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Abstract—Observations of present-day normal faulting in regions of active continental extension may be helpful
when interpreting the geological record in older extensional basins. The most obvious manifestation of active
extension is normal faulting in earthquakes. Earthquake foci are mostly confined to the upper (seismogenic)
continental crust, whose thickness imposes a scale on the observed deformation. Large earthquakes move fauits
with lengths similar or large compared with the thickness of the seismogenic layer. Large seismogenic normal
faults on the continents appear to be restricted to a dip range of around 30-60°: dips significantly gentler than 20°
have not been observed in fault plane solutions of large earthquakes. Large seismographic normal faults are
approximately planar in cross-section and cut through the base of the upper seismogenic layer, rotating about a
horizontal axis as they move. A reasonable estimate of the regional extension can often be made from the dip of
the large normal faults and the tilt of the blocks they bound (the ‘domino model’). Such faults are rarely
continuous for more than 15-20 km, but commonly change strike or step in an en échelon fashion. This
segmentation may occur on a scale controlled by the thickness of the seismogenic layer, and is an important
influence on sedimentation and drainage.

These observations are common to large seismogenic normal faults from a variety of tectonic settings, and
suggest that the kinematics of normal faulting may not be strongly influenced by the forces responsible for the
extension, which can vary widely in nature and magnitude. Small earthquakes, which move faults that are small
compared with the seismogenic layer thickness, show no simple pattern and often can be interpreted as internal
deformation of blocks bounded by large faults.

In some places the seismogenic basement faults do not reach the surface but are decoupled from the
sedimentary cover by layers of weak lithology. Faults in the sedimentary cover may be strongly curved in
cross-section, requiring their hangingwalls to deform internally. Estimating extension from such faults is not
straightforward and requires a knowledge of the hangingwall deformation. Estimates made in this way are often
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very non-unique and prone to large errors.

We postulate that the thickness of the seismogenic upper crust controls both the maximum length of large
normal fault segments along strike and the maximum size of blocks that can rotate coherently about a horizontal

axis.

INTRODUCTION

Many continental sedimentary basins and passive
margins are known to have formed as a result of crustal
and lithospheric extension. At shallow levels, extension
is manifest by normal faulting, and there has been
considerable interest in trying to reconcile the amount of
extension inferred from the faulting with that estimated
for the crust or lithosphere as a whole from observations
of crustal thickness, heat flow, or subsidence. In some
areas, such as the North Sea (Ziegler 1983, Barton &
Wood 1984) and Bay of Biscay (de Charpal et al. 1978,
Le Pichon & Sibuet 1981) there is disagreement about
whether extension of the upper crust is less than that of
the crust (or lithosphere) as a whole. Elsewhere, such as
in parts of the Basin and Range Province (Gans 1987),
extension of the upper crust apparently exceeded exten-
sion of the crust as a whole: here, and on some stretched
continental margins (e.g. White et al. 1987) the crust
may not have been conserved during extension, but
had magma added to it as a result of melting caused
by asthenospheric upwelling and decompression
(McKenzie & Bickle 1988). In all cases, itis important to
have confidence that any apparent discrepancy between
extension of the upper crust and the crust as a whole is
real: and this requires an understanding of how exten-
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sion is accommodated by normal faulting. Many recent
papers have addressed this subject, usually concentrat-
ing on observations from inactive geological structures
exposed at the surface or imaged on seismic reflection
profiles. This paper explores a different source of infor-
mation: observations of active normal faulting in conti-
nental regions undergoing extension today. These reg-
ions include Greece, western Turkey, Italy, the Gulf of
Suez, Tibet, Yunnan, Mongolia, the Lake Baykal reg-
ion, parts of NE China, the western U.S.A. and East
Africa. All are seismically active and experience large
normal faulting earthquakes. Seismological and surface
observations of the faulting in these earthquakes provide
information on the three-dimensional geometry of the
extensional deformation at the time it is active. This
information is summarized in the next section, before
discussion of its significance for the understanding of
regional crustal extension.

SEISMICALLY ACTIVE NORMAL FAULTING
Scale: the seismic—aseismic transition

Earthquake focal depths are not uniformly distributed
throughout the continental crust, but are over-
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whelmingly concentrated in the upper 10-15 km, with
the lower continental crust remaining aseismic. This
pattern is clear in high-quality locations from dense local
seismograph networks (capable of +1 km depth resolu-
tion) or in focal depths determined from seismic
waveform modelling (capable of +2 km or better in the
best circumstances, e.g. Nabalek in press). The pattern
is not clear in locations produced routinely using arrival
time data from world-wide seismic stations (e.g. by the
United States Geological Survey or by the International
Seismological Centre), which can be in error by up to 50
km in focal depth. The observations supporting these
statements are summarized by Meissner & Strehlau
(1982), Sibson (1982), Chen & Molnar (1983) and
Strehlau (1986). There are very few exceptions to this
general pattern of focal depths, particularly among large
earthquakes: four were reported by Shudofsky (1985) at
depths of 25-30 km in East Africa, and a survey of the
current literature (Appendix) shows that of 63 continen-
tal normal faulting earthquakes whose focal depths were
determined by waveform modelling only four had depths
greater than 17 km (the deepest being 29 km), and three
of these were in East Africa. It is noteworthy that the
elastic thickness of the lithosphere in East Africa may be
as much as 25 km (Bechtel et al. 1987), which is greater
than appears to be typical of other extensional regions
(Bechtel & Forsyth 1987, Watts 1988; see later). Some
earthquakes are also thought to occur in the uppermost
mantle beneath the continental crust, though these are
rare and apparently confined to places where the upper
crust is also seismically active (e.g. Chen & Molnar 1983,
Nelson et al. 1987).

Thus, in general terms, the continental crust consists
of an upper layer in which earthquake hypocentres occur
over a lower one that is aseismic. The thickness of the
seismogenic layer is usually around 10-15 km and
imposes a length scale on the geometry of deformation
in the crust: in particular, faults have lengths that are
either small, similar or large compared with the layer
thickness. In the case of earthquakes, an event of mag-
nitude (m,) 5.5 will have a fault length of about 10~15
km, whereas one of m, 4.0 will involve a fault length of
only about 100 m. Earthquakes larger than magnitude
(M,) 6.5 involve faulting with a length (along strike)
considerably greater than the thickness of the seis-
mogenic layer. This distinction between ‘large’ and
‘small’ (compared with the seismogenic layer) faults
(and earthquakes) has concerned seismologists for some
time (e.g. Scholz 1982, Shimazaki 1986), but is probably
less well known among structural geologists. It will
concern us throughout this paper.

What is the nature of the seismic-aseismic transition
in the crust? The seismicity cutoff with depth is probably
temperature controlled, occurring in the region of
350 + 100°C, and in simplest terms is thought to repre-
sent a change from pressure-sensitive frictional slip (not
necessarily ‘brittle’: see Scholz 1988) at shallow levels to
pressure-insensitive plastic flow at depth (see e.g. Meiss-
ner & Strehlau 1982, Sibson 1982, Chen & Molnar
1983). In reality, because the crust is a multi-mineralic
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material, the change in deformation mechanism within
the shear zone is likely to occur over a depth interval,
starting with the onset of plasticity of the most ductile
component and ending with the full plasticity of the most
brittle component (Scholz 1988). Within this transitional
interval, sometimes called the ‘semi-brittle’ field, a mix-
ture of brittle and plastic processes must occur (see e.g.
Hobbs et al. 1986, Rutter 1986, Strehlau 1986, Scholz
1988). Scholz (1988) suggests that for a quartzo-
feldspathic material, the semi-brittle field occupies the
region of about 300-450°C.

An important additional observation is that the focal
depths of large earthquakes, obtained from waveform
modelling, occur near the base of the seismogenic layer
defined by the cutoff depth of microseismicity or after-
shocks (Eyidogan & Jackson 1985, Strehlau 1986).
These focal depths are usually determined from long-
period waveforms that have been generated over a finite
fault area and represent an average depth of the
radiating source: in other words they give the depth of a
conceptual point source that produces the same seismic
radiation as a much larger fault plane. The physical
meaning of such focal depths is not straightforward. The
higher the frequency of the waveforms the closer the
‘focal depth’ will be to the nucleation depth of rupture in
the earthquake. At longer wavelengths the ‘focal depth’
will approach an ‘average depth’ of the radiating fault
plane, which in the case of faults that rupture to the
surface may be only half the actual depth extent of
faulting. For the purposes of this paper the significance
of the focal depths of large earthquakes being near the
base of the seismogenic layer is that they almost certainly
involve rupture as deep as the base of the seismogenic
layer and probably continue to rupture downwards into
the semi-brittle field (see Das 1982, Eyidogan & Jackson
1985, Hobbs er al. 1986, Tse & Rice 1986, Scholz
1988).

In conclusion: (i) the continental crust consists of an
upper seismogenic layer over an aseismic lower crust;
(i) within the upper seismogenic crust, the deformation
in fault or shear zones is probably dominated by
frictional processes. Below this, there is a transitional or
semi-brittle field where both frictional and plastic pro-
cesses occur. At greater depths plastic processes
dominate the deformation; (iii) the seismogenic layer
imposes a length scale on the crustal deformation: faults
are either small, similar or large compared with its
thickness; (iv) faulting in ‘large’ earthquakes ruptures
down through the seismogenic layer into the transitional
(semi-brittle) region, and often (though not always: for
reasons discussed later) to the Earth’s surface. Large
earthquakes therefore involve faulting at depths that
would usually be designated ‘basement’.

Fault dips
Fault plane solutions of earthquakes provide informa-

tion on the orientation of the seismic faulting. Reliable
fault plane solutions for large earthquakes have been
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obtainable since about 1962 using first motion polarities
read on the long period instruments of the World Wide
Standard Seismograph Network (WWSSN). These
instruments have a good high frequency response and
impulsive P wave onsets are often seen for large earth-
quakes. Fault plane solutions constructed from the
polarities of impulsive onsets probably represent the
orientation of the fault surface near the point of rupture
initiation; though the less impulisive the onset the more
the solution is likely to represent an ‘average’ fault
orientation. For small earthquakes, whose polarities are
read on short period instruments, the distinction is
insignificant as the radiating fault is so small. Fault plane
solutions of large normal faulting earthquakes (those
with fault lengths similar or greater than the thickness of
the seismogenic upper crust) on the continents show a
very clear pattern (Fig. 1). Either of the two nodal planes
in a fault plane solution could be the actual fault plane,
so Fig. 1(a) includes both nodal planes. Fault plane
solutions for 125 large normal faulting earthquakes that
occurred in the period 1962-1987 and two from 1954
form the dataset in Fig. 1(a). Details of the earthquakes
and references to their fault plane solutions are given in
the Appendix. Dip errors are discussed by Jackson
(1987) and are in the range 10-15° for most of the
sample: solutions with uncertainties significantly greater
than this have been excluded. Figure 1(b) is a subset of
Fig. 1(a) and includes only those with a slip vector less
than 30° either side of the down-dip direction. Again,
both nodal planes are included for each earthquake.
Those in black have been drawn with as gentle a dip as
possible, and could be steeper (see Jackson 1987). Figure
1(c) includes only nodal planes that could be positively
identified as the fault plane (usually by surface faulting).
It is clear from Fig. 1, and especially from Fig. 1(b),
that the most common dip of nodal planes, regardless of
whether they are the actual fault planes, is in the range
30-60°. The absence of dips significantly less than 20° or
greater than 70° is particularly striking and is well con-
strained by the observations. Very low-angle (<20° dip)
normal faulting requires a very steep (auxiliary) plane to
pass through the central part of the focal sphere. This is
the region best sampled by teleseismic data. In almost all
the earthquakes shown in Fig. 1 dilatational first motions
dominate the teleseismic distance range (30-80°),
excluding the possibility of a very steep nodal plane, and
thereby also excluding a very low-angle nodal plane.
First motion fault plane solutions can be combined
with other observations, such as surface slip vector
measurement, accurate epicentral position, focal depth
or geodetic levelling, to constrain the shape of the fault
in cross-section. In the few cases (five or six) for which
these additional data have been of sufficient quality, the
large normal faults appear to be roughly planar from the
surface to the base of the seismogenic upper crust
(Eyidogan & Jackson 1985, Stein & Barrientos 1985,
Barrientos et al. 1987, Nabalek in press), though the
observations are rarely able to exclude a minor change in
dip (up to 15°) between the surface and the hypocentre.
Fault plane solutions of small earthquakes in regions
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Fig. 1. Dips of nodal planes for large (m, = 5.2) continental normal
faulting earthquakes, measured from fault plane solutions. This figure
includes data from Greece, western Turkey, Italy, the Gulf of Suez,
Tibet, NE China, SW China, Mongolia, East Africa, and the western
U.S.A. The black region in (a) includes dips from moment tensor
inversions carried out at Harvard (the method of Dziewonski &
Woodhouse 1983), and published by the United States Geological
Survey. The black region in (b) includes dips that have been
deliberately drawn to be as gentle as possible (i.e. minimizing the
strike-slip component): they could be steeper.

of active extension show no simple pattern. This is best
illustrated by detailed high-quality studies of aftershock
sequences, where normal faulting mainshocks may be
followed by aftershocks of almost any orientation and
mechanism, including reverse faulting (e.g. Deschamps
& King 1984, Richens et al. 1987, Westaway & Jackson
1987, Lyon-Caen et al. in press). Most aftershocks do
not occur on the mainshock fault plane and appear to
represent internal deformation of the blocks bounded by
large faults. Although very numerous, the small after-
shocks can often be shown to account for much less
cumulative deformation than the movement in the main-
shock (e.g. Westaway & Jackson 1987).

Vertical movements and tilting
Both tilting and vertical movements are observed to

accompany slip on active normal faults. Verticai move-
ments involve uplift of the footwall and subsidence of
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the hangingwall blocks and can be observed either
geodetically (Jankhof 1945, Richter 1958, Myers &
Hamilton 1964, Savage & Hastie 1966, Stein &
Barrientos 1985, Barrientos et al. 1987) or by reference
to sea level (Jackson er al. 1982a). These vertical move-
ments decrease with distance from the fault and thus
cause a tilting of the footwall and hangingwall blocks.
The fault consequently rotates about a horizontal axis,
reducing its dip. These observations may be interpreted
in several ways that are not mutually exclusive. The
vertical movements adjacent to a single normal fault
may be seen as either the effect of elastic rebound
immediately following fault slip (e.g. Savage & Hastie
1966, Stein & Barrientos 1985), or, in the longer term, as
an isostatic and fiexural response to unloading of the
footwall (Jackson & McKenzie 1983). However, normal
faults rarely occur in isolation, but are commonly distri-
buted across zones in which several subparallel faults dip
in the same direction. Thus a single block is likely to be
both the footwall of one fault and the hangingwall of
another. The forces imposed on the block as a result of
slip on its bounding faults represent a torque requiring
the block to rotate about a horizontal axis, so as to
reduce the dip of the faults. This is the familiar ‘rotating
domino’ style of extension (Ransome er al. 1910), and

will be discussed later. It can be considered as the
achievement of overall pure shear (crustal thinning and
extension) by simple shear (faulting) and rotation (see
Jackson 1987).

The observation that large normal faults tend to
decrease their dip as they move suggests an explanation
for the range of nodal plane dips shown in Fig. 1: that
such faults start to move at dips no steeper than about 60°
and rotate until they reach a dip of about 30° (Jackson
1987). This range is, to some extent, predicted by an
analysis of fault mechanics following the principles of
Anderson (1951) and Sibson (1985), which is discussed
by Jackson (1987).

Continuity along strike

The largest known normal faulting earthquakes on
the continents are far smaller than the largest thrust or
strike-slip events. Particularly in Asia, several examples
are known of thrust and strike-slip earthquakes with
magnitude (M,,) greater than 8.0 or seismic moment
(M,) greater than 10%! Nm. These events involve fault
lengths which exceed 100 km (e.g. Seeber & Armbruster
1981, Molnar & Deng 1984). (M, is defined as the
product A%, where u is the rigidity modulus, A is the

—
’ "-/
N /
k‘ Gulf of Corinth
3 1981
) // “‘?,
Pleasant flE -~
Valtey } : Dixie Valley
1915 * /[ 1954 (d)
N
S
X
‘ ~ / A Gediz
P \\\ 1970
P (a) , }\\\
; |
v ( /\
‘b\-/
{
Fairview t /
Peak /

1954 f/

\ v/
\ Borah /,

----- ‘, Hebgen
"‘.\\ 1983 / (c) (f) Luk: ~
1959 —
\
(b) \
0 10 20 km

Fig. 2. Maps of the surface faulting observed in some large continental normal faulting earthquakes, all drawn to the same
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area of the fault plane and % is the average slip.) Only
three normal faulting earthquakes are known that may
have had moments as large as 10° Nm: the 1915 Pleasant
Valley, Nevada (Wallace 1984; M, ~ 0.7 X 10%° Nm),
the 1957 Muyu, Siberia (Molnar & Deng 1984;
M, ~ 1.0 X 10% Nm and the 1959 Hebgen Lake, Mon-
tana (Doser 1985, Barrientos et al. 1987; M, ~ 1.0 x 10%
Nm) earthquakes. The total lengths of fauiting in these
earthquakes were about 60, 40 and 35 km, respectively.
However, in no large normal faulting earthquake has the
fauiting been continuous along strike for more than
about 25 km (Fig. 2). The largest events commonly
involve faulting in segments of up to about 20 km in
length, which are either arranged en échelon or sepa-
rated by gaps, or involve a dramatic change in strike
along the length of the rupture zone. Such segmentation
is often reflected in the geomorphology of the associated
fault scarps, suggesting that the faults had moved in a
similar segmented fashion before. Segmentation of
major fault zones has been of interest to seismologists
for some time, as discontinuities along the length of the
fault appear to control the initiation and halting of
rupture in earthquakes (e.g. Aki 1979, Lindh & Boore
1981, King & Nabalek 1985). Quite minor changes of
strike, such as 5° in the 1966 Parkfield strike-slip earth-
quake (cf. the small change in strike midway along the
central long segment of the 1915 Pleasant Valley faulting
in Fig. 2a), may strongly influence rupture initiation
and propagation. Seismograms from earthquakes
exhibiting discontinuous surface faulting often show
that slip occurred in discrete ‘sub-events’ separated by a
few seconds (e.g. Doser 1985, Eyidogan & Jackson
1985, Yielding 1985), indicating that the surface segmen-
tation extends to depth. Segmentation of active fault
systems can also be recognized in the geology, geomor-
phology and movement history of young fault scarps
(revealed by trenching) where no historic earthquakes
are known. An example is the Wasatch Front in Utah,
which is an active normal fault system that is over 300 km
long and clearly segmented along strike (Swan ez al.
1980, Schwarz & Coppersmith 1984). Although early
work on the Wasatch Front suggested that individual
segments may be as long as 60 km (Schwarz & Cop-
persmith 1984), more recent investigations indicate that
the segment lengths are probably much smaller
{Machette et al. 1986, Bruhn et al. 1987). The Wasatch
Front is a particularly good example of a large normal
fault system with salients and embayments in plan view
that would be expected to influence the lateral extent of
rupture propagation in earthquakes. The salients are
dramatic geomorphological features, disrupting the con-
tinuity of the hangingwall along strike (Fig. 3), and
allowing the intervening embayments to develop as
almost independent faults with varying throws and dif-
ferent sediment thicknesses in their hangingwalls
(Schwarz & Coppersmith 1984).

Fault segmentation is not only of interest in earth-
quake mechanics, it strongly influences sedimentation in
regions of active normal faulting. For example, drainage
that flows off the back of uplifted and tilted footwall
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blocks and then longitudinally (along strike), may
escape into the hangingwall of the graben where the
fault segment (and hence topography and uplift) die out
along strike. Thus major outwash fans may be located in
specific positions along a graben axis, controlled by the
segmentation of the bounding faults. In these
circumstances, the influences of structure on sedimenta-
tion is very three-dimensional and not limited to material
washing off the fault scarp perpendicular to strike.
Leeder & Gawthorpe (1987, fig. 4) illustrate this sort of
sedimentary environment, of which a good modern
example is the south side of the Gulf of Corinth in
Greece. If the pattern of segmentation seen in active
normal faults today applies to older extensional basins,
the faults bounding long graben systems may not be as
continuous as they at first look (perhaps through
insufficiently dense seismic reflection coverage). Major
outwash fans may then be expected to occur where fault
segments die out or change strike. The location of some
of the major sediment fans in the South Viking Graben
of the North Sea (Stoker & Brown 1986) may be an
example of this phenomenon (Fig. 4). Finally, we note
that in some of the subhorizontally outcropping faults or
shear zones exposed in the Metamorphic Core Com-
plexes of the western U.S.A., large-scale corrugations
of faults and mylonitic foliation surfaces are observed
with axes parallel to the direction of transport (Spencer
& Reynolds in press). The corrugations are particularly
well developed in the Buckskin~Rawhide-Harcuvar
mountains of N.W. Arizona, where they have a
wavelength of 15-20 km; similar to the maximum seg-
ment length we observe for active normal faults. The
corrugations might be the deeper expression of the
embayments and segmentation seen at the same scale on
steeper active normal faults.

In conclusion, we are unaware of surface normal
faulting in large earthquakes that is continuous, in the
sense of lacking lateral offsets or changes in strike, for
more than about 20 km; and most is less continuous than
that. A similar segmentation length is seen in detailed
maps of many active graben systems (e.g. Moore 1960,
Myers & Hamilton 1964, Garfunkel & Bartov 1977,
Allen et al. 1984, Armijo et al. 1986).

There is little doubt that faults are also segmented on
a scale much smaller than this; of interest here is whether
there is a maximum segment length for large normal
faults. Although the evidence currently available is
limited, we think it suggests that maximum segment
lengths of about 20 km are very common.

Faulting in the lower crust?

As discussed earlier, the upper seismogenic crust is
likely to be separated from the fully plastic lower crust by
a transition zone of finite width in which both brittle and
plastic processes can occur. It has been suggested that
during large earthquakes rupture can propagate down
into this ‘semi-brittle’ field (e.g. Das 1982, Eyidogan &
Jackson 1985, Hobbs et al. 1986, Strehlau 1986, Tse &
Rice 1986, Scholz 1988). One reason for this is the
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Fig. 4. Generalized interpretive map of the South Viking Graben, showing the major faults in the U.K. sector, the
distribution of clastic sediment fans (stippled) and oilfields (after Stoker & Brown 1986).

enormous increase (8-10 orders of magnitude) in strain
rate experienced by the top of the transition zone as fault
rupture impinges on it from above. Under these condi-
tions, material that would normally deform plastically at
the ambient temperature will fail brittlely instead. The
deformation in the transition zone could thus be brittle
(during large earthquakes) or plastic (in between large
earthquakes) depending on the strain rate. This dual
behaviour is probably responsible for the intermixed
and reworked mylonites and pseudotachylites described
by Sibson (1980) and Hobbs et al. (1986), among others.
It is not certain how far rupture propagates beneath
the seismogenic layer. Some large normal faulting earth-
quakes contain signals in the later part of their long
period seismograms that may be interpreted as radiation
from a relatively flat (dip of 20° or less) fault beneath a
steeper fault in the upper crust: suggesting that as a
rupture enters the transition zone it decreases its dip
(Eyidogan & Jackson 1985, Westaway & Jackson 1987).
Because they are late in the seismogram, these signals
are difficult to model and their interpretation is
ambiguous. Other large normal faulting earthquakes

contain no such signals and show no evidence that the
fault flattens in the transition zone (Nabalek in press).
Below the depth of earthquake rupture penetration it
is unclear how much deformation is concentrated on
mylonitic shear zones that are downward continuations
of higher level faults, and how much it is accommodated
by more distributed flow; nor is it clear how this parti-
tioning changes with depth. Detailed discussion of this
issue is beyond the scope of this paper. Although some
have argued for full crustal penetration of shear zones
(Wernicke 1985), there is evidence in some places that
the lower crust deforms by distributed flow. The best
examples are from the Basin and Range province where
both Gans (1987) and Spencer & Reynolds (in press)
describe areas where substantial thinning of the crust
beneath horst blocks has occurred. There is no obvious
way in which this can be achieved by faulting, and
lower crustal flow is more likely. The causes and conse-
quences of such flow are discussed elsewhere (Kusznir &
Matthews 1988, Gans ez al. in prep.). Here it is sufficient
to point out that there may be no justification for
‘balancing’ crustal-scale cross-sections (in the sense of
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preserving cross-sectional area) by assuming rigid move-
ment of fault bounded blocks at depths within the lower
crust, where much of the deformation may have occur-
red by flow and not by faulting.

ESTIMATING EXTENSION FROM
LARGE BASEMENT NORMAL FAULTS

The rotating domino model

Large normal faults in basement rocks tend to occur in
zones containing several subparallel faults that dip the
same way and rotate as they move to give the tilted
terrains characteristic of many extended basins (e.g.
Morton & Black 1975, Garfunkel & Bartov 1977,
Stewart 1980). The ‘rotating domino’ model (e.g.
Ransome et al. 1910, and subsequently many others)
illustrates how this configuration can accommodate
extension (Fig. 5). Such large normal faults are thought
to be approximately planar and to rotate as they move:
in good agreement with seismological observations. The
virtue of the domino model is its extreme simplicity.
Note that in Fig. 5 the faults do not extend to the Moho,
which remains flat: this is the domino model on a crustal
scale in its simplest form, in which we assume that the
lower crust can flow. It is a common misconception that
the bases or keels of the rotating blocks represent a space
problem. On the scale of the faults shown in Fig. 5 this
belief arises from a misunderstanding of the seismic—-
aseismic transition, which is likely to be a temperature
horizon and so neither compositional nor fixed to the
rotating blocks. Rotation of the blocks produces a per-
turbation to the initial temperature profile that will
decay with a time constant of L¥4n’x, where  is the
thermal diffusivity (~ 107°ms™!) and L is the spacing of
the faults (see Jackson et al. 1988). This time constant is
very short, being only 0.5 Ma for faults 25 km apart.
Unless all the extension occurs quickly compared with
this time, the seismic-aseismic transition will not be
perturbed significantly by the block movement. Figure 5
assumes the lower crust has deformed by flow: there is
no need for a subhorizontal ‘detachment’ or ‘décolle-

aseismic
selsmic

aseismic

Moho

Moho
(a) (b)

Fig. 5. Cartoon sections to illustrate the rotating block (‘*domino’)
style of extension. Faults start with a dip 8y, then tilt through an angle
¥ to attain a new dip 8,. The surface area increases by a factor j.
Sediments infilling the grabens (open circles) show growth towards the
bounding faults. We do not show faults below the seismic~aseismic
transition, which we show to be raised by the extension. Whether it is
actually raised depends primarily on the extensional strain rate (see
England & Jackson 1987).

ment’ zone of discrete slip at the base of the tilted blocks,
and calculations of the depth to such a horizon are
meaningless.

The domino model allows an estimate of 8, the
amount of extension (defined in Fig. 5), from the initial
(6) and final (6,) fault dips, using the relation:

,B sin 91 = sin 60

ey

(see Le Pichon & Sibuet 1981, Jackson & McKenzie
1983). Note that the tilt is given by y = 6, — 6,. Figure
1 suggests that, for large seismogenic normal faults, the
maximum value of 8, is about 60~70° and the minimum
value of 6, is about 30°. From equation (1) the maximum
amount of extension (B,.) obtainable by simple
domino-style rotation on planar faults restricted to this
dip range is in the region of 1.7-2.0. Extension of up to
this amount can therefore be accommodated by a single
generation of rotating planar faults that are not required
to move outside the dip range observed in Fig. 1. Exten-
sion greatly exceeding 8 = 2 requires something else to
happen. One possibility is that a second generation of
normal faults starts to move once the first generation has
rotated to a dip of 30°. The second-generation faults cut
the first generation making them inactive, and rotating
them passively to still gentler dips. The total extension is
then:

.Btotal = /31 X ﬂZ X...X ﬂm (2)

where 8, is the extension caused by the nth generation of
normal faults. Several authors have suggested this
mechanism in areas where extension exceeds § = 2, and
where a syn- (or immediately pre-) faulting unconfor-
mity provides a horizontal reference level that can be
restored and used to estimate the dip of the faults when
they were active. In particular, Morton & Black (1975),
Proffett (1977), Chamberlain (1983) and Gans & Miller
(1983) ali reported more than one generation of large
rotating normal faults, but their observations did not
require the faults to have been active significantly out-
side the dip range 30-60°; nor were the faults required to
be significantly curved in cross-section. Their inter-
pretations are obviously not in conflict with seismologi-
cal observations of large active normal faults today.
There are several well-known difficulties with the
domino model in its simplest form. It is not clear how to
accommodate the differential rotation about a horizon-
tal axis between a tilted extended terrain and its stable
margin or a horst block (see e.g. Wernicke & Burchfiel
1982, Gans & Miller 1983). Moreover, the model
requires all the faults to be simultaneously active across
the whole basin with the same dip and the same tilt to
their fault-bounded blocks, whereas in fact the timing,
tilting and extension often varies across a basin (e.g.
Morton & Black 1975, Gans & Miller 1983, Barton &
Wood 1984, Gans 1987). Many of these difficulties can
be resolved if the faults are not perfectly planar or if the
blocks they bound are not perfectly rigid but deform
internally by small-scale faulting, folding or flow. Such
solutions may seem ad hoc, but are only being realistic
about the uncertainty of the seismological (or geologi-
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Fig. 6. The effect of fault curvature (a) on the amount of extension

achieved by rotating faults (from White 1988). y is the amount of tilt

and ¢, the dip of the fault at depth. 6, and ¢, were the initial dips of the

fault at the surface and at depth. The example in (b) is for a fault whose

final dip at the surface (8,) is 30°. Thus when ¢, = 30°the faultis planar

and 8 = 1.5 for p = 20°. If ¢, decreases to 15° and y stays the same,
then 8 = 2.1.

cal) observations: only very rarely can seismological
data or techniques rule out a concave-up (listric) fault
curvature of up to 10-15° (e.g. Nabalek in press), and the
many aftershocks that follow large normal faulting
earthquakes do not, in general, occur on the main
seismogenic fault, but in the blocks either side; attesting
to their internal deformation. It is possible to allow for
fault curvature and the necessary accompanying internal
deformation of the footwall or hangingwall blocks when
estimating B from the fault dip and amount of rotation.
Figure 6 shows the effect of fault curvature on the
estimate of 8, which is then given by:

B sin ¢ = sin ¢, 3

where the tilt y = ¢ — @, ¢p and ¢, being the initial
and final dips of the fault at depth. Perhaps surprisingly,
the dip of the fault at the surface, §; does not matter
(White 1988). Note that fault curvature increases the
extension for a given rotation (y) because the fault
bounded blocks are not rigid. In other words, assuming
that planar faults bound rigid blocks will tend to under-
estimate the amount of extension.

The usefulness of the simple domino model should be
emphasized, while acknowledging that there are diffi-
culties with it. It is simple, allows a quantitative estimate
of B and can also be used to estimate quantitatively the
vertical movements (both uplift and subsidence) that
accompany block rotation and extension, and that con-
trol sedimentation (Barr 1987a,b, Jackson et al. 1988).
Figure 7 is adapted from Morton & Black’s (1975)
cartoon illustrating progressive crustal attenuation
across Afar, and though schematic, shows how tilting
and fault complexity may increase as the centre of the
basin is approached, and how differential rotation may

Fig. 7. Cartoon to show progressive crustal attenuation across a basin
in which extension is accommodated at shallow levels by rotational
block faulting and at deeper levels by flow (redrawn after Morton &
Black 1975, and Chamberlain 1983). The stippled region represents
post-stretching basin infill. Note how extension and tilt increase across
the basin, and how internal deformation of the fault bounded blocks
(particularly at depth) is able to take up differential tilting.

be accommodated by some internal deformation of the
fault-bounded blocks. The extension varies across the
basin, but in each place may be estimated from equations
(1) and (2). Note that if the blocks deform internally it
will be difficult to ‘balance’ the section by simply
restoring the major faults.

Although tilted domino-like terrains are common in
some extended regions, others, which have fewer faults
and are less extended, look different. In southern Tibet,
for example, the major graben are separated by 100 km
or more across strike (Armijo et al. 1986). It is improb-
able that blocks of this size rotate rigidly (see later).
These grabens effectively occur in isolation. Footwall
uplift and hangingwall subsidence are expected to occur
as the isostatic forces following fault movement still
apply (Jackson & McKenzie 1983), but will die out away
from the fault at a distance dependent on the flexural
strength of the surrounding material (Heiskanen & Ven-
ing Meinesz 1958).

Other mechanisms: very low-angle normal faulting

Work over the last decade in the Cordilleran Miogeo-
cline and Metamorphic Core Complexes of the Basin
and Range Province in the western U.S.A. has led to the
suggestion that the crust can extend on large, planar,
non-rotational normal faults that dip at a very low angle
(0-20°) through the entire upper seismogenic crust (e.g.
Wernicke 1981). As is clear from Fig. 1, this suggestion
cannot be verified by looking at large seismogenic
normal faults that are active today, nearly all of which
dip in the range 30-60° and cut right through the upper
seismogenic layer. There are no known examples of
large earthquakes on subhorizontal normal faults on the
continents. This dilemma may be resolved in a number
of ad hoc ways, discussed by Jackson (1987), including:
the proposal that very low-angle normal faults move
aseismically (i.e. by creep); that they are spatially sepa-
rated from high-angle normal faults (which would other-
wise cut them); or that the sample period used for Fig. 1
(about 30 years) is not long enough. None of these
explanations are really satisfactory. At issue here is
whether the available geological observations are able to
constrain the dips at which the apparently very low-angle
faults were active: they are now inactive, the motion on
most of them being Miocene or younger in age. Thisis a
question that is best addressed by fieldwork. Although a
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major issue in the current debate on extensional tec-
tonics, it is not within the scope of this paper, which is to
review information from active normal faulting.

FAULTS IN THE SEDIMENTARY COVER

Although large continental earthquakes involve
faulting at depths that would normally be designated
‘basement’, faulting does not always rupture through to
the surface. An example is the 1976 Luanxian earth-
quake in NE China, one of the largest recent normal
faulting events (M, = 3 X 10'° Nm) on the continents,
which, based on the estimated rupture duration of 10 s
(Nabalek er al. 1987), must have involved faulting with a
total length of about 30 km, yet did not break the
surface. Absence of surface faulting in large earthquakes
is common where there is a thick sequence of sediments
decoupled from the basement by one or more weak
layers, such as overpressured shales or evaporites. This
phenomenon occurs, for example, in the Zagros
mountains of SW Iran (e.g. Jackson & Fitch 1981),
where in spite of frequent large earthquakes on high-
angle reverse faults in the basement, no faulting accom-
panying these earthquakes has been observed at the
surface.

The decoupling of the deformation in the sedimentary
cover from that in the basement is a well-known
geological phenomenon, and can be seen, for example,
in the Central Graben of the North Sea (e.g. Gibbs
1984). The pre-rifting sedimentary cover must extend
the same amount as the underlying basement, but need
not do so in the same style or even in precisely the same
place. It should therefore be possible to estimate the
amount of extension from structures in the cover, where,
in particular, strongly curved (listric) normal faults are
common, usually flattening onto weak layers at depth
(illustrated schematically in Fig. 8). There is no evidence
that such faults generate large earthquakes, and they
presumably move aseismically. Faults of this sort require
substantial internal deformation of their footwall or
hangingwall blocks (e.g. Verrall 1981, Gibbs 1983, Davi-
son 1986, White et al. 1986, Williams & Vann 1987).
Detailed discussion of this topic is not appropriate here:
we will simply summarize the points we regard as
relevant to the calculation of extension from such
structures.

(i) It is usually assumed that the footwall block
remains rigid and only the hangingwall deforms inter-
nally in response to fault movement. Except where there
is an obvious strength contrast between the two blocks,
there is no real justification for this assumption; it simply
makes a solution of the problem much easier. In the case
of a dipping fault embedded in an elastic half-space, the
free surface produces an asymmetry requiring the han-
gingwall to deform more than the footwall, which can be
seen in all elastic solutions (see e.g. Stein & Barrientos
1985).

(ii) Knowledge of the hangingwall deformation is vital
for an accurate estimate of the extension. Flexural slip

weak layer LI
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aselsmic

Fig. 8. Schematic cartoon to show how a lithologically weak layer

(e.g. overpressured shale or salt) may allow the extension in the

sedimentary cover to be decoupled from the fault-bounded tilted
blocks in the basement below.

has been suggested as a possible mechanism of hanging-
wall deformation (e.g. Davison 1986), but we believe
that, because of antithetic faulting, compaction and
sediment thickness variations, all of which are
commonly observed within the hangingwall, penetrative
simple shear is likely to be a better approximation (see
White 1988). Simple shear may be inclined at any angle
to the vertical and its inclination greatly affects the
estimate of extension (White er al. 1986). Only if the
simple shear is vertical is the extension equal to the
apparent horizontal displacement across the fault. White
(1987, 1988) argues that the shear is commonly inclined
at about 45° towards the fault, in which case the true
extension would be double the heave on the fault, if its
dip changed from 45° at the surface to horizontal at
depth.

(iii) It will rarely be possible to know the style of
internal deformation within the fault-bounded blocks
with any confidence. If it is ignored, estimates of exten-
sion are likely to be too low (sometimes dramatically)
rather than too high (White 1987, 1988). It is therefore
difficult to estimate extension reliably from structures in
the sedimentary cover.

DISCUSSION
Controls on the scale of normal faulting

(a) The size of rotating blocks. There appears to be an
upper limit to the size of coherent blocks that can rotate
about a horizontal axis. Tilted blocks are separated by
normal faults about 20 km apart in the North Viking
Graben of the North Sea (e.g. Ziegler 1982, Giltner
1987), by faults up to about 25 km apart in the Gulf of
Suez (e.g. Jackson et al. 1988) and by faults as much as
30-40 km apart in the Basin and Range Province of the
western U.S.A. (Fletcher & Hallett 1983). In central
Greece major normal faults are separated by up to 40 km
(Jackson & McKenzie 1983), but it is not clear whether
the intervening blocks rotate coherently: they probably
do not, because major faults dipping in both directions
are common. Where the separation between half-graben
is much larger than this, as in southern Tibet (Armijo et
al. 1986), there is no evidence that the intervening
blocks rotate coherently: the grabens appear to occur in
effective isolation.
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Fig. 9. (a) Deformation of a solid elastic layer of thickness (7,) above
a liquid of the same density (after McKenzie 1967). The deformation is
exaggerated. (b) Cross-section illustrating the symbols used to
calculate the effective basement topography when the graben is partly
filled with sediments (thickness 4,) and water (thickness h,,).

What controls the upper size limit of rotating blocks?
Because of the density contrast between the tilted base-
ment blocks and the graben infill, stresses are necessary
within the upper elastic layer in order to maintain the
basement topography. If we assume that the situation
shown in Fig. 5(b) is represented approximately by a
solid elastic layer of thickness T, overlying a liquid of the
same density (the lower crust), we can calculate the
maximum shear stress, On,, required to support the
topography of the upper layer. The stress depends on
the wavelength (1) of the topography and the thickness
of the elastic layer (Fig. 9a). Because the wavelengths of
interest to us here are not large compared to 77, we
cannot use the thin plate approximation (see e.g.
McNutt 1980), but must use the full formulation of the
problem, described by McKenzie (1967). If we rewrite
equation (56) of McKenzie (1967), asufficiently accurate
solution for g, is:

O = B2 H k), 4
where
/e ifk'>2
H(k') =314k’ ifl <k’ <2
3/4k"? ifk' < 1
and
k' = aTJA. &)

At is the effective amplitude of the topography, pg is the
density of the basement (footwall), g is the acceleration
due to gravity and k' is the dimensionless wavenumber
(Fig. 9a). Figure 9(b) shows how to calculate the effec-
tive basement topography if the graben is partly filled
with sediment and water. The mass (M,) of the
sedimentary and water column at the deepest point in
the graben is given by

b
M, = hyp, +f 7. dz,

a

(6)

where p; is the average sediment density over a depth
interval dz. The equivalent height (A.) of a column of
material with the same density as the basement, would
be:

M,
he = 4= @)
and the effective amplitude of the basement topography

18

At = hB - he (8)

which may be substituted into equation (4).
We assume the graben sediments are able to compact,
and that porosity (¢(z)) varies with depth (z) in the form:

o) = o0 exp (5. ©)

where ¢ is the initial porosity (at deposition) and /is the
decay length (see e.g. Sclater & Christie 1980). The
average sediment density p; then varies with depth:

ps=p — (ps — pw)¢(z)7 (10)

where p, is the density of the solid part of the sediment.
Equation (7) then becomes:

Mg = hwpw + hsPs - ¢0(ps - pw)l

[l ) o

where z = a is the depth beneath the level at which
¢ = ¢q.

For a given layer thickness (7T,), equation (4) shows
that, providing k' < 2, the stresses necessary to main-
tain the saw-tooth basement topography increase as the
wavelength, density contrast and amplitude of the
deformation increase. Because the effective basement
topography decreases if the graben fills with sediment,
the maximum stress correspondingly decreases. The
general behaviour of equation (4) is illustrated in Fig.
10, which shows how the stresses supporting a saw-tooth
basement topography depend on the amplitude and
wavelength of the topography as well as on the density of
the graben fill.

Table 1 illustrates the dependence of o,,, on 4 and At
for various extensional terrains. Following Wiens &
Stein (1983), we assume that the thickness of the elastic
layer is approximately the thickness of the seismogenic
upper crust (we take 7, = 15 km), except in the case of
the Viking Graben, where the elastic thickness is known
to be much smaller (Barton & Wood 1984), and we take
T, = 5 km. Table 1 shows the expected increase in 0,
as A increases. For the examples from the Gulf of Suez,
Nevada, Greece and Tibet, where we have taken
T. = 15 km, once 4 > 47 km then k' < 1 and, because
Omax < A° (equation 4), the stresses start to increase
rapidly. So if fault-bounded blocks the size of those in
Tibet were to rotate coherently, very substantial stresses
would be necessary to maintain the topography. Opna
may also increase dramatically if T, decreases. Although
we assume T, is approximately 15 km in Nevada (be-
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Fig. 10. The variation of o,,,, as a function of 4, hy and composition

graben fill for a constant elastic thickness of 15 km. ¢,,,, = 10 MPa,

marked by the dashed line, is in the region of the maximum stress drop

seen in earthquakes. (a) No basin fill; (b) water fill (density = 1.0 Mg

m~?); (c) uniform sediment fill (density = 2.0 Mg m~?); (d) compacted

sediment fill (grain density = 2.5 Mg m™?, initial porosity, ¢y = 60%
and porosity decay length,/ = 2 km.

cause earthquake foci occur to this depth: e.g. Doser
1986, Richens et al. 1987), it may in places be as small as
5 km (Bechtel & Forsyth 1987). If T, = 5 km, then for
A > 16 km, 0,,,, = A*and increases rapidly (Table 1).

In most of the examples given in Table 1 the sediment
thickness in the graben (A,) is poorly known, and several
different values are given. This matters little as the
greatest density contrast, and hence effect on Op,, is
produced by the surface topography (h;). Thus the
stresses in the Viking Graben are far smaller than they
would otherwise be at their small dimensionless
wavenumber (k') because all the crests are buried.

The values of o, in Table 1 and Fig. 10 are note-
worthy. Blocks up to about 30 km in width may rotate
coherently without requiring stresses greater than the
stress drops observed to occur in earthquakes, which are
typically in the range 1-10 MPa (10-100 bars: see e.g.
Hanks 1977). Fault spacings substantially larger than
this require much greater supporting stresses if the
intervening blocks are to rotate coherently, and they
probably do not do so, as stretched continental regions
generally appear to have very little flexural strength
(Barton & Wood, 1984). This simple analysis suggests
that an upper limit to the size of rotating blocks in
extending terranes is imposed by the thickness (or
strength) of the outer elastic layer of the lithosphere.
Fault-bounded blocks larger than the limiting size for a
particular elastic thickness are expected to either break
up, perhaps by antithetic faulting (possibly seen in

Table 1. Estimates of the maximum stress required to maintain a
saw-tooth (‘domino’) topography, as a function of wavelength (4),
elastic thickness (7,) and amplitude (see Fig. 9). Estimates of block
widths, graben depth and fill are all approximate and taken from
Jackson & McKenzie (1983), Gans et al. (1985), Armijo er al. (1986),
Giltner (1988) and Jackson er al. (1988). Calculations in the Viking
Graben assume the blocks are buried under 3 km of Tertiary sediment.
We assume that: pg = 2.85 Mgm™>,p, = 2.7Mgm™>,/ = 2km and

¢ =05
T, A kK h, he h, he hp At  opmax
(km) (km) (m) (m) (m) (m) (m) (m) (MPa)
Gulf of Suez 15 25 188 300 100 3500 2860 4000 1140 6.5
(Gebel Zeit)
Nevada 15 30 1.57 1200 0 3000 2379 4200 1821 12.4
(Spring Valley) 1200 0 2500 1943 3700 1737 119
2000 0 2500 1943 4300 2357  1T.4
5 30 052 1200 0 3000 2379 4200 1821 720
Central Greece 15 40 1.18 2000 100 4000 3646 6100 2434  22.2
2000 600 4000 3821 6600 2779  25.1
2000 600 2500 2154 5100 2 26.7
1000 600 2500 2154 4100 1946 176
Tibet 15 100 047 2000 O 2000 1515 4000 2485  120.2
1000 0 2000 1515 3000 1485 718
1000 0 3000 2379 4000 1621 784
15 200 024 2000 O 2000 1515 4000 2485  461.1
Viking Graben 5 20 079 0 0 2000 1810 2000 190 3.3
(E. Shetland

Terrace)
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Greece and parts of East Africa: see Jackson & McKen-
zie 1983, Rosendahl et al. 1986), or to form smaller
‘dominoes’, or simply to allow the footwall uplift and
hangingwall subsidence to decay with distance from the
fault at a rate dependent on the flexural strength, as
described by Heiskanen & Vening Meinesz (1958). If
block rotation occurs in places of high heat flow, such as
at mid-ocean ridges, where both the seismogenic and
elastic thickness are expected to be small, then A might
also be expected to be small to prevent k' from becoming
too small (and hence o, too large). It may then be less
surprising that in Afar the block spacing is as little as 1-2
km (Morton & Black 1975).

(b) Continuity along strike. We argued earlier that the
available evidence suggests that large normal faults are
rarely continuous along strike for more than about 20
km. It is natural to seek an explanation for this observa-
tion, and also obvious that this dimension, or maximum
segment length, is comparable with the thickness of the
upper seismogenic crust. Though it seems intuitively
reasonable that the thickness of the deforming layer
should influence the length and continuity of the struc-
tures that form within it, in the particular case of normal
faults forming and continuing to move in the upper
crust, we are unable to offer any theoretical support for
this instinct. For the moment we simply point out the
apparent similarity in size between the maximum fault
segment length and the thickness of the upper seismo-
genic crust.

An important feature of active normal faulting is that
it is distributed over wide regions. The slip vectors
revealed in fault plane solutions are rarely pure dip-slip,
and often show a small component of strike-slip (with
slip vectors up to about 15° off the down-dip direction).
Because the normal faulting is distributed, the strike-slip
component is as well, thus distributing a simple shear (in
plan view) across the deforming region. This, in turn, is
likely to cause rotations about a vertical axis (e.g.
Jackson & McKenzie 1983, 1984), which have been
observed in some extensional terranes by paleomagnetic
studies (e.g. Kissel er al. 1986, Hudson & Geissman
1987). Because the blocks also rotate about a horizontal
axis, due to tilting, the overall rotation they experience
is about an axis that is neither horizontal nor vertical, but
inclined to the Earth’s surface. Under these circum-
stances it is perhaps not surprising that the blocks (and
faults) break up along strike, or, viewed another way,
that there is a maximum size over which such rotations
can be coherent; the size being limited by the strength of
the outer elastic layer. If this suggestion is correct, it is
perhaps reasonable that the maximum width of a block
should be similar to its maximum length.

Estimating extension from faulting

It is now 10 years since McKenzie (1978a) proposed
that lithospheric stretching played an important part in
the formation of some continental sedimentary basins,
and the controversy about whether that extension could
be reliably estimated from observations of normal

faulting dates from around that time. Since then our
knowledge of normal fault geometry and evolution has
increased considerably, particularly where active
seismogenic normal faulting is concerned. Among the
most important observations that now influence the
debate are: (i) that earthquakes are confined to the
upper crust; (ii) that large earthquakes do not occur on
listric faults that flatten at shallow depths (as originally
thought: e.g. McKenzie 1978a,b), but on faults that are
steep throughout the seismogenic upper crust; (iii) that
basement faults may be decoupled from those in the
sedimentary cover; and (iv) that more than one genera-
tion of normal faults may have been active. Using
present-day normal faulting as a guide, our approach to
the problem of estimating regional extension from upper
crustal faulting in terrains that are no longer active
would begin by asking a series of questions.

(1) Is the size of the structure or region of interest
comparable with (or larger than) the thickness of the
seismogenic upper crust?

(2) At what level within the crust are the structures we
are concerned with? Where was the seismic-aseismic
transition at the time the structures were active?

(3) Are (or were) the structures of interest in the
basement or sedimentary cover?

(4) Are there any weak layers controlled by lithology
(e.g. overpressured shale or salt) that may decouple
structures above from those below?

(5) What was the orientation of the structure at the
time it was active?

The answers to these questions would determine the
subsequent strategy, which broadly speaking, depends
on whether the extension is to be estimated from large
basement faults or faults restricted to the sedimentary
cover.

(a) Large basement faults. The most surprising obser-
vation from regions of present-day extension is that the
dips of large seismogenic normal faults are restricted to
the same range (roughly 30-60°) everywhere on the
continents. This appears to be true regardless of the
reasons for the extension: the forces responsible for the
extension in the Aegean Sea, which is underwater and
next to a subduction zone, are different from those in
Tibet, which is 5 km above sea level and next to a
continental indenter (India), yet in both cases the
seismogenic normal faulting is confined to the above dip
range. The geometry of the faulting in the upper crust
appears to be independent of the dynamics, and so the
present-day pattern of faulting should be a useful guide
to that in the past. For this reason, we believe that in
regions of distributed faulting and tilting, where fault
spacings are up to about 30 km, the simple rotating
domino model is a most useful guide to the average
extension, which can then be estimated from the fault
dips and associated tilting, using equation (1). Applying
this model is always likely to underestimate the true
extension as it assumes the faults are planar, whereas
they may well have a small amount of curvature, which
increases the extension (Fig. 6). The observed range of
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seismogenic fault dips cannot account for extension
much greater than § = 2, and so in places where it is
thought extension might exceed this value, the possi-
bility of more than one generation of normal faults
should be examined closely. Most regions of very high
extension are underwater, particularly on continental
margins, and it is improbable that the highly tilted blocks
bounded by first generation faults will be imaged by
seismic reflection techniques, though the later faults,
which offset gently dipping sediments, may well be
clear. Ignoring earlier generations of faulting will greatly
underestimate the overall extension.

(b) Faults in the sedimentary cover. Such faults often
flatten onto a weak layer at depth, and their shape in
cross-section usually requires the surrounding blocks,
particularly the hangingwall, to deform internally.
Unless this internal deformation can be assessed it is not
possible to determine accurately the overall extension.
In general, this problem is indeterminate, as there is
usually one observation (a bed in cross-section) and two
unknowns (the shape of the fault and the inclination of
simple shear in the hangingwall), and solutions are
highly non-unique. If more than one bed shape is
observed it may be possible to narrow the range of
acceptable solutions considerably (White 1987, 1988).
Ignoring the internal deformation of the hangingwall, or
assuming vertical simple shear within it, may lead to a
dramatic underestimate in the overall extension
(perhaps as much as a factor of 2).

In short, estimating regional extension from normal
faulting in the upper crust is not straightforward. Most
importantly, because of the difficulty of accounting for
extension that is not confined to slip on the major faults,
whether in basement or sedimentary cover, most
estimates will be too low. Underestimates by up to a
factor of 2 are likely to be quite common.

CONCLUSIONS

We have attempted to summarize what is known
about active normal faulting on the continents. The most
important observation is that clear geometrical patterns
are seen that are independent of the driving forces
responsible for the extension, which vary considerably
in their origin and magnitude. For this reason, patterns
of active normal faulting today should provide a useful
guide for the interpretation of normal faulting in older,
now inactive terrains.

Earthquakes are largely confined to the upper 10—
20 km of crust in regions of active extension. The thick-
ness of the seismogenic upper layer, whose base is
defined by the cutoff of microecarthquakes, imposes a
length scale on the faulting. Large normal faulting earth-
quakes move faults whose lengths are comparable to or
bigger than the thickness of the seismogenic layer. These
faults are approximately planar in cross-section, cut the
base of the seismogenic layer and rotate about a horizon-
tal axis as they move. The great majority have dips in the
G 11:1/2-c

range 30-60°, and dips significantly less than 20° have not
been observed. They are rarely continuous along strike
for more than 15-20 km, but commonly curve or step in
an en échelon fashion. Such changes along strike affect
the lateral extent of rupture in earthquakes, allowing
long fault systems to develop as a set of segmented
shorter faults. The segmentation is an important influ-
ence on sedimentation and drainage. A reasonable esti-
mate of regional extension can often be made from the
dip of the larger faults and the tilt of the blocks they
bound (the ‘domino model’), but faults restricted to the
dip range 30-60° cannot account for extension signifi-
cantly greater than 8 = 2. Where extension exceeds this
value, something else must happen: one possibility is
that a second generation of steep faults starts to move.
Small earthquakes, which move faults small compared
with the seismogenic layer thickness, show no simple
pattern and often indicate internal deformation of the
blocks bounded by large faults.

Large seismogenic basement faults do not always
reach the Earth’s surface because they may be decoupled
from the sedimentary cover by lithologically weak
layers. Faults confined to the sedimentary cover do not
appear to generate large earthquakes and can be strongly
curved (listric) in cross-section. Estimating regional
extension from such faulting requires a knowledge of the
internal deformation of the hangingwall blocks, and is
rarely straightforward or well constrained.

The most important influence on basement normal
faulting in extensional terrains is probably the thickness
and strength of the seismogenic upper layer, which, we
believe, limits the maximum size of blocks (*‘dominoes’)
that rotate coherently about a horizontal axis and also
limits the maximum continuity (segment length) of
normal faults along strike.
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APPENDIX

This Appendix contains the data upon which Fig. 1 is based.
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Table Al. Epicentral information for each earthquake, identified by number and grouped by region. The numbered references to each
earthquake (right-hand column) are identified in Table A3. If more than one reference is given, the first one is that used for the focal parameters

in Table A2
No. Date Time Lat. Long. Region Ref. No. Date Time Lat. Long. Region Ref.
101 1915.10.03 06:53 40.50 -117.50 W.USA, NV 1 748 1967.05.01 07:09 39.70 21.30 Aegean, Greece 27,35
102 1954.08.24 05:51 30.50 -118.30 W. USA, NV 2 749 1968.12.05 07:52 36.58 26.97 Aegean, Greece 38,35
103 1954.12.16a 11:11 30.80 -118.10 W.USA, NV 23 750 1970.04.08 13:50 3843 22.66 Aegean, Greece 38,35
104 1954.12.16b 11:07 39.28 -118.13 W.USA,NV 2345 751 19750404 0516 3809 2198 Aegean, Greece 33
105 1950.08.18 06:37 44.80 -111.10 W. USA, MO 6,7 752 1978.05.23 23:34 40.76  23.27 Aegean, Greece 40
106 1962.08.30 13:35 41.80 -111.80 W. USA, UT 8.9 753 1978.06.19  10:31 40.75 23.22 Aegean, Greece 40
107 1960.03.20 08:17 31.32 -114.18 Gulf of Calif. 10 754 1978.0620 20:03 4074 2323 Aegean, Greece 40
108 1969.03.21 06:34 31.25 -114.31 Gulf of Calif. 10 755 1979.06.14 1144 3881 2653 Aegean, Greece 4l
109 1975.08.01 20:20 39.50 -121.47 W.USA, CA 1 756 1980.0710 19:39 39.31 22.93 Aegean, Greece 4l
110 1975.03.28 02:31 42.04 -112.41 W.USA,ID 12 757 1981.02.24 20:53 38.10 22.84 Aegean, Greece 4243
111 1983.10.28a 14:06 43.98 -113.90 W. USA’ ID 13,14,15 758 1981.02.25 02:35 38.14 23.05 Aegeu.n, Greece 42,43
112 1983.10.28b 19:51 44.07 -113.80 W. USA, 1D 16,32 759 1981.03.04 21:58 38.14 23.05 Aegea.n, Greece 42,43
113 1983.10.29  23:20 44.24 -114.07 W. USA,ID 16,32 760 1984.02.11 08:02 38.40 22.09 Aegean, Greece 32
114 1984.08.22 09:46 44.38 -114.08 W. USA,ID 17 761 1984.07.09 18:57 40.68 21.83 Aegean, Greece 32
115 1084.00.08  06:16 44.44 -114.15 W. USA,ID 39 762 1985.04.30 18:14 39.26 22.81 Aegean, Greece 32
116 1986.07.20 14:29 37.58 -11845 W. USA, CA 32 763 1985.11.09 23:30 41.26 23.99 Aegean, Greece 32
117 1986.07.21a 14:42 37.54 -11845 W.USA,CA 32 764 1986.09.13 17:24¢ 37.01 2218 Aegean, Greece 32,58
118 1986.07.21b 22:07 37.49 -118.40 W.USA, CA 32 765 1987.02.23  23:34 38.47 2029 Aegean, Greece 32
780 1955.07.16 07:07 37.66 27.19 Aegean, Turkey 35
201 1966.03.06 02:15 31.49 80.50 Tibet 18 781 1956.02.20 20:31 39.86 30.49 Aegean, Turkey 35
202 1966.10.14  01:04 36.45 87.43 Tibet 18 782 1963.09.18 16:48 40.90 29.20 Aegean, Turkey 44,35
203 1971.05.03  00:33 30.79 84.33 Tibet 18 783 1964.06.14 12:15 38.00 38.50 Aegean, Turkey 45
204 1973.07.14a 04:51 35.18 86.48 Tibet 18 784 1964.10.06 14:31 40.30 28.20 Aegean, Turkey 35,46
205 1973.07.14b 13:39 3526 86.60 Tibet 18 785 1965.06.13 20:01 37.80 29.30 Aegean, Turkey 38,35
206 1973.08.01 01:14 29.59 89.17 Tibet 18 786 1967.07.30 01:31 40.70 30.40 Aegean, Turkey 38,35
207 1973.08.16 08:02 33.24 86.84 Tibet 18 787 1969.03.23 21:08 39.16 28.48 Aegean, Turkey 47,35
208 1973.09.08 07:25 33.29 86.82 Tibet 18 788 1960.03.25 13:21 39.18 28.37 Aegean, Turkey 47,35
209 1975.01.19  08:01 32.39 78.50 Tibet 18 789 1969.03.28 01:48 38.59 28.45 Aegean, Turkey 47,35,36
210 1975.04.28 11:06 3582 79.92 Tibet 18 790 1969.04.06 03:49 38.50 26.42 Aegean, Turkey 38,35
211 1975.05.19  19:47 35.16 80.80 Tibet 18 791 1969.04.30  20:20 39.16 28.58 Aegean, Turkey 47,35
212 1975.06.04 02:24 3587 79.85 Tibet 18 792 1970.03.28a 21:02 39.20 29.47 Aegean, Turkey 47,33,36
213 1975.07.19 06:10 31.92 7861 Tibet - 18 793 1970.03.28b  23:11  39.22 29.52 Aegean, Turkey 33
214 1975.07.29 02:40 32.56 78.46 Tibet 18 794 1970.04.16 10:42 39.03 30.00 Aegean, Turkey 47,33
215 1976.09.14  06:43 29.81 89.57 Tibet 19 795 1970.04.19 19:13 39.06 29.83 Aegean, Turkey 47,33
796 1970.04.23 09:01 39.09 28.59 Aegean, Turkey 47,33
301 1966.09.28  14:00 27.53 100.08 S.W. China 20 797 1971.05.12 06:25 37.59 29.76 Aegean, Turkey 33
302 1967.08.30a 04:22 31.60 100.31 S.W. China 21 798 1971.05.25 05:43 39.03 29.74 Aegean, Turkey 47,33
303 1967.08.30b 11:08 31.60 100.31 S.W. China 21 799 1972.03.14 14:05 39.28 29.42 Aegean, Turkey 47,33
304 1973.02.07 16:06 31.46 100.29 S.W. China 21 800 1975.03.27 05:15 40.42 26.14 Aegean, Turkey 33
305 1986.03.13 08:41 26.20 100.09 S.W. China 32 801 1986.10.11 09:00 37.93 28.57 Aegean, Turkey 32
401 1957.0627 00:09 56.31 11699 Baykal, USSR 22,60 §§; 13223232 31:42 081 2990 E Africs iaay
.05. 2:36 -15.72 34.59 E. Africa 48
402 1958.01.05 11:30 56.50 121.23 Baykal, USSR 22 903 1966.05.17 07:03 0.76 20.05 E. Afr 48
403 1958.09.14 1421 56.67 121.01 Baykal, USSR 22 oy iy ‘ A
404 19670118 05:34 56.68 120.95 Baykal USSR 23 904 1968.05.15 07:51 -15.81 26.16 E. Africa 48,49
e . : . ’ - 905 1968.12.02 02:33 -14.01 23.82 E. Africa 48,49
405 1971.06.14 13:48 56.18 123.59 Bayka.l, USSR 23 906 1976.07.01 11:24 -29.51 925.17 S. Africa 48
406 1987.02.21 22:19 54.93 110.98 Baykal, USSR 32 907 1976.09.19 14:59 -11.08 32.84 E. Africa 48
) 908 1877.07.06 08:48 -6.26 29.59 E. Africa 48
502 1976.08.31 03:25 39.91 118.90 N.E. Ch}na 24 910 1983.12.27 00:3% -18.25 44.86 Madagascar 32
504 1987.08.10 12:12 38.12 106.36 N.E. China 32 912 1984.10.26 07:44 -16.47 28.67 E. Africa 39
913 1985.05.142 13:24 -10.50 41.37 E. Africa 50
601 1962.08.21a 18:09 41.20 15.00 Italy 26 914 1985.05.14b 18:11 -1049 4143 E. Africa 50
602 1962.08.21b 18:19 41.25 15.05 Italy 26 915 1985.06.28 22:46 -2.47 2891 E. Africa 32
603 1979.09.19 21:35 42.81 13.06 Italy 27,28 916 1985.08.20 05:46 552 36.14 E. Africa 32
604 1980.11.23 18:3¢ 40.76  15.33 Italy 29,30,31 917 1986.06.29 21:47 -5.34 2054 E. Africa 39
605 1984.04.29 05:03 4326 12.56 Italy 32 918 1986.08.18 15:07 -16.36 28.50 E. Africa 32
606 1984.05.07 17:49 41.77 1390 Italy 32 919 1986.10.06 18:53 -30.55 28.74 S. Africa 32
607 1984.05.11 10:41 41.83 1396 Iltaly 32 920 1987.10.25 1646 540 36.75 E. Africa 32
711 1967.11.30 07:23 41.41 20.44 Aegean, Albania 27,35,36 1001 1969.04.07 20:26 76.55 130.86 Laptev Sea 51
712 1986.03.03 01:24 41.97 20.29 Aegean, Albania 32 1002 1983.06.10 02:13 75.53 122.75 Laptev Sea 51
721 1977.11.03 02:22 4211 2397 Aegean, Bulgaria 34 1021 1969.03.31 07:15 27.67 33.99 Gulf of Suez 52,53,54
731 1963.07.26 04:17 42.10 21.40 Aegean, Yugoslavia 27,35,36 1022 1972.06.28 09:49 27.65 33.76 Gulf of Suez 52,53,44
741 1954.04.30 13:02 39.24 22.17 Aegean, Greece 35 1031 1970.07.30 00:52 37.82 55.88 N.E.Iran 44
742 1956.07.09 03:11 36.69 25.81 Aegean, Greece 37 1041 1987.03.02 01:42 -37.91 176.79 New Zealand 59,55
743 1965.04.27 14:09 3570 23.50 Aegean, Greece 38,58 1051 1982.12.13 09:12 14.71 4438 Yemen 56
744 1965.07.06 03:18 3840 2240 Aegean, Greece 38,33 1061 1982.09.29 05:50 14.49 -89.12 Guatemala 32
745 1965.12.20 00:08 40.20 24.80 Aegean, Greece 38,35 1071 1983.12.22 04:11 11.87 13.53 Guinea 57
746 1966.02.05 02:01 39.02 21.82 Aegean, Greece 27,35,39 1081 1983.11.18 01:15 39.78 39.46 E. Turkey 32
747 1967.03.04 17:58 39.20 24.60 Aegean, Greece 38,35 1091 1985.04.10 20:15 1.56 -77.01 Colombia, Andes 32
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Table A2. Focal parameters for each earthquake. The columns include: event number (from Table A1); body wave magnitude (m,), surface wave
magnitude (M,) and seismic moment (M,) in units of 10'® Nm (where available); whether the fault and auxiliary planes in the fault plane solution
can be distinguished (+ = yes), usually by surface faulting (F); the strike (s), dip (d) and rake (r) of the first and second nodal planes of the fault
plane solution, using the convention of Aki & Richards (1980): the first plane is the fault plane wherever it can be distinguished from the auxiliary
plane; focal depth in km (dep), estimated from body wave modelling (P, SH) or pP arrivals (final column). An m after the focal depth indicates
that the earthquake was identified as a multiple event from its seismograms. Most of the fault plane solutions are based primarily on the polarity
of long-period P arrivals, some being additionally constrained by SH waveforms (last column). An H after the event number indicates that the
solution is from a Harvard Centroid Moment Tensor Inversion (reported by the United States Geological Society), and is not included in
Fig. 1(b). Anasterisk (*) after the event number indicates a poorly constrained solution that is not included in Fig. 1. Itis included here to identify
it for future improvement. An asterisk (*) after the dip indicates that the dip of this nodal plane could be steeper (see Fig. 1b)

No. my Mi M. f s; di ry s2 dz r; dep

102 6.8 69 +F 355 50 -145 242 64 -045 12m P, SH
104 71 500 +F 350 60 -160 250 74 -031 15m P,SH
105 * 75 1000 +F 102 60 -090 282 30 -090 10m P,SH
106 5.7 0.3 025 80 -080 190 41 -101 12 P,SH
107 53 87 0.5 023 43 -087 199 47 093 6 P,SH
108 56 5.4 0.3 035 43 -086 210 47 -093 3 P SH
109 58 5.6 06 +F 180 65 -070 319 32 -110 6 P,SH
110 6.1 6.0 22 + 225 39 -053 001 60 -116 9 P

m 6.2 73 320 +F 149 50 -067 297 45 -109 7 P, SH
112 54 5.1 0.3 189 77 -033 287 58 -165

113 54 5.0 0.2 093 45 -117 309 51 -065

114 50 5.1 153 50 -046 277 57 -129

11I5H 5.0 44 0.1 154 20 -071 314 71 -097

116H 56 5.6 0.6 223 54 -035 335 63 -138

117H 6.0 6.2 2.6 149 60 -163 051 75 -031

118H 55 5.0 0.1 040 45 -050 171 57 -122

201 6.0 6.5 3.4 000 45* -090 180 45 -090 8m P

202 5.3 5.7 0.2 025 66 -090 205 24* -090 8 P

203 54 8.7 0.3 190 58 -090 010 32* -090 8 P

204 6.0 6.9 9.0 190 60 -145 081 60 -035 6m P

205 5.9 8.5 4.0 037 68 -056 156 40 -144 7 p
206* 49 4.5 220 60 -024 323 69 -148 85 pP
207 53 8.5 0.2 160 55 -155 055 70 -038 8 P

208 55 5.2 0.6 118 60 -171 018 74 -031 9 P

209 62 68 161 000 S0 -090 180 40* -090 9m P

210 5.8 6.3 1.0 169 62 -149 063 63 -032 7 P

211 5.5 3.1 0.3 248 66 -050 004 46 -145 8 P

212 5.7 5.8 1.1 180 62 -121 052 41 -046 9 P

213 5.3 4.7 0.1 180 50 -125 047 51 -056 6 P

214 8.5 5.1 0.1 210 55 -090 030 35* -0%0 8 P
215* 8.3 0.9 215 52 -068 002 43 -116 90 P

301 6.1 6.2 290 45 -114 142 40 -068

302 6.1 6.1 4.5 245 45 -070 038 48 -110 8 P

303 5.1 6.1 0.2 233 50 -090 053 40 -090 10 P

304 58 5.9 0.6 210 60 -090 030 30 -090 10 P

306 H 54 46 0.1 330 25 -104 165 66 -084

401 7.9 1000 +F 120 62 -034 228 62 -147

402 295 62 -056 060 42 -136

403 220 37 -084 032 51 -096

404 6.0 7.0 280 60 -030 026 65 -147

405* 56 5.7 093 13 -090 273 77 -090

406 H 47 47 <01 176 33 -114 024 60 -075
501 61 7.4 300 260 50 -099 094 41 -080 8m P SH
502 52 5.3 0.2 253 67 -143 147 5 -027 6 P,SH
503 52 5.0 0.1 220 65 -139 111 54 -031 7 P SH
S04 H 54 0.1 336 25 -075 139 66 -097

601 5.7 0.2 310 65 -140 201 54 -031 8 P

602 6.1 0.7 310 65 -124 186 41 -041 8 P

603 59 58 07 320 66 -140 212 54 -030

604 6.2 69 300 +F 317 59 -085 127 31 -099 13m P SH
605H 52 53 03 143 21 -072 304 70 -097

606 H 55 58 0.8 174 31 -052 312 66 -110

607H 52 52 02 156 43 -076 317 49 -103

711 60 6.6 150 200 58 -080 000 34 -106

712H 50 50 <01 094 38 -128 319 61 -065

721 5.2 5.1 258 56 -112 115 40 -060

731 55 62 11 303 74 -025 040 70 -165

742 7.4 064 56 -090 244 34 -090

743 55 53 0.2 188 61 -083 335 30 -101 14 P, SH
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Table A2 continued

No. my M, M,
744 59 60 42

745 53 58 05

746 56 63 23
747 58 66 9.1

748 56 6.2 1.3
749 5.5 1.8
750 5.8 63 3.1
751* 54 46

752 57 87 06
753 5.3 48

754 61 64 5.2
755 3.8 5.6

756 §.2 53

757 59 6.7 68
758 3.5 64 24
759 59 64 25
760H 53 54 03
761H 51 49 0.1
762H 55 55 04
763H 54 53 01
764 6.0 58 0.7
765H 53 55 05
782 52 6.4 27
783 55 59 06
784 6.0 68 18.0
785 53 57 08
786 5.6

787 56 59 1.0
788 55 60 17
789 6.1 65 200
790 55 5.6

791 51 5.2

792 6.0 7.2 88.0
793 5.2 49

794 85 52 03
795 54 57 19
796 52 53 04
797 55 6.0

798 58 55 1.0
799 54 49

800 57 6.7

801H 55 55 04
901 6.0 8.5
902 5.3 0.1
903 5.5 0.3
904 5.7 0.3
905 5.9 0.2
906 5.9 1.0
907 5.7 0.2
908 5.2 0.1
909 5.2 0.2
910H 5.1 0.1
911H 54 49 0.1
912H 54 0.1
913 2.1
914 4.5
915H 4.9 <0.1
916H 54 48 02
917TH 52 54 06
918H 55 46 0.1
919 H 49 48 01
920H 56 62 25
1001 54 55 0.2
1002 55 54 0.1
1021 60 6.8 180
1022 56 855 0.5
1031 8.7 6.6

1041 59 66 64

1051 60 60 3.0

1061 H 55 51 03

1071 64 62 35

1081H 50 48 0.2

1091 H 53 47 0.1

+F

+F
+F

+F

+F

+F

256
090
046
277
283
278
266
284
285
250
068
077
212
281
256
201

268
000
302
101
340
112
090
281
101
090
308
077
280
284
252
064
298
247
041
320

256
047
008
335
000
120
345
168

158
126
218
010
010
21
256
318
238
168
232

314
144

322
197
225
220
015

156
081

d

74

40
66
60
56
50
74
54
49
56
46
36
56
40
42
47
28
38
43
33
47
37
70
80
36*
70
40
34*
40*
34*
S0
45
35
33
3
66
48
50
55
47
60
57

50
40
60
S0
50
63
50
63
56
35
42
13
45
45
45
31
22
43
37
38

ERBrE&EB8EIS

n

-115
-140
-100
-115
-040
-090
-115
-090
-060
-060
-070
-105
-090
-070
-080
-082
-121
-105
-072
-085
-080
-155
-125
-090
-090
-090
-090
-090
-104
-090
-090
-090
-090
-106
-100
-090
-102
-075
-077
<126
-125
-039

-048
-090
-133
-134
-128
-039
-133
-077
-129
-098
-122
-071
-090
-090
-090
-045
-148
-084
-090
-051

-106
-124
-085
-080
-034
-110
-042
-130
-147
-102
-076

S
330
312
096
324
315
076
335
226
062
057
069
104
104
080
056
240
291
051
077
070
006
295
152
180
122
281
160

20*

12

29
17

27
13

25
14
12

33

10

10
10

8m
m

13

pP

P,SH

P,SH
P,SH
P,SH

P,SH

v v e

vP'v'vvutututuy

P,SH
P,SH

P,SH
P,SH
P,SH
P,SH
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Table A3. References used for each earthquake, as numbered in the right-hand column of Table Al
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