52 16 57 68 11 0.45 

Eastern Atlantic Margin 

Outer Isles H 25 18 38 43 5 (0.25) 
West Shetland F + H 43 22 53 65 12 0.29 

F and H denote footwalls and hanging-walls of faults. Angles 6 and 0 denote present-day dips 
of faults and adjacent beds; 6os is the estimate of initial fault dip 60 assuming vertical shear 
(equation 6); 6oR is the estimate assuming rigid-body rotation (equation 1), and n is the 
difference between 6os and 6oR. C is the estimate of coefficient of friction using equation (19). 
Values in parentheses are for faults with 6os < 45 °, calculated assuming they are reactivated 
reverse faults. Alternative solutions, which we do not prefer, are in brackets. For the Virgin 
Mountains fault, these are from Wernicke & Axen's (1988) cross-section: (1) derives 0 
assuming their value of 6os; and (2) derives 6os assuming their value of 0. In both cases, no 
solution is possible for rigid-body rotation. Solution (1) for Tucki Mountain assumes the first 
generation of fault took up extension until its dip reduced to 30 ° (a), after which the second 
generation took over (b). Solution (2) assumes all tilting has accompanied the second 
generation of faulting. 

in the Basin and Range province of the western United 
States, and in the North Sea. Our strategy has been to 
select faults whose surroundings tilt at angles that corre- 
spond to substantial ~, bearing in mind Table 2. Many 
other  normal faults exist where x is small, but these are 
less useful for distinguishing rigid-body rotation from 
vertical shear. 

Some of these case studies show uniform tilting be- 
tween the fault being considered and other  faults up to 
- 1 0  km away, revealing blocks that could be described 
either as rigid 'dominoes'  or as undergoing uniform 
vertical shear. Others comprise isolated normal fault 
zones in whose surroundings tilt decreases gradually to 
zero. In the cross-sections that are based on fieldwork 
(the examples from Turkey,  and the Virgin Mountains, 
Wasatch and Tucki Mountain faults in the western 
United States), the major faults show en Echelon 
branches - 1-2 km apart, which bound blocks that could 
be described either as rigid 'dominoes'  or as undergoing 
uniform vertical shear (Fig. 3). Such features have not 
been reported in some of the examples studied by 
seismic reflection. However ,  it is difficult to image steep 
features such as a normal faults using normal-incidence 
seismic profiling at all (e.g. Yielding et al. 1991), let 
alone with the detail necessary to reveal such close en 
Echelon fault branches. Whether  or not such close 
branches are present in these cases, their overall form 
can also potentially be described as the result of either 
rigid-body rotation or vertical shear. 

Anderson's  (1951) theory of faulting holds that dip- 

slip faults initiate with the dip 60 that minimizes horizon- 
tal deviatoric stress. For faults that cut the brittle layer, 
this satisfies: 

cot(26o) = nC, (19) 

where C is the coefficient of friction on the fault and n is 
+ 1 for reverse faults and - 1  for normal faults (see e.g., 
Turcotte & Schubert 1982, pp. 354-355). For normal 
faults, Jackson's (1987) suggestion that 60 is typically 60 ° 
implies C = 0.58. Turcotte & Schubert (1982, p. 353) 
suggested that C is typically -0 .85  in laboratory rock- 
mechanics studies (see also Byerlee 1978), which would 
predict 60 = 65 °. A frictionless fault with C = 0 would 
have 60 = 45°; a normal fault with C = 1 would have 60, 
= 67.5 °. This theory thus predicts a limited range of 
initial dips for major normal faults, from >45 ° to >65 °. 
We use it to establish likely bounds for initial dip of 
normal faults for comparison with observations (Table 
4). 

Western Turkey 1: Denizli basin 

The Denizli Neogene extensional sedimentary basin 
in western Turkey is described by Westaway (1993). It is 
situated between the eastern end of the Bfiyfik Men- 
deres fault zone that has taken up much of the Neogene 
and Quaternary extension of westernmost Turkey (Wes- 
taway 1990a) and the eastern edge of the extensional 
province (Fig. 5a). Parts of its interior are an active 
depocentre,  as a result of hanging-wall subsidence; 
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Fig. 5. Cross-sections across the Denizli basin in western Turkey. (a) Cross-section across the central part of this basin; 
fig. 7(c) of Westaway (1993). Diagonal shading indicates pre-extensional basement. (b) Cross-section across the eastern 
part of this basin, adapted from fig. 4 of Westaway (1993) to show the preferred interpretation of local structure. Upper 
Miocene rocks are interpreted as: TL, Tortonian limestone; Mm, Messinian marl; and Me, Messinian conglomerate. Ps and 

QA are Pliocene sand and Quaternary alluvium. 

other parts have uplifted in the footwalls of normal faults 
within the basin (Westaway 1993). 

The maximum dip of exposed sediment in the uplifted 
footwalls of normal faults within the basin is - 2 0  ° (Fig. 
5). Taking 45 ° as a lower limit for the present-day dip of 
these normal faults (see Westaway 1993), rigid-body 
rotation predicts initial dip of 65 ° , and vertical shear 
predicts 54 ° . This estimate for rigid-body rotation is 
rather high, but cannot be excluded. As is discussed by 
Westaway (1993), other aspects of the form of this basin 
support vertical shear. In particular, the thinness of the 
sedimentary sequence in relation to the substantial tilt- 
ing, and the observed reversal in polarity of tilting over a 
few kilometres distance (Fig. 5b) preclude rigid-body 
rotation. 

Western Turkey 2: Biiyiik Menderes fault zone 

Given that the Neogene extension increases westward 
across western Turkey,  greater amounts of bed tilting 
are expected beside faults farther west. Jones & West- 
away (1991) have studied part of the Bfiyfik Menderes 
normal fault zone near Germencik,  ~>100 km west of 
Denizli. This fault zone locally has two principal en 
6chelon branches - 4  km apart (Fig. 6). The seismically- 
active southern branch, in whose footwall basement is 
exposed, has 45 ° dip at the Earth 's  surface. An active 
depocentre exists in its hanging-wall, and Neogene sedi- 

ments of the Arzular basin above exposed basement in 
its uplifted footwall locally dip north at up to 26 °. The 
northern branch, which may no longer be active, has 
basement in its uplifted and eroded footwall, with the 
Arzular basin in its hanging-wall. Assuming that the 4- 
km-wide block containing the Arzular basin has rotated 
as a rigid body, an initial normal fault dip of 71 ° is 
required. Assuming vertical shear instead, the initial 
normal fault dip would be 56 ° . 

Western United States 1: Virgin Mountains fault, 
northwestern Arizona 

The WNW-dipping Virgin Mountains fault passes 
near the triple junction of Utah,  Arizona, and Nevada, 
in the western United States. Its northern part that is 
discussed here,  in northwestern Arizona, has been the 
subject of lively debate (Wernicke & Axen 1988, Axen 
& Wernicke 1989, Carpenter  et al. 1989) (Fig. 7). 
According to Axen & Wernicke (1989) this fault has 
taken up southwestward extension. If so, its extension is 
strongly oblique, with predominant left-lateral slip. 
Many differences between published interpretations of 
this fault zone concern fine details of stratigraphy and 
local structure, about which we hold no views. We 
address here instead the first-order features: its present- 
day dip, and the dip of top basement and major inter- 
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Fig. 6. Cross-section across the Btiytik Menderes fault zone at Germencik in western Turkey. Adapted from fig. 3 of Jones 
& Westaway (1991). 

faces within basement, which were presumably sub- 
horizontal when extension began. 

Given their scheme for footwall vertical shear, Wer- 
nicke & Axen (1988) drew a cross-section mainly within 
the Virgin Mountains fault footwall (Fig. 7a). This 
showed the fault dipping at - 6 0  ° at the Earth's surface, 
with bed tilt varying smoothly within its footwall with a 
maximum ( - 4  km from the fault) - 6 0  °. It would be 
consistent with vertical shear with an initial fault dip of 
- 7 4  °. Their restoration (Fig. 7b) shows an initial fault 
dip of 70 ° , which would be consistent with vertical shear 
with -45  ° of tilting beside the fault. As already noted, it 
is fundamental to the assumption of vertical shear that 
initially steep features such as faults, and initially flat 
surfaces in general, tilt by different angles. Careful 
inspection of Wernicke & Axen's (1988) figures indi- 
cates that they have restored cross-sections assuming 
irtstead that angular relationship are preserved. In terms 
of our notation, they have mistakenly assumed that ~ is 
always zero for distributed vertical simple shear. Their 
method for restoring cross-sections is thus inconsistent 
with their general scheme that assumes vertical shear. 

The cross-section by Carpenter et al. (1989) (Fig. 7c) 
has roughly the same position and orientation as Fig 
7(a). The footwall in Fig 7(c) is constrained by mapping; 
the hanging-wall is a seismic reflection time section. 
Both parts are also constrained by gravity, the Bouguer 
anomaly in the hanging-wall basin being -52  mgal. This 
is consistent with - 5  km typical sediment thickness with 
density contrast -300 kg m -3. Over 5 km, the horizontal 
distance two-way time for the reflection from top base- 
ment increases from 2.7 to 3.8 s. Assuming uniform 
seismic velocity of 3 km s- 1 in the sediment, the depth of 
this reflector increases from - 4  to -5 .7  km, the latter 
depth being at a point within - 2  km of the cutoff of top 
basement at the Virgin Mountains fault. This - 1.7 km of 
tilting over 5 km distance gives a local average dip of top 
basement of - 1 9  °. Carpenter et al. (1989) agree with 
Wernicke & Axen (1988) that the Virgin Mountains 
fault now dips at - 6 0  ° . Assuming vertical shear, these 
hanging-wall observations give its initial dip of 64 ° , 
whereas assuming rigid-body rotation gives 79 ° instead. 

The dramatically different amounts of tilt on opposite 
sides of the Virgin Mountains fault are thus consistent 
with similar initial fault dips. However, the cross-section 
by Carpenter et al. (1989) does not show smooth vari- 
ations in footwall tilting. Instead, it shows markers 
broken by numerous minor faults into short segments 
with very different dips. Wernicke & Axen (1988) 
appear to have interpolated these segments to obtain 
their smoother profile. Because of this potential prob- 
lem, our preference is for the parameters derived from 
analysis of Carpenter et al.'s (1989) profile of the 
hanging-wall (Table 4). 

Western United States 2: Cricket Mountain fault, 
western Utah 

The Cricket mountain fault in western Utah has been 
studied by Stein et al. (1988) because it shows very clear 
footwall and hanging-wall tilting. This is because it is 
situated in an internally draining basin where rapid 
sedimentation has buried the hanging-wall and much of 
the footwall (Fig. 8). A basalt flow in the footwall causes 
a distinctive seismic reflector, and a similar reflector in 
the hanging-wall is interpreted as a continuation of the 
same unit. This flow, which was presumably subhorizon- 
tal when it formed at 4.2 Ma, now tilts at 20 ° in both the 
footwall and hanging-wall; the fault now dips at 52 °. The 
fault dip when the flow formed was thus 59 ° assuming 
vertical shear, or 72 ° assuming rigid-body rotation. Stein 
et al. (1988) suggested that the beds beneath this reflec- 
tor pre-date the faulting. These values are thus estimates 
of the initial dip of the fault. If this suggestion is wrong, 
then the fault presumably became active some time 
before 4.2 Ma, and these estimates are thus lower 
bounds for its initial dip. 

Western United States 3: Wasatch fault, central Utah 

The Wasatch fault is probably the best-known active 
normal fault in the western U.S.A.,  and is also one of the 
most important, with a heave of more than 10 km (e.g. 
Wernicke & Axen 1988). Much of the footwall uplift 
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a c r o s s  fault 

Fig .  8. C r o s s - s e c t i o n  a c r o s s  t h e  C r i c k e t  M o u n t a i n  f au l t  in w e s t e r n  U t a h .  A d a p t e d  f r o m  fig. 8 ( b )  o f  S t e in  et al. (1988) .  

that has accompanied extension across it has been lost by 
erosion, but is revealed by both analysis of fluid in- 
clusions (e.g. Parry & Bruhn 1987), and structural 
studies (Fig. 9). The cross-section in Fig. 9 shows a 
present-day fault dip of 45 °, with footwall basement 
dipping at up to 35 °. Assuming vertical shear, the initial 
dip of the Wasatch fault was 60 °. Assuming rigid-body 
rotation, its initial dip was 80 ° . More detailed studies by 
Bruhn et al, (1987) reveal exposures of the Wasatch fault 
at nearby localities with dip more typically - 3 5  °, rather 
than 45 °, as in Fig. 9. If considered more typical, this 
lower present-day dip requires an initial dip of 54 ° for 
vertical shear, or 70 ° for rigid-body rotation. 

Western United States 4: Tucki Mountain fault, 
California 

The Tucki Mountain fault zone in eastern California 
shows dramatic tilting associated with extreme E - W  
extension since Oligocene time (Fig. 10). It is an 
example of a metamorphic core complex, and has been 
studied by Hamilton (1987) and others. It comprises a 
low-angle convex-upward 'detachment '  whose eastern 
part dips east at - 1 3  °, which separates underlying Pre- 
cambrian metamorphic rock from unmetamorphosed 
Palaeozoic rock in the overlying 'upper plate'. Beds in 
this upper plate dip east at about 50 ° , and are cut by 
closely-spaced normal faults that dip west at about 18 ° . 
The detachment is believed to be a normal fault that has 
tilted through the horizontal direction in the east, such 

W /-/..~. E 
/ 

', " ' - y ' - , ,  .. 

~ Quaternary- Late Miocene (?) 0 5km 
i J 

Oligocene - Miocene V = H 

Mesozoic - Paleozoic 

Proterozoic clastics 

D Tertiary intrusives 

Fig. 9. Cross-section across the Wasatch fault in the Cot tonwood 
C a n y o n  a r e a  o f  c e n t r a l  U t a h .  A d a p t e d  f r o m  6g .  3 ( a )  o f  W e r n i c k e  & 

A x e n  (1988) .  

that its dip polarity has reversed. Hamilton (1987) 
suggested that the detachment was the first generation of 
normal fault to be active, and the normal faults that cut 
the upper plate and sole into it are a younger,  second 
generation of faulting. 

Accepting this view, one may restore the tilt of the 
detachment,  the later normal faults and the beds. If all 
tilt of the observed beds is assumed to relate to displace- 
ment on the late normal faults, then for vertical shear 
these faults had an initial dip of 57 ° . Following this 
assumption, the vertical shear strain accompanying ex- 
tension is 1.19 (tan 50°). The detachment would have 
thus initially dipped west at 44 ° (solution 2 in Table 4), 
such that its orientation has changed during extension by 
57 ° (44 ° minus - 13°). Note that this solution makes x = 
- 7  ° for the detachment.  Such a negative value is 
expected after a reversal of dip polarity, in accordance 
with equation (12) for ~p > 6 o. For rigid-body rotation, 
the later normal faults initiated with dip 68 ° , when the 
detachment dipped west at 37 ° . 

These dip values for the second generation of faults 
are upper limits, because some of the bed tilting may 
have occurred during the first generation of faulting. If 
the 30 ° dip limit suggested by Jackson & McKenzie 
(1983) applied to the first generation of normal faults at 
Tucki Mountain, then assuming vertical shear this fault 
zone evolved as follows. The detachment initiated with a 
westward dip of 44 ° and took up extension until this dip 
reduced to 30 ° (solution la  in Table 4). At this time the 
beds now exposed in its hanging-wall, the present-day 
upper plate, would have dipped east at 21 ° , correspond- 
ing to vertical shear strain 0.38. The later normal faults 
formed with dip 49 ° (solution lb  in Table 4), and 
subsequent extension within the upper plate has tilted 
them, the surrounding beds, and the detachment,  to 
their present orientations. The vertical shear strain dur- 
ing this second phase of faulting is estimated as 0.81, 
[tan(30 °) - tan(-13°)] .  A bed deposited at the start of 
this phase would thus now dip at 39°; hence 0 = 39 ° in 
Table 4. The observed beds, which at the start of this 
phase are estimated to have tilted at 21 ° , thus increased 
their tilt by 29 °. Table 4 summarizes this alternative 
solution (1), which predicts that most of the vertical 
shear strain developed during the second generation of 
faulting, and its equivalent for rigid-body rotation. Note 
that the total vertical shear strain is the same under both 
interpretations. The predicted initial dip of the detach- 
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Fig. 10. Cross-section across the Tucki Mountain fault zone in eastern California, adapted from fig. 20 of Hamilton (1987). 
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rocks; O, S and D are Ordovician, Silurian and Devonian. 

ment is thus also the same, regardless of how much 
tilting was associated with extension on it. However,  the 
predicted initial dip of the second set of faults varies 
between interpretations. The predicted 44 ° initial dip of 
the detachment is too small to satisfy equation (19) as a 
normal fault. It supports this feature having formed as a 
reverse fault instead, and having been later reactivated 
as a normal fault. Many people (e.g. Coney & Harms 
1984) have indeed suggested that metamorphic core 
complexes in the western United States formed in the 
footwalls of normal faults that are reactivated older 
reverse faults. 

North Sea 1: Coffee Soil fault, Danish sector of  
southern North Sea 

The Coffee Soil fault is one of the most significant 
normal faults in the southern North Sea, with ~7  km of 
observable throw, plus more that may have been lost by 
erosion of its uplifted footwall. It has been studied by 
Roberts  & Yielding (1991) (Fig. 11), and the dip of its 
fault plane is well-constrained at 52 ° by seismic reflec- 
tion. The top Rotliegend (i.e. uppermost  Lower Per- 
mian) reflector, which pre-dates the local Triassic and 
Jurassic extension, dips at 16 ° in the hanging-wall (Fig. 

11). Vertical shear predicts initial fault dip 57°; rigid- 
body rotation predicts 68 ° instead. The Coffee Soil fault 
offsets Paleozoic basement, which is unlikely to have 
compacted following burial after extension ceased. Esti- 
mates of fault dip are thus unlikely to be affected by such 
compaction, unlike many other normal faults in the 
North Sea (e.g. Yielding et al. 1991). 

North Sea 2: Draugen fault, Norwegian sector of 
northern North Sea 

The Draugen fault in the northern North Sea was also 
studied by Roberts & Yielding (1991) (Fig. 12). Its dip is 
now 47 ° . The top Lower Triassic reflector, which pre- 
dates the Upper  Triassic and Jurassic extension, dips 
towards the fault at 13 ° in the hanging-wall and away 
from it at a similar angle in the smoothed profile through 
the footwall (Fig. 12). The vertical shear model predicts 
an initial fault dip of 53 ° , whereas rigid-body rotation 
predicts 60 ° . At least part of the displacement on the 
Draugen fault offsets Lower Triassic sediment that was 
probably unconsolidated when the fault was active. Any 
subsequent compaction of this sediment will have 
reduced the fault dip (e.g. Yielding et al. 1991). The 
result that the Draugen fault has smaller estimated 
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Fig.  12. C r o s s - s e c t i o n  across  t he  D r a u g e n  f a u l t  (a l so  k n o w n  as the  H a l t e n  T e r r a c e  bas in  m a r g i n a l  f a u l t )  in  t he  N o r w e g i a n  
sector of the northern North Sea, adapted from fig. 6 of Roberts & Yielding (1991). 

initial dip than most other normal faults considered 
(Table 2) may to some extent reflect this process. 

Summary o f  results 

The assumption of distributed vertical simple shear 
predicts initial dips of normal faults that resemble the 
- 6 0  ° typical value for normal faults elsewhere (Jackson 
1987). In contrast, the assumption of rigid-body rotation 
predicts very large initial dips for some faults, with no 
solution possible in some cases (see, e.g., Westaway et 
el. 1989, or Table 4). On the basis of consistency of 
initial dips the assumption of vertical shear is preferable. 

DISCUSSION 

Initial dips of  normal faults 

The normal faults examined above favour distributed 
vertical simple shear rather than rigid-body rotation as 
the cause of the observed tilting. Following this assump- 
tion, initial dips of normal faults straddle 60 ° . For the 
Denizli example, our preference for vertical shear is 
mainly to explain the substantial tilting of beds in a thin 
extensional basin, and the reversals of fault and tilt 
polarity within the basin (Fig. 5b). In most other cases it 
is because the alternative assumption of rigid-body ro- 
tation predicts initial fault dips that are unrealistically 
large. In some localities, the typical initial fault dip 
assuming vertical shear is smaller than 60 ° , nearer 55 ° 
instead, particularly in the North Sea and western 
Turkey (Table 4). Although small, the difference be- 
tween 55 ° and 60 ° may be important to people who 
model extension elsewhere, and who work without inde- 
pendent evidence of initial fault dip. If the true defor- 
mation style in the surroundings of any normal fault is 
vertical shear, then restoring fault tilting assuming it 
equals bed tilting will overestimate initial fault dip. 

In the North Sea, where not much extension has 
occurred and the observed tilting of beds is gentle, 
estimates of initial fault dip assuming rigid-body rotation 
are not unreasonable. However, the larger tilts of beds 

in western Turkey and the western United States are 
much more difficult to reconcile with rigid-body ro- 
tation. Most estimates of initial fault dip are slightly 
higher for the western United States than for the North 
Sea and western Turkey. This contrasts with the popular 
view that the Basin and Range province contains 'low- 
angle' normal faults. Although some normal faults in the 
western United States now have very low-angle dips 
(e.g. Fig. 10), these appear to have developed from 
much steeper intital dips following substantial exten- 
sion. Some small normal faults initiate with much 
steeper dip of - 8 0  °, instead, whereas others initiate no 
steeper than - 4 0  °. Table 1 of Westaway (1993) lists 
examples from western Turkey. Evidently there is no 
unique dip for normal faults of all sizes, even in this 
restricted region. However, excluding the Tucki Moun- 
tain case study, where an initial fault dip cannot be 
uniquely resolved because of the two generations of 
faulting, the range of initial dip values of normal faults 
for vertical shear is only 11 ° (Table 4), from 53 ° to 64 °, 
with average 57 ° for the seven faults considered. Using 
equation (19) this corresponds to a coefficient of friction 
of 0.29--0.78, with an average of 0.48 + 0.16. 

Estimates o f  extension for vertical shear and rigid-body 
rotation 

It is interesting to compare estimates of extension 
assuming rigid-body rotation and vertical shear. 'Rigid- 
domino' extension leads to simple relationships between 
extensional strain e (where e = fl - 1, fl being the 
extension factor), heave H, throw T, and dip 6, for faults 
with a given initial dip 60, initial spacing Wo, and 
present-day spacing W: 

e = sin(6o)lsin(6) - 1 (20) 

W = Wo sin(6o)/sin(6) (21) 

H = [W cos(6) - TWo cos(6o)] cos(6) (22) 

(see, e.g., Westaway et al. 1989). 
Suppose a region contains many normal faults with 

initial separation Wo = 10 km, which now form an 
indefinite profile with sawtooth topography, with fault 
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Fig. 13. Comparison of the consequences of rigid-body rotation (a) and vertical shear (b) for close, equispaced, normal 
faults. All cross-sections are drawn true to scale, with no vertical exaggeration. 

dip 6 = 45 ° and dip of intervening beds (O) uniformly 
15 ° . Heave  and throw are the same for, and topography 
is identical across, every fault in each of the profiles (Fig. 
13). 

For vertical shear, the heave on each fault equals the 
extension across it. Initial fault dip is 52 ° (equation 6), 
and the difference in elevation of the two ends of a bed, 
from the hanging-wall cutoff at one fault to the footwall 
cutoff at the next, is Wo tan(0) or 2.68 km. The throw on 
each fault is thus 2.68 km, and, given the 45 ° dip, so is the 
heave: fault displacement is 3.79 km, e = 0.268 and fl = 
1.268. 

Extension for rigid-body rotation can be estimated 

from e, which depends only on fault dips. Thus, 60 is 6 + 
0 or 60 °, making e = 0.225 andfl  = 1.225. The separation 
of equivalent points (say, footwall cutoffs of top base- 
ment)  for adjacent faults is thus now 12.25 km, indi- 
cating 2.25 km of extension per fault. Equation (22) 
predicts instead 2.59 km of heave and throw per fault for 
rigid-body rotation, making fault displacement 3.66 km. 
Although this fault displacement differs minimally from 
the value for vertical shear, the extension for vertical 
shear substantially exceeds the value for rigid-body 
rotation• These structures generated by rigid-body ro- 
tation and vertical shear thus have identical fault and 
bed dips and only tiny differences in heave and throw. 
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However, assuming vertical shear predicts substantially 
( - 2 0%)  more extension than assuming rigid-body ro- 
tation. 

Rotation of  normal faults through the vertical direction 

Jackson et al. (1982) have discussed possible expla- 
nations for observations of minor reverse faults near 
major normal faults in extensional regions such as 
Greece. They suggest that these faults formed as steep 
normal faults, then rotated through the vertical during 
extension on the nearby major normal faults, and now 
look like reverse faults instead. However, if tilting in the 
surroundings to any normal faults is by vertical shear, no 
marker in these surroundings can pass through the 
vertical, and this mechanism is no longer a possible 
explanation for these features. Minor reverse faults are 
shown in Fig. 7(c) near the Virgin Mountains normal 
fault. Reverse-faulting aftershocks have been noted 
near other major normal faults that slip in large normal- 
faulting earthquakes (e.g. Westaway & Jackson 1987), 
and require minor active reverse faults. It may thus not 
be unreasonable to expect minor reverse faults in the 
surroundings of other major normal faults also, although 
these do not imply regional shortening. Vertical shear 
can of course readily tilt normal faults through the 
horizontal direction, as in Fig. 10. 

Implications for studies of  the surroundings of  normal 
faults 

Our analysis has implicitly regarded the brittle upper 
crust in the surroundings of each normal faults as a 
continuum at the scale of our cross-sections. In reality, 
strain in these surroundings is likely to become localized 
on small-scale structures when examined on a fine 
enough scale, which may thus provide a field test for 
vertical shear. Ramsay (1967, pp. 83-91) discussed 
angular relationships associated with distributed simple 
shear, and suggested forms of small-scale structures that 
may accommodate it. 

Field tests for vertical shear have examined the highly 
deformed surroundings to normal faults that have taken 
up very large amounts of extension, with footwalls that 
have uplifted from mid-crustal depths. For example, 
Bartley et al. (1990) studied the footwall of one example 
in eastern California. They concluded that the observed 
deformation favours flexure, not vertical shear, as its 
cause. However, Axen & Wernicke (1991) have reinter- 
preted their results, arguing that a subvertical mylonitic 
fabric in this uplifted footwall favours vertical shear 
instead. Where extension is moderate and curvature in 
the surroundings of a normal fault is gentle, flexure and 
vertical shear can be expected to be more difficult to 
distinguish in the field. Flexure requires horizontal con- 
traction, and thus bed-length contraction, near the 
Earth's surface in the footwall, and horizontal dilation in 
the hanging-wall. Ideal vertical shear instead preserves 
length in the horizontal direction, but requires dilation 
parallel to the Earth's surface of every part of any profile 

that is tilted, and will thus cause bed-length dilation in 
both footwall and hanging-wall. The main difference is 
thus that in the footwall, flexure predicts bed-length 
contraction but ideal vertical shear predicts bed-length 
dilation. However, we are not aware of any convincing 
published field test for vertical shear using this criterion. 
As already noted, where curvature of the surroundings 
to a normal fault is gentle, with radius of curvature large 
compared with the horizontal extent of tilting, the de- 
flection predicted by flexural schemes is predominantly 
vertical. It thus approximates ideal vertical shear, pre- 
dicting similar angular relationships between fault and 
bed tilting, which as we have shown differ from the 
predictions for rigid-body rotation. 

Tilting by vertical shear will not affect the orientation 
of any feature that is initially vertical, such as a dyke. If 
tilted bedding cut by a subvertical dyke is observed in the 
surroundings of a normal fault, one thus cannot validly 
infer that the dyke is younger than the displacement on 
the normal fault that caused the tilting. This geometrical 
property of vertical shear thus has important impli- 
cations for investigations of the relative timing of normal 
faulting and magmatism in extensional provinces. It may 
also enable an unequivocal field test for vertical shear. 

Relationships between normal faults and reverse faults 

Normal and reverse faults in basement presumably 
form with dips that are controlled by equivalent rheolo- 
gical criteria, such as those embodied in equation (19). 
For plausible coefficients of friction C, initial dips - 2 5 -  
45 ° for reverse faults and -45--65 ° for normal faults are 
predicted. The subhorizontal reverse faults commonly 
observed to deform unconsolidated sediments in en- 
vironments such as accretionary prisms are thus presum- 
ably governed by different physics. As an example of a 
reverse fault in basement, Turcotte & Schubert (1982, 
pp. 355-356) discussed the Wind River fault in the 
western United States that has a dip of 35 °, from which 
they estimated C -- 0.36. However, tilting in basement 
in its uplifted hanging-wall is up to - 1 0  °. Assuming this 
tilting was by vertical shear, the initial dip of the fault 
was - 2 8  °, making C = 0.67. 

Except for the Tucki Mountain detachment, all nor- 
mal faults considered so far appear to have formed as 
normal faults, with initial dip >45 ° , rather than being 
reactivated reverse faults. The Outer Isles fault, an east- 
dipping fault west of northern Scotland on the eastern 
margin of the north Atlantic, is a good example of 
reactivation, having formed in Palaeozoic time as a 
reverse fault before being reactivated in Mesozoic time 
as a normal fault (see, e.g., fig. 1 of Kusznir et al. 1991). 
Seismic sections reveal its dip as 25 ° , with 18 ° dip of top 
basement beneath its hanging-wall extensional basin. 
Vertical shear gives a fault dip at the start of extension of 
38°; rigid-body rotation gives 43 ° . Assuming this fault 
formed as a reverse fault that satisfied equation (19), a 
38 ° dip would correspond to C = 0.25. As some increase 
in its dip may have accompanied the shortening phase, 
this is an upper bound for the initial dip, and thus a lower 
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Max. I~1 I~1 for max. I~1 I~1 for I~1 = 5 ° I~1 for IWl = 10° Ixl for [~P[ = 20° 

Normal fault, 60 = 45 ° 8.1 
Reverse fault, 6 o = 45 ° 45.0 ° 

Normal fault, 60 = 50 ° 11.6 ° 
Reverse fault, 60 = 40 ° 40.0 ° 

Normal fault, 6o = 55 ° 16.1 ° 
Reverse fault, 60 = 35 ° 35.0 ° 

Normal fault, 60 = 60 ° 21.8 ° 
Reverse fault, 60 = 30 ° 30.0 ° 

Normal fault, 6o = 65 ° 29.0 ° 
Reverse fault, 60 = 25 ° 25.0 ° 

C = 0.00 
18.4 ° 4.1 ° 6.7 ° 8.1 ° 
45.0 ° 6.9 ° 13.2 ° 28.9 ° 

C = 0.18 
19.2 ° 5.9 ° 9.4 ° 11.6 ° 
50.0 ° 4.1 ° 9.4 ° 21.8 ° 

C = 0.36 
19.5 ° 8.3 ° 13.2 ° 16.1 ° 
55.0 ° 2.9 ° 6.7 ° 16.1 ° 

C = 0.58 
19.1 ° 11.9 ° 18.4 ° 21.8 ° 
60.0 ° 2.0 ° 4.7 ° 11.6 ° 

C = 0.84 
18.0 ° 17.4 ° 25.6 ° 28.9 ° 
65.0 ° 1.3 ° 3.2 ° 8.1 ° 

bound  for C. The  nea rby  W-dipping normal  faults that  
took  up Mesozoic  extension across the West  Shet land 
basin (Fig. 3c) had s teeper  initial dips: 53 ° for  vertical 
shear  (C = 0.29) and 65 ° for  r igid-body rotat ion.  They  
presumably  fo rmed  in Mesozoic  t ime as normal  faults, 
as they have the opposi te  dip polari ty to the major  
Palaeozoic  reverse faults in the region. For  the small 
sample considered,  roughly  the same range of  C is thus 
es t imated for bo th  normal  and reverse faults (Table 4). 

Basemen t  blocks b o u n d e d  by reverse faults that  have 
taken up small amounts  of  shor tening can resemble  
ro ta ted  dominoes .  The  set of  young ,  not-very-act ive 
reverse faults in Armen ia ,  which were studied by West-  
away (1990b), provides  a good  example.  However ,  
many  studies of  reverse faults in basement  that  have 
taken up substantial  shor tening establish that  substantial 
deformat ion  occurs in their surroundings.  The  reason 
why the existence of  this deformat ion  has long been  
recognized for reverse faults, but  has been  over looked  in 
many  studies of  normal  faults, m a y  relate to the dramati-  
cally different max imum values of  I xl for normal  and 
reverse faults (Tables 1 and 3). 

To investigate this possibility, Table  5 compares  
values of  I xl for different initial dips of  normal  and 
reverse faults that  form with the same coefficients of  
friction, given A n d e r s o n ' s  (1951) theory.  For  C < 0.73, 
the max imum Ix[ for a normal-faul t  (60 < 63 °) will 
exceed the max imum Ix [ for a reverse-fault  (60 > 27°). 
Most  faults considered satisfy this condi t ion for  initial 
dip (Table 4). However ,  for  very small amounts  o f  
tilting, Ix [ is typically greater  for normal  faults than for  
reverse faults. For  example,  for I wI -- 5°, unless C < 
0.10, I xl of normal  faults (60 < 48 °) will exceed I xl for 
reverse faults (60 > 42°). All faults considered satisfy 
this condi t ion for initial dip. In the early stages, defor-  
mat ion of  zones where  shor tening is taken up on planar  
reverse faults may  thus bet ter  approximate  r igid-body 
rotat ion than where  extension is taken up on planar  
normal  faults. Howeve r ,  after substantial  shor tening or  
extension has developed,  the zone  of  shor tening may  
approximate  r igid-body rota t ion very badly,  but  the 

cor responding  zone of  extension may  still make  a 
reasonable  approximat ion  to r igid-body rotat ion.  

This geometr ical  p roper ty  of  vertical shear  makes  the 
investigation of  whether  it occurs in basement  in the 
surroundings of  reverse faults more  difficult than in the 
surroundings  of  normal  faults. For  small amounts  of  
shor tening Ix [ may  be minimal and not  distinguishable 
f rom zero;  for  large amounts  Ix l may be large, but  the 
resulting structures may  be so complex that  the idealized 
condit ions used to derive equat ion  (6) and the o ther  
equat ions  that  follow f rom it may  n o t  exist. The  validity 
of  this assumpt ion for  reverse faults as well as normal  
faults nonetheless  remains a possibility, and is an objec- 
tive for future research.  

C O N C L U S I O N S  

Some previous studies have suggested that  tilting of  
beds adjacent  to normal  faults is caused by rigid-body 
rotat ion,  others  suggest that  it involves distr ibuted verti- 
cal simple shear.  For  r igid-body rotat ion,  bed and fault 
tilting are identical, whereas  for vertical shear  bed tilting 
and fault tilting are related via equat ion (6); bed tilting 
will usually exceed fault tilting. For  given non-zero  
present -day  bed and fault dips 0 and 6, these two 
assumptions predict  different initial dips of  normal  faults 
6 o and different amounts  of  extension. Differences be- 
tween bed and fault tilting for  the two assumptions are 
greatest  when the present -day fault dip 6 equals the 
amoun t  of  bed tilting 0, which occurs when tan(6) = 
tan(6o)/2. 

We  use observat ions  of  normal  faults f rom western 
Turkey ,  the western Uni ted  States, and the Nor th  Sea to 
distinguish be tween  the two assumptions,  given that 6o 
of  about  45-65 ° is expected.  For  vertical shear,  initial 
fault dips are within this range,  but in many  cases for 
r igid-body rota t ion they are not  (Table 4). O the r  obser- 
vations,  including reversals of  tilt polari ty between 
closely-spaced normal  faults (Fig. 5b), also support  
vertical shear.  Vertical  shear  thus in general  bet ter  
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describes the deformation style in the surroundings of 
normal faults than rigid-body shear. Unlike rigid-body 
rotation, vertical shear is also consistent with realistic 
rheologies for, and expected stress fields in, the brittle 
upper crust. 

This result has some important observational conse- 
quences. First, under vertical shear the heave of any 
normal fault equals the extension across it. Second, 
under vertical shear no feature can rotate through the 
vertical. A normal fault thus cannot rotate through the 
vertical and appear to be a reverse fault. Third, under 
vertical shear any feature that is initially vertical will 
remain vertical. A vertical dyke in the tilted surround- 
ings of a normal fault is thus not necessarily younger 
than the extension that caused the tilting. 
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