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Earthquake faulting as a structural process 
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Abstract--Structural geology is concerned with the history of movement in the Earth's crust and the processes by 
which displacements occur. In the upper one third to one half of deforming continental crust, displacement is 
accommodated largely by seismic slip increments on existing faults. It follows that earthquakes and related 
processes are an integral part of structural geology. Traditionally, structural geologists have been preoccupied 
with the complexity of the finite deformation within fault zones and with the stress states prevailing at the 
initiation of faults in intact crust. Future structural work should be directed more towards understanding the 
dynamic character of fault reactivation during incremental slip, and related effects. Questions of interest include 
rheological and geometrical controls on the initiation, perturbation and termination of ruptures; directivity 
effects associated with rupture propagation; the recognition of structures resulting from repeated stress cycling 
within seismogenic crust; and identification of structural features diagnostic of shear stress levels during faulting. 
Structures arising from the inter-relationships between slip episodes and induced fluid flow are of special 
importance, because these dynamic fault processes appear influential in the development of much fault-hosted 
mineralization. 

Mesothermal gold--quartz lodes hosted in high-angle reverse shear zones of mixed brittle--ductile character 
form illustrative examples of structures that, arguably, can only be interpreted by seismo-structural analysis 
embodying the concepts listed above. 

INTRODUCTION 

IT ts now clear that much of the displacement occurring 
in the upper half of actively deforming continental crust 
is accomplished by earthquake faulting, and that only 
the larger earthquakes within such regions contribute 
significantly to the displacement (e.g. Hyndman & 
Weichert 1983). Much of the high-level folding in the 
crust may also be a consequence of fault displacements 
and, in at least some instances, the incremental amplifi- 
cation of such folds accompanies seismic slip episodes on 
the faults (King & Vita-Finzi 1981, Stein & King 1984). 
Geologists and seismologists clearly have much to con- 
tribute to each other's understanding of fault processes, 
but major communication problems have arisen in the 
past through inherently different perceptions of the 
fundamental character of faults. 

Traditionally, seismologists have been preoccupied 
with the effects of incremental slip within fault systems; 
structural geologists with the total displacement across 
faults and the finite deformation state associated with 
them, which may be very complex. In their initial train- 
ing, geologists are generally taught to analyse finite fault 
displacements in terms of rigid block motions, with 
constant slip vectors across perfectly planar shear dislo- 
cations. None of these assumptions is warranted, neither 
for an isolated slip increment during an earthquake, nor 
for long-term displacements. A related question is the 
extent to which faulting is truly a 'brittle' process. The 
problem is nicely illustrated by considering the incre- 
mental and finite aspect ratios for faults. For earthquake 
ruptures, the ratio between maximum seismic slip, us, 
and the rupture length, Ls, generally lies in the range: 

10 -4 > us/Ls > 10 -5 (1) 

(Rikitake 1975). This ratio approximates the change in 
shear strain accompanying propagation of the rupture. 
The value is so small, well within the elastic limit of 
rocks, that it is natural for seismologists to think of faults 
as brittle shear fractures within a perfectly elastic sur- 
rounding medium. To field geologists, however, faults 
appear as much more ductile structures because finite 
displacements on faults die out more quickly. The ratio 
of maximum finite displacement, uf, to total fault length, 
Lf, tends to increase as a fault matures (Walsh & Watter- 
son 1988) and may eventually reach values, 

urlLf ~ 0.1. (2) 

This implies that permanent strains of the same order 
invariably develop around the terminations of faults 
(King 1978, Moore & du Bray 1978, Watterson 1986). 
Mutual misunderstanding is exacerbated because, while 
to a seismologist a 10% strain is extremely large, to a 
structural geologist it is barely measurable! 

Another traditional concern of structural geologists 
has been the stress state prevailing at the time of fault 
initiation. Along with this goes a tendency to interpret 
minor structures associated with faults in terms of static 
stress fields. Yet it is now over three quarters of a century 
since Reid's (1911) recognition of the elastic rebound of 
strained crust as the fundamental earthquake 
mechanism, with its implications of continual stress 
cycling in the vicinity of active crustal faults. Plate 
tectonics works, moreover, because significant displace- 
ments are concentrated on well-localized fault zones at 
plate boundaries, which persist for lengthy time periods 
through continual reactivation. However, while stress 
cycling accompanying episodic reactivation is likely to 
be the norm in the vicinity of faults, there has been little 
recognition of related structural features. 
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Fig. 1. Strike-slip earthquake rupturing within the seismogenic regime defined by background microseismicity and 
aftershock activity, shown in relation to a composite profile of fault shear resistance versus depth which peaks in the vicinity 
of the transition from unstable frictional (FR) faulting to localized quasi-plastic (QP) shearing flow (after Sibson 1986b). 
Longitudinal fault section shows large ruptures expanding over the fault surface at - 3  km s -I from nucleation sites 
(stars) in the vicinity of the FR/QP transition. Mean slip, ~, is averaged over a final rupture area, A, which occupies all or 

part of the seismogenic zone, 

Modern seismological studies of shallow crustal earth- 
quakes thus pose many interesting questions for future 
research into the structural geology of fault zones. This 
paper seeks to indicate some of the directions which such 
research might take. 

THE SEISMOGENIC REGIME 

Increasing deployment of high-density seismograph 
networks, coupled with the more sophisticated 
techniques now available for teleseismic determination 
of focal depths, make it clear that seismic activity is 
largely restricted to the upper one third to one half of 
deforming continental crust, its lower bound apparently 
governed by the onset of greenschist facies metamorphic 
conditions at temperatures of -300-350°C (Chen & 
Molnar 1983, Sibson 1983). This gives rise to the concept 
of a seismogenic regime defined by background micro- 
earthquake activity as illustrated in Fig. 1. From a 
mechanical viewpoint, the base of the seismogenic 
regime is thought to represent a transition zone from 
unstable frictional (FR) faulting to quasi-plastic (QP) 
shearing flow localized in mylonite belts. It holds special 
mechanical significance as the region of inferred peak 
shear resistance where larger earthquake ruptures 
(M>6 °) tend to nucleate. Mostly, these larger earth- 
quakes rupture upwards and laterally so that their after- 
shocks also are largely restricted to the upper crust. 
There is, however, some evidence that these bigger 
events also rupture some distance downwards beneath 
the background seismogenic zone (Strehlau 1986, Scholz 

*Note that throughout this paper, the earthquake magnitude scale 
referred to is moment-derived magnitude, M, based on the moment- 
magnitude relationship of Hanks & Kanamori (1979). This corres- 
ponds to local magnitude over the range 3 < M,  < 7 and surface wave 
magnitude over the range 5 < M~ < 7.5. 

1988). Deformation around the base of the seismogenic 
zone in the vicinity of the FR/QP transition is thus likely 
to involve a complex mixture of continuous and discon- 
tinuous shearing. 

Size-frequency distribution of earthquake ruptures 

In any seismically active region, the relative frequency 
of different sized earthquakes follows the cumulative 
Gutenberg-Richter (1944) relationship, 

logt0 N(M) = a - bM,  (3) 

where N(M) is the number of earthquakes of magnitude 
greater or equal to M, and a and b are constants charac- 
teristic of the region. In most regions the b-value is about 
unity, so that earthquakes generally become about 10 
times more frequent for every unit decrease in mag- 
nitude. In a region of moderate seismic activity such as 
New Zealand, for example, an M8 earthquake tends to 
occur about every 100 years on average, an M7 shock 
occurs roughly every 10 years, and within 1 year, one can 
expect on average perhaps one M6 earthquake, ~ 10 M5 
events, ~100 M4 events and so on. This empirical 
statistical relationship cannot, of course, be extended 
indefinitely upwards; in any particular region there 
appears to be a maximum magnitude above which the 
distribution is truncated (Molnar 1979). 

Over an enormous scale range, the drops in shear 
stress (Ar) associated with crustal earthquakes are 
remarkably uniform. In general, Ar is the range 1-100 
bars with a logarithmic mean at -30  bars (Kanamori & 
Anderson 1975, Hanks 1977), corresponding to the 
strain changes observed in the vicinity of ruptures (equa- 
tion 1). Given this near constancy of stress drop, one can 
obtain some grasp of typical rupture parameters 
associated with earthquakes of different magnitude 
(Table 1). Note further, that under constant stress drop 
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Table 1. Structural characteristics and relative frequency of earth- 
quake ruptures of different sizes. Rupture area (A), fault dimensions 
(length, L, and down-dip width, W) and mean slip (~) have been 
calculated from elastic dislocation theory (Kanamori & Anderson 
1975) for circular ruptures of radius L/2 with Ar = 30 bars, using the 
moment-magnitude relationship of Hanks & Kanamori (1979). Brac- 
keted values are approximate fault dimensions assuming the larger 
ruptures to be confined to a vertical fault in a 15 km deep seismogenic 
z o n e  

Magnitude Average Rupture Rupture Relative 
slip length or width area frequency 

M ri L o r W  A ~- L W  

M8 ~4 m -100 km -104 km 2 Nyr -l 
(650 kin/15 km) 

M7 - 1  m -30  km --10 3 km 2 ~10N yr -l 
(60 kin/15 kin) 

M6 ~40 cm -10  km - 1 8  km z ~102N yr -l 
M5 -10  cm ~3 km -10  km 2 -103N yr -t 
M4 - 4  cm ~1 km - 1  km z -104N yr -1 
M3 - 1  cm -300 m ~105 m 2 ~105N yr -t 
M2 ~4 mm -100 m -104 m z -106N yr -t 
M1 - 1  mm ~30 m -103 m: -107N yr -l 

conditions, the earthquake frequency-magnitude 
relationship for a region can also be interpreted as a 
size-frequency distribution of rupture areas of form: 

N(M) a¢ 1/,4 (4) 

(Hanks 1977, Andrews 1980). 

'Characteristic earthquake' concept 

A principal revelation of the paleoseismic studies of 
active fault zones that have burgeoned over the past 10 
years or so has been the recognition that the standard 
frequency-magnitude relationship does not hold for 
individual fault zones (Wesnousky et al. 1983, Schwartz 
& Coppersmith 1984). Rather, there is accumulating 
evidence that particular faults, or segments of major 
fault zones, often rupture at fairly regular intervals in 
maximum magnitude events characteristic of that par- 
ticular fault segment. One notable example is the -25  
km long Parkfield-Cholame segment of the San Andreas 
Fault (Fig. 2) which is believed to have ruptured in 
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Fig. 2. Sketch map of the San Andreas fault system in California illustrating segmentation. C - -  Calveras Fault, EL - -  
Elsinore Fault, G - -  Garlock Fault, H - -  Hayward Fault, SA - -  San Andreas Fault, SJ - -  San Jacinto Fault; WC and PC 
are, respectively, the Wallace Creek and Pallet Creek paleoseismic trench sites. Earthquakes plotted are historical events 
whose ruptures are reasonably well-defined from recorded surface breaks, isoseismals, or well-defined aftershock zones 
(updated from Jennings 1975 and Scholz 1977). Note that the map is inevitably incomplete, and that the data on rupture 

extent becomes very uncertain for events more than 50 years old. 
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similar ~M6 earthquakes in 1857 (as a foreshock to the 
~M8 'big-bend' earthquake), 1881, 1901, 1922, 1934 
and 1966 (Bakun & McEvilly 1984). While 'perfect' 
characteristic earthquake behavior by no means always 
occurs (particular fault segments have been known to 
rupture in different sized events), it is clear that the 
intervening number of lesser events on the same fault 
segment between successive large events is generally 
much less than that expected from the frequency-mag- 
nitude relationship. The frequency-magnitude relation- 
ship for a region thus seems to arise through the statisti- 
cal tendency for a population of fault segments, each 
with its own characteristic rupture size, to develop in 
accordance with equation (4). 

Characteristic earthquake behavior has highly impor- 
tant structural implications. It demands the existence of 
structural controls which govern the initiation and termi- 
nation of characteristic earthquake ruptures at particular 

sites. These controls must persist for extended time 
periods through successive earthquake cycles. 

Stress levels and stress cycling within the seismogenic 
regime 

Faulting occurs to relieve accumulated shear stress on 
faults. As previously discussed, the drop in shear stress 
accompanying seismic faulting is well established from 
seismology and geodetic measurements. Within the seis- 
mogenic portions of a fault zone exhibiting characteristic 
earthquake behavior, shear stress may therefore be 
expected to fluctuate in crude saw-tooth oscillations of 
amplitude, Ar ~< 100 bars (Fig, 3). The cycle may be 
subdivided into four phases: an a-phase of secular, 
mainly elastic strain accumulation; a fl-phase of possible 
preseismic anelastic deformation, perhaps involving 
foreshock activity and accelerating precursory slip; a 

Y Y Y 

o I ( J... 

l f-  . /  

I I I 

1 
I I I 

i 

u ~ T I M E  

ffl 
m 

0 

m z 

Z 0 Z 
I 

ol  
- I  m 
.< 

(n 
m 

-4 
m 

o 

m 
m 
m 

I 

0 

Fig. 3. Temporal variations in shear stress (r) and displacement (u) inferred for seismically and aseismically slipping 
portions of crustal fault zones (after Sibson 1986a). The earthquake stress cycle is subdivided into an a-phase of secular 
strain accumulation, a E-phase of possible preseismic anelastic deformation, a ~, coseismic phase of mainshock rupturing 

accompanied by a stress drop, At, and a 6-phase of afterslip and decaying aftershock activity. 
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coseismic y-phase of mainshock rupturing and energy 
release; and a postseismic 6-phase of decelerating 
afterslip and aftershock activity decaying inversely with 
time. In contrast, steady aseismic shearing such as occurs 
along the creeping portions of the San Andreas Fault in 
central California (Burford & Harsh 1980), or is inferred 
at depth beneath the seismogenic regime, probably takes 
place under near-constant shear stress. Transitional 
behavior with damped stress oscillations must occur in 
intermediate regions. 

Oscillating levels of shear stress must also extend 
considerable distances laterally into the crust surround- 
ing seismically active fault zones. The extent of the 
region of perturbed stress depends critically on the 
dimensions of the mainshock rupture. For a crust tran- 
sected by a very long strike-slip rupture extending 
through the seismogenic regime on a vertical fault, 
dislocation modelling shows that the coseismic strain 
(and stress) change drops to about 50% of the value at 
the fault at distances comparable to the depth of the 
seismogenic zone (or fault width); say 10-15 km each 
side of the fault trace (Mavko 1981). If we consider the 
situation in southern California (Fig. 2), where several 
major active strike-slip faults are spaced ~40 km apart, 
we may reasonably infer that the entire upper crust is 
subject to some degree of stress cycling from events on 
one or other of the faults. Stress-dependent processes 
such as fluid flow through fracture networks are likely to 
fluctuate in step with the stress cycling. From the view- 
point of interpreting structural and textural overprint- 
ing, one may note that the traditional practice of 
deciphering relationships between minor structures in 
terms of a regional deformation sequence (Dl, D2, D3, 
etc.) may come to grief in areas where stress cycling has 
been prevalent, and diverse structural features have 
developed or amplified at different stages of the repeat- 
ing cycle. 

The extent to which the regional stress field is per- 
turbed by such stress changes must depend on the ratio 
of stress drop to the absolute level of shear stress driving 
the faults. Unfortunately, the level of shear stress initiat- 
ing slip events within the seismogenic regime (ri) remains 
uncertain. Two end-member schools of thought (Hanks 
& Raleigh 1980) are: 

(1) ri is -100 bars, comparable to the larger observed 
stress drops, so that Ar/ri ~ 1. In this case, the seismic 
efficiency of rupturing is high with a large proportion of 
the released strain energy radiated as seismic waves. 

(2) ri is - 1  kbar, so that ~r/ri ~< 0.1 and the seismic 
efficiency is low, with much energy dissipated on the 
fault during slip events. 

In the first case, stress trajectories in the vicinity of the 
fault are likely to be strongly perturbed after each slip 
event; in the latter, the effects are likely to be less severe. 
As a possible example of the first situation, consider the 
1984 M6.2 Morgan Hill earthquake. Following an ~25 
km long, pure strike-slip mainshock rupture along the 
NW-SE Calaveras Fault, off-fault aftershocks involved 
a mixture of dextral strike-slip faulting on N-S-trending 
subsidiary faults and thrusting on planes striking parallel 

to the main rupture. Both types of aftershock activity are 
consistent with NE-SW compression, suggesting that 
shear stress along the Calaveras Fault had been almost 
totally relieved by the main shock (Oppenheimer et al. 
1988). 

EARTHQUAKE RUPTURE PROCESSES 

Although here I restrict attention to strike-slip ruptur- 
ing, because of the comparative ease with which seis- 
mological information is related to structural 
irregularities for this faulting mode, it should be noted 
that most of the concepts developed are equally appli- 
cable to dip-slip faulting. 

The 1979 Imperial Valley earthquake 

As an example of the detailed information that is 
likely to become increasingly available from modern 
seismological studies, consider the 1979 M6.5 earth- 
quake which occurred on the Imperial Fault, part of the 
transform system linking the southern San Andreas 
Fault through to the spreading centres in the Gulf of 
California (Fig. 2). This right-lateral strike-slip rupture 
is particularly instructive because: (i) the rupture was 
'caught' in the middle of a dense array of seismographs 
and strong motion instruments; and (ii) details of rupture 
geometry and its relationship to aftershock distribution 
are most easily appreciated for horizontally propagating 
strike-slip ruptures. Data from the array were modelled 
by Archuleta (1984) to reveal details of the rupture 
process on the Imperial and Brawley faults (Fig. 4). 
While the results are to some extent non-unique and 
model dependent, they serve to illustrate the general 
complexity of a single seismic slip event. In summary the 
following six points are notable. 

(1) The rupture nucleated at a depth of about 8 km and 
propagated unilaterally northwestwards on the Imperial 
Fault, triggering some slip on the Brawley fault splay, 
but continuing for a total rupture length of ~35 kin. 
Surface faulting was only evident along the northwestern 
two thirds of the rupture, and along the Brawley Fault. 
Silver & Masuda (1985) argue, however, for some 
degree of bilateral rupturing with minor subsurface 
propagation to the southeast as well. 

(2) Advance of the rupture front was highly irregular 
although the average rupture velocity stayed close to the 
shear wave velocity (~3 km s-l), so that the total 
duration of faulting was about 12 s. 

(3) Coseismic strike-slip varied greatly over the fault 
surface but averaged ~0.4 m. Subordinate components 
of normal slip occurred on the northwest of the Imperial 
fault rupture and on the Brawley Fault. 

(4) At any point on the rupture surface the duration of 
slip, while highly variable, lasted no more than 2 s. Thus 
fault slip at any instant during rupture propagation, was 
restricted to a band extending only a few kilometers 
behind the advancing rupture front (Fig. 4b). 

(5) Aftershock activity was concentrated in a rhom- 
boidal area adjacent to the tip of the main rupture in the 



6 R .H .  SmsoN 

D i s t a n c e  a l o n g  rupture 
0 10 20 30 km 

t I I I i l 
a. MAP VIEW OF RUPTURE 

. . . . . . .  Im~dal __~_~... Fault , . .  "~'-~ 

°%o."x-, 
4' ~'/" ~e~~'/t "'~" 

b. RUPTURE TIME (s) o 
\ ,o 

5 " " " 8  

c. SLIP DURATION (s) 

o1 ,oO:, 

! ° t  - - - J  
d.  STRIKE-SLIP OFFSET ( m )  

~ 0 I ' "o. ,1 - J ~  ' ", , , 

/ s - 0 . 2 4  
=o.'~ % . . . - ~  ~ - ~ - ~ -  0 . 6 - - - - - ~ " ~  

[ - - ' o . 8 ~ ~ o . s ~  / I  

0 e. DIP-SLIPOFFSETIrn) 
_ / ' ' I ' 

• i I I I I I 
0 10 20 30 km 

Fig. 4. 1979 Imperial Valley rupture (after Archuleta 1984): (a) Map 
of rupture trace; (b-e) Longitudinal sections along the rupture, show- 
ing (b) advance of rupture front with time, t (stippled area approxi- 
mates slipping area behind rupture front at t = 8 s); (c) duration slip 
contoured over the rupture surface; (d) final strike-slip offset; and 
(e) final dip-slip offset. Solid circle represents rupture epicentre (a) or 

hypoeentre (b--e). 

traces of moderate to large earthquakes are generally 
irregular and complex (Vedder & Wallace 1973, 
Tchalenko & Berberian 1975, Segall & Pollard 1980). 
While heterogeneity occurs over a tremendous scale 
range, concepts of self-similar fault behavior (King 1983) 
suggest that larger earthquake ruptures, our main con- 
cern here, are significantly affected only by the larger 
heterogeneities with cross-strike scale of hundreds of 
meters to kilometers. Precision aftershock studies 
suggest that in at least some instances, these structural 
irregularities extend through the seismogenic regime to 
depths of -10  km (Reasenberg & Ellsworth 1982). This 
is supported by studies of exhumed ancient fault zones 
(Sibson 1986b). 

While composite structures and more complex three- 
dimensional linkage structures undoubtedly exist, two 
main classes of irregularity transverse to the direction of 
rupture propagation may be recognized; fault jogs link- 
ing en 6chelon fault segments, and isolated fault bends 
(Fig. 6). Within these two basic classes, structures are 
usefully classified as dilational or antidilational depend- 
ing on the tendency for areal increase or reduction, 
respectively, associated with the incremental slip trans- 
fer accompanying rupture propagation across the irregu- 
larity. 

Because the interaction of earthquake ruptures with 
fault irregularities depends only on the incremental 
deformation at the tip of the propagating rupture, an 
interesting directivity effect may be noted in the case of 
isolated fault bends (Fig. 7). For a rupture approaching 
the bend from the left, incremental slip transfer at the 
rupture tip will tend to dilate the fault segment across the 
bend, whereas for a rupture approaching from the right, 
the fault segment across the bend will experience 
increased compression. Evidence is accumulating that 
such directivity effects may have important conse- 
quences for rupture propagation and termination, and 
for related fluid redistribution. 

first few hours after the earthquake (Johnson & Hutton 
1982). Activity continued for weeks after the mainshock, 
becoming more dispersed with time. Significant afterslip 
occurred along the surface rupture trace over a compara- 
ble time period. 

(6) The repeat time for similar events on the Imperial 
Fault is several tens of years (the fault last ruptured in a 
somewhat larger event in 1940). 

Note that after some 40 years of elastic accumulation 
in the surrounding rocks, fault slip averaging 0.4 m was 
accomplished at any one point in less than 2 s, with the 
entire rupture process complete in an interval of only 12 
s! Following the decay of afterslip and aftershock activity 
over a period of months, the fault will be likely to remain 
quiescent until the next major slip event some tens of 
years from now. 

Rupture complexity and segmentation 

Even if attention is restricted to horizontally propagat- 
ing strike-slip ruptures (Fig. 5), the surface rupture 

Aftershock activity in relation to rupture geometry and 
fluid redistribution 

Aftershock distributions reveal the extent of sub- 
sidiary deformation associated with earthquake ruptur- 
ing. Their rate of occurrence generally decays hyperbol- 
ically with time after the mainshock (Omori's Law). For 
a large event (e.g. ~M7) detectable aftershocks may 
occur initially at rates of thousands per day but after a 
few months their frequency typically diminishes to 
perhaps 10 or so per day (Gibowicz 1973). High precision 
aftershock studies (epicentral and focal depth uncertain- 
ties < 1 km) following moderate to large ruptures have 
begun to reveal consistent relationships between the 
aftershock concentrations and irregularities in main- 
shock ruptures. These studies are most effective for 
strike-slip ruptures where epicentral distributions define 
off-fault deformation in map view. Some general obser- 
vations are: (i) for buried ruptures that have not broken 
through to the surface, aftershocks tend to concentrate 
around the periphery of the mainshock rupture, and to 
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data for Turkey from Ambraseys (1970) and Toksoz et al. (1977). 
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Fig. 8. Strike-parallel longitudinal profile of aftershocks with epicentres distributed within a 2.1 km wide tabular volume 
straddling the subvertical NW-SE strike-slip rupture associated with the 1984 M6.2 Morgan Hill earthquake (after 
Cockerham & Eaton 1987). Mainshock rupture (hypocentre - -  star) is believed to have occupied the area largely barren of 

aftershocks. 

expand outwards with time (Fig. 8); and (ii) for ruptures 
breaking to the surface, aftershocks are few where the 
rupture trace is straight (that is, the rupture surface is 
planar), but tend to cluster adjacent to irregularities, 
especially near rupture terminations (Fig. 9). 

The simple interpretation that emerges is that after- 
shocks largely represent the time-dependent response of 
the wallrocks to the sudden strains imposed by slip on an 
irregular mainshock rupture. Nur & Booker (1972) pro- 

vided a plausible explanation for the occurrence and 
decay of aftershock activity involving the redistribution 
of aqueous fluids. Their hypothesis can be adapted to 
account for the observed location of many aftershock 
clusters in relation to fault irregularities. The seis- 
mogenic crust surrounding the mainshock rupture is 
likely to contain many subsidiary planes of weakness, 
with the stability of each plane determined by the stan- 
dard Coulomb relationship, 
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Fig. 9. Map view of aftershock epicentral clusters associated with irregular strike-slip ruptures. Events (a-d) occurred 
within the San Andreas fault system, California, respectively, on the San Andreas, Calaveras, Imperial and San Jacinto 
faults (see Sibson 1986b); event (e) near the Izu Peninsula, Japan, with the E-W mainshock rupture lying mostly offshore 

(Shimazaki & Somerville 1979). 
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I 
r = C +,/,/sOn --- C +,t/s(O" n - P ) ,  (5) 

where r and o" n are respectively the shear and normal 
stress on the plane, P is the fluid pressure in the rock 
mass, C is the cohesion across the plane and/A is its 
coefficient of friction. Shear failure of these subsidiary 
planes could clearly be induced either by increasing r, by 
decreasing a, or by increasing P. Earthquake faulting is 
accompanied by relief of shear stress along the central 
portions of the rupture and by concentration of shear 
stress at its ends (and to a lesser extent in remote 
locations equidistant from, and perpendicular to, the 
midpoint of the rupture plane; Das & Scholz 1981). 
Aftershocks are often concentrated at rupture termina- 
tions, but redistribution of shear stress alone does not 
explain the time-dependent nature of aftershock 
activity. 

Nur & Booker (1972) suggested that changes in the 
level of mean stress (and thus, a,) induced by the 
mainshock rupture are of at least equal importance. 
Elasticity theory dictates that immediately after the 
main shock, local changes in mean stress (which may be 
comparable to the shear stress drop) would be matched 
by changes in fluid pressure. Thus, instantaneously there 
is no overall change in the shear resistance of subsidiary 
fractures• However, the fluid pressure imbalance thus 
created then leads to time-dependent shear failure in the 
regions of lowered mean stress in accordance with equa- 
tion (5), as fluid pressure in those regions is progressively 
restored. The important implication is that aftershocks 
should cluster in regions where mean stress has been 
reduced by slip on the mainshock rupture. Support for 
the hypothesis comes from observed concentrations of 
aftershocks in dilational fault jogs and bends, and 
immediately outside antidilational jogs (Fig. 9). In all 
these areas the mean stress is likely to have been reduced 
by incremental slip transfer (Segall & Pollard 1980). 

STRUCTURAL QUESTIONS POSED BY 
SEISMOLOGY 

The dynamic rupture processes outlined above pose a 
number of interlinked structural questions which need 
to be answered if paleoseismic aspects of faulting are to 
be addressed by structural geologists. Only partial 
answers, at best, exist at p resent - - the  discussion below 
is thus necessarily limited. However, either singly or 
together the topics present fruitful avenues for future 
structural research. 

Self-similarity 

It has been recognized for some time that earthquake 
rupturing appears to be largely a scale invariant process; 
this is manifested by the near-constancy of stress drop 
over an enormous range of rupture dimensions. King 
(1983) suggested that this geometrically self-similar 
behavior, accounting for the general frequency-mag- 
nitude relationship, arises from the inherent tendency of 
natural fault systems to develop asfractal geometric sets 

(Mandelbrot 1977). There is, however, growing evi- 
dence that large earthquakes (those with rupture dimen- 
sions exceeding the depth of the seismogenic zone) and 
small earthquakes follow different scaling relationships 
and belong to different fractal sets (Scholz 1982, 
Shimazaki 1986). Indirectly, this provides further evi- 
dence for characteristic earthquake behaviour on indi- 
vidual fault segments. 

With regard to these concepts of self-similar behavior, 
the familiar structural adage that ' . . .  small mimics large 
• . . '  takes on new significance, and invites investigation 
of the extent to which faults and fractures, and perhaps 
more complex structures such as thrust duplexes, 
develop in scale-invariant geometric sets. It is particu- 
larly important to establish the scale range over which 
self-similarity holds for different structures• Preliminary 
studies have already been made on the scale indepen- 
dence of roughness on natural fault surfaces (Scholz & 
Aviles 1986, Power et al. 1987), on particle size distribu- 
tions within various fault gouges (Sammis et al. 1986), 
and on the size distribution of extension fractures (Segall 
& Pollard 1983a). Much more work of this kind is 
warranted. 

Finite vs incremental aspect ratios for fault slip 

The contrast between the aspect ratios for incremental 
and finite slip on faults illustrated by equations (1) and 
(2), respectively, may be revealing a fundamental prop- 
erty of the structures governing characteristic earth- 
quake behavior. Consider a fault segment along which 
'ideal' characteristic earthquakes occur. Multiple repeti- 
tions of the same characteristic rupture starting and 
stopping at the same points, each with the same incre- 
mental aspect ratio, will lead to a progressive increase in 
the cumulative ratio of slip to fault segment length (Fig. 
10). However, this can only occur if distributed perma- 
nent strains of the same order as the finite aspect ratio 
(~10%) develop in the country rocks around the ends of 
the fault segment. Some idea of the longevity of particu- 
lar structures giving rise to characteristic earthquake 
behavior may also be gained. If, for example, the charac- 
teristic strain release for each rupture was ~10 -4, then 
~1000 such slip increments would be required to gener- 
ate a finite aspect ratio, uf/Lf tO. 1, if the rupture dimen- 

SLIP IlL 
Rupture Length I, 

DISTANCE ALONG FAULT SEGMENT 

Fig. 10. Schematic diagram (not to scale) illustrating changing aspect 
ratios (cumulative slip/segment length) for a fault segment exhibiting 
ideal characteristic earthquake behaviour (partly after King 1986). us 
and ut are, respectively, the incremental and cumulative values of 
maximum slip along the fault segment for a series of characteristic 

ruptures 1, 2, 3 . . .  n. Ls, rupture length; Lf, total fault length. 
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sions remain constant. Studies of changing aspect ratios 
as fault zones mature and evolve (e.g. Segall & Pollard 
1983b, Walsh & Watterson 1988) are thus likely to yield 
important insights into the mechanics of faulting. 

Starting and stopping controls 

Fault segmentation leading to characteristic earth- 
quake behavior demands the existence of persistent 
structural controls at segment boundaries, governing 
the nucleation and arrest of ruptures. An ability to 
recognize these structures would clearly be of immense 
value to seismic hazard assessment. Much effort has 
therefore been expended towards identifying rupture 
controls and understanding the mechanics of their oper- 
ation. Attention has focused mostly on strike-slip fault 
systems where geometrical irregularities transverse to 
the direction of rupture propagation are defined in map 
view. 

Although in some instance, there appears to be a 
correlation between well-located mainshock epicentres 
and fault bends or jogs (King & Nabelek 1985, King 
1986), particularly of antidilational character, this is by 
no means always the case. Because larger ruptures 
generally initiate towards the base of the seismogenic 
zone, it seems probable that rheological as well as 
geometrical irregularities play an important role in the 
nucleation process (Sibson 1984). This further 
emphasizes the need for better understanding of the 
physical conditions and the very complex, mixed 
'brittle-ductile' processes (e.g. Hobbs et al., 1986, 
Sibson et al. 1988) prevailing in the vicinity of the FR/QP 
transition (see also discussion below). 

A more consistent pattern of behavior is emerging 
with regard to rupture arrest. While antidilational jogs 
and bends clearly perturb ruptures and form obstacles to 
both incremental and long-term slip transfer along a 
fault, dilational fault jogs with cross-strike dimensions in 
excess of a kilometer or so seem to play an especially 
important role as preferred sites for rupture termination 
(Sibson 1986b, Knuepfer et al. 1987). This contrasts with 
expectations from the quasi-static elastic analysis of en 
6chelon fault segmentation (Segall & Pollard 1980). 
Rupture arrest at dilational jogs is, however, generally 
followed by delayed slip transfer across the jog accom- 
panied by localised aftershock activity (Fig. 9); these 
structures thus appear to act as kinetic barriers, imped- 
ing rapid but allowing slow slip transfer. Preliminary 
indications are that dilational bends likewise prove more 
effective as arresting structures than antidilational bends 
(Sibson 1987a). Given the directivity effect associated 
with isolated fault bends discussed earlier, this raises the 
intriguing possibility that such structures may act as 
one-way 'valves', forming a greater impediment to rup- 
tures propagating in one direction than the other. One 
possible example of this behavior is the 'big-bend' on the 
San Andreas Fault (Fig. 2). The 1857 rupture is believed 
to have propagated from the NW to the SE with a 
significant drop in slip in the vicinity of the bend (Sieh 
1978). However, whereas paleoseismic trenching at 

Wallace Creek (WC) northwest of the bend reveals 
three large slip (~10 m) events over the past 1000 years, 
trenches at Pallet Creek (PC) record six lesser slip events 
over roughly the same interval (Weldon & Sieh 1985). 
Thus, a plausible inference is that NW to SE propagating 
ruptures, though perturbed, continue around what to 
them is an antidilational bend, but SE to NW propagat- 
ing 'catch-up' ruptures terminate at the bend because to 
them it acts as a dilational structure (Sibson 1987a). 

Incremental slip transfer at the tips of propagating 
ruptures across both dilational jogs and bends involves 
forced extensional opening. Their time-dependent 
mechanical response to slip transfer is inferred to arise 
from the difficulty of forming substantial cavity space 
quickly in fluid-saturated crust. This is opposed by 
induced suctions, representing an extreme form of dila- 
tancy hardening (Sibson 1986b). Evidence for this stop- 
ping mechanism and the special role of induced fluid 
pressure imbalances comes from the hydrothermal 
mineralization which is commonly localized in such dila- 
tional structural sites. The mineralization is often 
characterized by high-dilation, multiply recemented 
wallrock breccias that seem to have developed from the 
episodic hydraulic implosion of wallrock into fast- 
formed cavity space (Sibson 1987b). 

These preliminary ideas on the structural control of 
ruptures should be treated with great caution. Many key 
questions remain to be answered. What is the relative 
importance of geometrical and rheological structural 
controls? Over what range of scales are geometrical 
irregularities effective? How do major fault irregu- 
larities come into being? What is their longevity in a 
particular configuration, and what factors affect this? 

Directivity effects 

When examining faults in the field, it is standard 
practice for structural geologists to attempt to determine 
the direction of slip, the sense of shear, and the amount 
of slip. However, little thought has so far been given to 
indicators that allow the direction of rupture propaga- 
tion on faults during paleoslip events to be determined, 
though Hancock (1985) has speculated that asymmetric 
distributions of pinnate joints about faults may be 
related to directivity. Structural features diagnostic of 
rupture growth are widely recognized on joint surfaces, 
but these fractures are generally held (somewhat conten- 
tiously) to have formed by purely extensional opening 
(e.g. Engelder 1987). It might be expected that the 
tapering of slip along the fault slip direction for a single 
rupture event would tend to occur in the direction of 
rupture propagation. However, examination of the slip 
distribution deduced for the 1979 Imperial Valley earth- 
quake (Fig. 4) and for other well-studied events show 
that this is generally not the case, since the area of 
maximum slip does not necessarily coincide with the site 
of rupture nucleation. Some other speculative ideas on 
structures that might be diagnostic of rupture directivity 
are as follows. 

(1) Branching of ruptures is generally likely to occur 
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in the direction of rupture propagation (Bahat 1980, 
1982). Such branching seems to have occurred, for 
example, during propagation of the normal-slip rupture 
accompanying the 1983 M7.3 Borah Peak earthquake in 
Idaho (Bruhn et al. 1987). Recognition of branching 
ruptures generated during a single paleoslip event may 
thus allow directivity to be assessed (cf. Fig. 4). 

(2) For any isolated fault bend and sense of shear, 
substantial dilation of a fault segment is expected for 
only one of the two possible directions of rupture propa- 
gation (Fig. 7). The geometry of a hydrothermal cavity 
fill at an isolated bend thus has the potential to yield 
information on rupture directivity. 

It is clear from the preceding discussion that rupture 
directivity may exert a significant control on the forma- 
tion of cavity space at fault irregularities (see Fig. 7). The 
topic may thus have important implications for the 
development of fault-hosted mineralization. 

Structures diagnostic of  stress cycling 

A great variety of minor structures, microstructural 
features and fault rock textures are found in association 
with fault zones (e.g. Sibson 1977, 1981, Hancock 1985, 
Hancock & Barka 1987). However, despite the recog- 
nized dominance of seismic slip episodes accommodat- 
ing displacement in the upper crust, the general tendency 
has been to interpret fault-related structural features in 
terms of static stress fields. This arises in part because of 
textural overprinting in the vicinity of fault zones, but 
also because of the inherent difficulty of distinguishing 
fast from slow fracturing and cataclastic deformation. 
There has been only limited success to date in relating 
such features to dynamic rupture processes, or to other 
specific phases of the earthquake stress cycle. 

Pseudotachylyte friction-melts on faults, and perhaps 
also the hydraulic implosion breccias found in dilational 
fault jogs, provide examples of fault rocks that are 
necessarily the products of the ),-phase of seismic slip 
(Sibson 1986a). However, interpreting the more com- 
mon cataclastic rock products of the seismogenic regime 
(gouges, microbreccias and cataclasite series rocks) in 
terms of the earthquake stress cycle is often problematic. 
Undoubtedly many represent the rock products of fric- 
tional wear during seismic slip increments. Similar tex- 
tures may, however, develop through aseismic cata- 
clastic flow. As an example of the interpretative difficul- 
ties, one may consider the likely origin of the gouges and 
cataclasites with pronounced shape fabrics developed 
within tabular shear zones, such as those described by 
House & Gray (1982) and Chester & Logan (1986). It 
seems probable that the shape fabrics were imposed 
during slow aseismic shearing, but it remains unclear 
whether the shearing was stable aseismic, or might have 
been associated with 6-phase postseismic afterslip. 
There is also the possibility that vast patchy areas of 
distributed cataclastic deformation adjacent to major 
slip surfaces represent areas of intense aftershock 
activity and have little direct association to major shear- 
ing displacements (Sibson 1986b). The origin of the vast 
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bulk of cataclastic rock products and their significance 
with respect to the seismic cycle thus remain enigmatic. 

Repetitive microstructural sequences which probably 
result from the earthquake stress cycle are, however, 
becoming more widely recognised. The effects of the 
stress cycling around the base of the seismogenic regime 
are revealed by smeared-out pseudotachylytes, which 
provide evidence for transient loss of continuity accom- 
panying the intermittent propagation of ruptures 
through mylonitic shear zones at mid-crustal depths 
(Sibson 1980, Passchier 1982, Hobbs et al. 1986). More 
subtle microstructural features in mylonites, interpreted 
as resulting from abrupt fluctuations in strain rate (White 
& White 1983, Knipe & Wintsch 1985), may have a 
similar origin. Crack-seal extension veining (Ramsay 
1980, Cox & Etheridge 1982) is another widespread, 
cyclically developed microstructure that may plausibly 
be related to the earthquake stress cycle in at least some 
instances (Sibson 1981, Mawer & Williams 1985). Incre- 
ments of extensional opening most probably accom- 
panying successive r-phases of preseismic strain 
accumulation (see example below). This microstructure 
is also noteworthy for the important constraints it puts 
on local shear stress levels during faulting (Sibson 1981, 
Etheridge 1983). 

Though at an early stage, diagnosis of fault rocks and 
minor fault structures in terms of the earthquake stress 
cycle is a challenging but worthwhile exercise for the 
added insight it may give into the physical conditions and 
mechanics of faulting. 

SHEAR ZONE HOSTED MESOTHERMAE 
GOLD-QUARTZ LODES: AN EXAMPLE O~" 

SEISMO-STRUCTURAL ANALYSIS 

Mesothermal gold--quartz lodes hosted~in steeply 
inclined shear zones of mixed 'brittle--ductile' character 
account for a significant proportion of global gold pro- 
duction. While these vein systems are best known from 
Archean granite-greenstone belts in Canada and else- 
where, younger deposits such as the Cretaceous Mother 
Lode system of California also occur in similar tectonic 
settings. They provide an instructive example of struc- 
tures that, arguably, can only be understood in the 
context of their original situation with respect to the 
seismogenic regime and the stress cycling that occurs 
therein (Sibson et al. 1988). Structural relationships also 
put tight constraints on the shear stress levels driving the 
system. 

The hosting shear zones have mostly developed under 
low- to mid-greenschist metamorphic conditions and 
exhibit mixed brittle--ductile characteristics with discrete 
shears and vein-fractures developing syntectonically 
with L-S  shear zone fabrics. While many of the shear 
zones have clearly undergone a long and varied history 
of movement, shear sense indicators invariably show 
that the mineralization developed during a phase of late 
high-angle reverse or reverse-oblique slip. The veins 
contain mixed H20-CO2 fluid inclusions of relatively 
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Fig. 11. Schematic evolutionary sequence (1-5) of prefailure flats 
(cross-hatched) alternating with postfailure discharge fault-veins 
(solid), illustrating the development of mutually cross-cutting vein-sets 
at Sigma Mine, Quebec (after Robert & Brown 1986). Note the 
problems in interpretation that would arise if only a few of the 

cross-cutting relationships between the vein sets were exposed. 

low salinity, and carbonate alteration is often intense in 
their immediate vicinity. Studies of the fluid inclusions 
and the isotopic characteristics of the mineralization 
suggest that the deposits developed in the temperature 
range 250--400°C at pressures of 2-4 kbar (~7-14 km 
depth) (Kerrich 1986, Robert & Kelly 1987). The overall 
inference, therefore, is that the veining developed 
around the base of the seismogenic regime within the 
roots of brittle high-angle reverse or reverse-oblique 
fault systems. This is in marked contrast to epithermal 
gold-quartz mineralization which tends to develop at 
shallow depth in extensional or transtensional fault 
regimes. 

Structural characteristics of these deposits are well 
exemplified by the Sigma Mine at Val d'Or in Quebec 
where a quartz-tourmaline vein system cutting andesitic 
meta-volcanics intruded by porphyritic diorite has been 
mapped in great detail (Robert & Brown 1986). A 
noteworthy feature of the veining here and in some of 
the other deposits is its great vertical extent (>2 km in 
several instances). Two main vein sets occur; lenticular 
fault-veins subparallel to the schistosity within almost 
pure reverse shear zones dipping steeply at about 70 °, 
and flats (subhorizontal extension veins). Structural 
relationships between the vein sets are illustrated 
schematically in Fig. 11, together with the inferred stress 
field. Within each set, composite vein textures record 
histories of incremental deposition, the purely exten- 
sional character of the flats being revealed by repeated 
crack-seal increments. The key structural observation, 
however, is that there is no consistent cross-cutting 
relationship between the vein-sets (Robert & Brown 
1986). This has the important implication that the two 
sets of veins developed at different stages of a repeating 
cycle. 

Fault.valve model 

From the high-angle reverse character of the shear 
zones and the observed structural relationships, we infer 

that they acted as fluid-pressure-activated valves, pro- 
moting repeated fluctuations in fluid pressure intimately 
linked to the earthquake stress cycle. Simple friction 
theory (Sibson 1985) shows that a necessary requirement 
for the reactivation of high-angle reverse faults at large 
reactivation angles (Or) is that fluid pressure exceeds the 
lithostatic load; the flats, formed by natural hydraulic 
fracturing, demonstrate that this was indeed the case 
from time to time. The following repeating cycle is 
envisaged (Sibson et al. 1988). 

Fluid pressure around the base of the seismogenic 
zone builds up to supralithostatic values, with fiats prob- 
ably opening by hydraulic fracturing during the fl preseis- 
mic phase of the stress cycle (Fig. 3). Shear failure then 
becomes possible and a reverse-slip rupture nucleates in 
the shear zone (y-phase). The rupture propagates 
upwards through the seismogenic regime, relieving 
shear stress and creating fracture permeability along the 
fault. Post failure discharge from the geopressured reser- 
voir at depth then occurs along the rupture zone with 
fluid pressures dropping rapidly towards hydrostatic 
values. Hydrothermal deposition occurs within 'ride- 
overs' to form lenticular fault veins during this post- 
seismic 6-phase of afterslip and aftershock activity. Dis- 
charge progressively diminishes, and hydrothermal self- 
sealing then allows the cycle to repeat. 

In summary, therefore, the zones of extensional fiats 
and discharge fault-veins appear to represent the nuclea- 
tion sites of high-angle reverse ruptures, with the build- 
up and release of fluid pressure linked to different 
phases of the earthquake stress cycle. Inconsistent cross- 
cutting relationships between the fault-veins and the 
fiats are a natural consequence of the cyclical process. 
Similar fault-valve behavior may perhaps be expected 
for other faults that are unfavorably oriented for reacti- 
vation. 

Stress levels 

Arguments can also be made that rupture events on 
the faults were initiated under low values of shear stress, 
r i. Continued reactivation of the high-angle reverse 
faults in preference to the formation of more favorably 
oriented thrusts (Sibson 1985), coupled with the pres- 
ence of extensional fiats formed by hydraulic fracturing 
(Etheridge 1983), constrains the shear stress to a value 
comparable to the tensile strength of the country rocks, 
probably no more than 100 bars at most. Thus the degree 
of stress relief accompanying rupturing is likely to have 
been high, with A r / r  i ~ 1. 

DISCUSSION--FUTURE RESEARCH TRENDS 

Earthquake faulting is an integral part of structural 
process within the upper continental crust. This paper 
has sought to demonstrate that proper understanding of 
fault structure requires an appreciation of the dynamic 
effects accompanying rupturing. Modern seismology 
raises many questions on fault processes, for example 
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d i rec t iv i ty  effects ,  that  a re  not  usual ly  cons id e r e d  by 
s t ruc tura l  geologis ts  inves t iga t ing  faults .  Conve r se ly ,  

the  geo log ica l  s t ruc ture  o f  fault  zones  conta ins  much  

i n fo rma t ion  of  po ten t i a l  in te res t  to se ismologis ts .  P r i m e  
fu ture  goals  in the  s t ruc tura l  inves t iga t ion  of  fault  zones  
mus t  be  the  recogni t ion  of  f ea tu res  tha t  p rov ide  specific 
i n fo rma t ion  on the  s tress  levels  a c c o m p a n y i n g  faul t ing,  
on  f ea tu re s  d iagnos t ic  of  the  e a r t h q u a k e  stress cycle ,  
and  on  the  dynamic  p rocesses  a c c o m p a n y i n g  faul t ing.  
U n d e r s t a n d i n g  the geome t r i ca l  s t ruc ture  and mechan ics  
of  e a r t h q u a k e  rup tu re  con t ro l s  is of  pa r t i cu la r  impor -  
tance .  Whi l e  much  of  wha t  has been  wr i t t en  has b e e n  
c o n c e r n e d  with s t r ike-s l ip  faul t ing,  the  concep ts  are  
equa l ly  app l i cab le  to  d ip-s l ip  faults .  I t  will be in te res t ing ,  
for  e x a m p l e ,  to exp lo re  the  role  of  fiats and  r amps  in 

thrus t  sys tems as po ten t i a l  rup tu re  cont ro ls .  
T h e  dynamic  effects  of  se ismic faul t ing are  p r o b a b l y  

in t e rwoven  t h roughou t  much  of  geologica l  process .  
E m p h a s i s  has  been  p laced  on the i r  role  in pe r t u rb ing  
fluid flow and  local iz ing f au l t -hos ted  mine ra l i za t ion ,  
which a p p e a r s  to be of  special  i m p o r t a n c e .  I t  s eems  

l ikely  tha t  they  may  p lay  an equa l ly  i m p o r t a n t  role  in the  
mig ra t ion  of  h y d r o c a r b o n  fluids. H o w e v e r ,  o the r  funda-  

men ta l  p rocesses  such as e ros ion  and  s e d i m e n t a t i o n  m a y  
also be af fec ted .  F o r  e x a m p l e ,  pa r t i cu la r ly  v io len t  
g r o u n d  shaking  is i nduced  w h e r e v e r  a p r o p a g a t i n g  rup-  
ture  acce le ra tes  o r  dece le ra t e s .  Ep i sod ic  rup tu re  ar res t  
at a pu l l - apa r t  bas in  occupy ing  a d i l a t iona l  fault  jog  mus t  
t he r e fo re  g rea t ly  inf luence the  cha rac t e r  of  mass  move-  

men t  and  s e d i m e n t a t i o n  wi thin  the  basin.  
W h i l e  a r e m a r k a b l e  mar r i age  of  s t ruc tura l  and  seis- 

mologica l  i n fo rma t ion  has been  ach ieved  over  jus t  the  
pas t  few years ,  the re  is c lear ly  much scope  for fu r the r  
in teg ra t ion  of  se i smologica l  i n fo rma t ion  into our  gene ra l  
u n d e r s t a n d i n g  of  s t ruc tura l  and  o the r  f u n d a m e n t a l  
geologica l  p rocesses .  Much  r ema ins  to be done .  
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