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earthquakes consequent on fault-valve action
Richard H. Sibson1,2* 

Abstract 

A combination of geological evidence (in the form of hydrothermal vein systems in exhumed fault systems) and 

geophysical information around active faults supports the localized invasion of near-lithostatically overpressured 

aqueous fluids into lower portions of the crustal seismogenic zone which commonly extends to depths between 10 

and 20 km. This is especially the case for compressional–transpressional tectonic regimes which, beside leading to 

crustal thickening and dewatering through prograde metamorphism, are also better at containing overpressure and 

are ‘load-strengthening’ (mean stress rising with increasing shear stress), the most extreme examples being associ-

ated with areas undergoing active compressional inversion where existing faults are poorly oriented for reactivation. 

In these circumstances, ‘fault-valve’ action from ascending overpressured fluids is likely to be widespread with fault 

failure dual-driven by a combination of rising fluid pressure in the lower seismogenic zone lowering fault frictional 

strength, as well as rising shear stress. Localized fluid overpressuring nucleates ruptures at particular sites, but ruptures 

on large existing faults may extend well beyond the regions of intense overpressure. Postfailure, enhanced fracture 

along fault rupture zones promotes fluid discharge through the aftershock period, increasing fault frictional strength 

before hydrothermal sealing occurs and overpressures begin to reaccumulate. The association of rupture nucleation 

sites with local concentrations of fluid overpressure is consistent with selective invasion of overpressured fluid into 

the roots of major fault zones and with observed non-uniform spacing of major hydrothermal vein systems along 

exhumed brittle–ductile shear zones. A range of seismological observations in compressional–transpressional settings 

are compatible with this hypothesis. There is a tendency for large crustal earthquakes to be associated with extensive 

(L ~ 100–200 km) low-velocity zones in the lower seismogenic crust, with more local Vp/Vs anomalies (L ~ 10–30 km) 

associated with rupture nucleation sites. In some instances, these low-velocity zones also exhibit high electrical con-

ductivity. Systematic, rigorous evaluation is needed to test how widespread these associations are in different tectonic 

settings, and to see whether they exhibit time-dependent behaviour before and after major earthquake ruptures.
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Introduction
In deforming quartzo-feldspathic crust away from areas 

of active subduction, seismic activity is largely restricted 

to the top 15 ± 5  km of the crust with the base of this 

seismogenic zone (b.s.z.) apparently bounded by iso-

therms defining the onset of crystal plasticity in quartz 

(c. 350  °C) and plagioclase feldspar (c. 450  °C) (Sibson 

1984; Ito 1999). Anderson (1905) argued that Earth’s free 

surface, incapable of sustaining shear stress, imposes an 

important mechanical boundary condition requiring one 

of the principal compressive stresses (σ1>σ2>σ3) to be ver-

tical and the other two to lie in a horizontal plane. While 

topography may impose short wavelength stress hetero-

geneity in the near-surface, this diminishes with depth 

so that formation or reactivation of faults and fractures 

generally occurs under three basic stress regimes where 
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σv=σ1 (normal fault regime), σv=σ2 (wrench or strike–slip 

fault regime), or σv=σ3 (thrust fault regime). A range of 

evidence supports the predominance of ‘Andersonian’ 

stress trajectories through much of the Earth’s seismo-

genic crust (e.g. Célérier 2008; Zoback 1992), and it will 

generally be assumed that ‘Andersonian’ horizontal or 

vertical stress trajectories prevail in the discussion that 

follows on fault formation and reactivation. Further jus-

tification comes from a global dip histogram for near-

pure reverse-slip ruptures showing a dip range, 0 < δ < 60°, 

with a dominant peak at δ = 30° and truncation at δ = 60° 

(Sibson 2012), both consistent with optimal reactivation 

and frictional lock-up on the assumption of horizontal σ1, 

for a friction coefficient, μs = 0.6 (close to the bottom of 

Byerlee’s (1978) range for hard-rock friction).

Where pore and fracture space is pervaded by 

fluid, all normal stresses are reduced by the pore-

fluid pressure, Pf, so that the triaxial stress state is rep-

resented by effective principal compressive stresses 
(

σ
′
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(

σ1 − Pf
)

> σ
′
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> σ
′
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(Hubbert and Rubey 1959). Taking account of effective 

stress, the condition for reshear overcoming the frictional 

shear strength of the fault, τf, is then approximated by a 

criterion of Coulomb form:

where τ and σn are, respectively, the components of shear 

and normal stress acting on the fault, μs is the static coef-

ficient of friction (here assumed to be time-independent), 

and Cf is the fault cohesive strength which may itself be 

time-varying. Commonly, it is supposed that the prin-

cipal driver to failure is increasing differential stress, 

(σ1 −σ3), raising shear stress, τ, on the fault. However, in 

nature it is generally not possible to change shear stress 

on a fault without also increasing or decreasing σn in 

some manner (Sibson 1993).

Reshear can also be induced by increasing Pf which 

lowers the effective normal stress clamping fault walls 

together (Raleigh et  al. 1976). Heightened appreciation 

of this failure mechanism comes from increased recog-

nition of earthquakes induced by fluid injection down 

boreholes in recent years (e.g. Nicholson and Wesson 

1990; Ellsworth 2013; Grigoli et  al. 2018). �is raises 

important questions as to whether natural fault failure in 

the Earth may, in some circumstances, be ‘dual-driven’ 

involving increases in pore-fluid pressure as well as shear 

stress, and whether fluid pressure cycling is widespread 

in seismogenic crust (Sibson 2020). Hacker (1997) and 

Ague et al. (1998) have suggested, for instance, that met-

amorphic dehydration reactions in the mid-crust may 

contribute to brittle failure through generation of fluid 

overpressure.

(1)τ = τf = Cf + µs

(

σn−Pf
)

In the general context of fault reactivation mechan-

ics this paper reviews geological and geophysical 

observations supporting the existence of dual-driven 

seismogenic fault failure in fluid-overpressured crust. 

Rupturing through overpressured crust may lead to fluid 

discharge along faults postfailure (fault-valve activity), 

affecting their strength. Evidence for such activity varies 

with tectonic setting but is strongest in compressional–

transpressional regimes where there is potential for the 

development of recognizable preparation zones prior to 

large earthquakes.

Fluid pressure regimes
Pore-fluid pressure at a depth, z, in the crust is usefully 

related to the vertical stress or overburden pressure, 

σv=ρgz (where ρ is the average rock density and g the 

gravitational acceleration), by the pore-fluid factor:

(Hubbert and Rubey 1959), where aqueous fluid occu-

pying pores and/or fractures is interconnected through 

to the earth’s surface the fluid-pressure is hydrostatic 

(λv ~ 0.4), assuming water and rock densities of c. 1000 

and 2650  kg/m3, respectively (Fig.  1). �is is equiva-

lent to the pressure at the bottom of a well to the same 

depth. In many compacting or deforming sedimentary 

basins, pore-fluids are overpressured above hydrostatic 

(λv  >  0.4), in some instances achieving near-lithostatic 

conditions (λv → 1.0) (e.g. Yerkes et al. 1990; MacPherson 

and Garven 1999; Osborne and Swarbrick 1997) (Fig. 1). 

However, on the evidence of vein assemblages, fluid 

overpressures may also develop in crystalline crust. For 

instance, the presence of flat-lying extension veins (Figs. 2 

and 8) demonstrates that overpressures in compressional 

stress regimes (where σv=σ3) sometimes exceed the litho-

static load (e.g. Foxford et  al. 2000; Tunks et  al. 2004; 

Japas et  al. 2016). Commonly, these flat-lying vein sys-

tems occur in proximity to mid-crustal shear zones defin-

ing steep reverse fault structures (e.g. Sibson et al. 1988; 

Robert et al. 1995; Miller and Wilson 2004) which act as 

fluid conduits with impermeable hydrothermal ‘chokes’ 

(Henderson and McCaig 1996) but some also develop in 

association with granitoid cupolas.

Overpressures in seismogenic crust

An important question is the extent to which pore-fluids 

overpressured above hydrostatic are present in seismo-

genic crust. It has been argued (e.g. Townend and Zoback 

2000) that distributed seismic activity within crystal-

line upper crust renders it too permeable for overpres-

sures to accumulate and be sustained. If such is the case, 

hydrostatic fluid-pressures would prevail throughout 

(2)�v = Pf
/

σv
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the entire seismogenic crust. However, deeper portions 

of the seismogenic zone (T > c. 200 °C) are active hydro-

thermal environments (e.g. Huston 1998) where disso-

lution and precipitation of silica and other solutes may 

be widespread, clogging pore and fracture space. Indi-

cations form experiments on gouge compaction under 

hydrothermal conditions comparable to the lower seis-

mogenic zone are that permeability may be reduced by 

orders of magnitude over time periods that are short 

compared with the recurrence intervals for large earth-

quakes (e.g. Morrow et al. 2001; Silvio et al. 2007). More-

over, the tectonic stress field plays an important role in 

controlling the maximum overpressure that can be sus-

tained without activating faults and fractures that would 

allow drainage (Sibson 2003). Evidence is also accumulat-

ing from fluid inclusion analyses in crystalline basement 

assemblages of fluid-pressure cycling between near-litho-

static and near–hydrostatic levels of pore-fluid pressure, 

attributable to ‘fault-valve’ discharge from overpressured 

portions of the crust (e.g. Marchesini et al. 2019).

Compressional stress fields with σv=σ3 allow for the 

greatest overpressures to be sustained without fault/

fracture activation. �us, it is difficult to believe that 

thrust ruptures such as those responsible for the 1983 

M6.3 Coalinga and 1985 M6.1 Kettleman Hills earth-

quakes occurring at c. 10 km depth below overpressured 

sedimentary sequences in association with pronounced 

low-velocity zones (Eberhart-Phillips 1989; Yerkes et  al. 

1990) were not nucleating in fluid-overpressured crust. 

While the case for rupturing in fluid-overpressured crust 

a b

Fig. 1 a Components of shear stress, τ, and normal stress, σn, acting on a fault; b hypothetical profiles of pore-fluid pressure, Pf, versus depth, z, 

within the crust and in crustal fault zones shown in relation to the pore-fluid factor, λv. Profile a assumes a smooth progression from hydrostatic 

towards lithostatic pressure as permeability steadily reduces with increasing depth; profile b is affected by the presence of low-permeability barriers 

(area of cross-hatching notes region of supralithostatic pore pressure). Note that the fluid-pressure profile inside a fault zone may differ from that in 

the wallrock

Fig. 2 Swarm of predominantly subhorizontal quartz-infilled 

extension veins disrupting Calaveras slates, near Carson Hill, Mother 

Lode belt, CA (David P. Hill for scale)
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is most compelling for thrust and steep reverse fault-

ing events (Sibson 2014), overpressures have also been 

inferred from geophysical observations for other fault-

ing modes, most commonly towards the base of the 

seismogenic upper crust over temperatures between 

perhaps 250° and 350 °C, corresponding broadly with the 

prehnite–pumpellyite facies metamorphic environment 

where geological evidence for local overpressuring is 

widespread (e.g. De Ronde et al. 2001).

Geological signatures of �uid overpressure

Macroscopic extension veins often infilled with fibrous 

minerals recording crack-seal growth (Ramsay 1980) are 

recognized as the product of hydraulic extension fractur-

ing, forming perpendicular to σ3 when:

under conditions of low differential stress (σ1−σ3)<4To 

(Secor 1965; Etheridge 1983). Longitudinal dimensions of 

such veins commonly range from centimetres to metres, 

but in extreme cases range up to a kilometre or more 

(e.g. Foxford et  al. 2000). Systematic arrays of extension 

veins (see Fig.  8) thus demonstrate local attainment of 

the tensile overpressure condition (Pf > σ3) at some time in 

the history of the rock mass (Sibson 2017). Where such 

extension veins are flat-lying (e.g. Figs.  2 and 8a) they 

provide evidence of supralithostatic fluid overpressures 

unless remarkable stress heterogeneity existed at the time 

of their formation. Material heterogeneity may affect the 

mode of brittle failure so that sets of parallel extension 

veins may evolve into distributed fault–fracture meshes 

made up of interlinked shear and extensional fractures 

(Sibson 1996).

Combining the hydraulic fracture criterion (Eq. 3) with 

the limiting differential stress proviso for the three basic 

stress regimes with σv=σ1, σ2, or σ3 (Secor 1965) makes 

it possible to construct plots of λv versus depth, defining 

the pore-fluid pressure condition needed to form hydrau-

lic extension fractures at different depths (Fig. 3). While 

vertical extension veins may form at shallow depth (less 

than a kilometre or so) in normal fault (and, to a lesser 

extent, in strike–slip) stress regimes under hydrostatic 

fluid pressure, vein formation at greater depth requires 

suprahydrostatic fluid-pressures. In compressional 

thrust-fault regimes, supralithostatic fluid-pressures are 

required at all depths for the formation of subhorizon-

tal extension veins unless there is substantial stress het-

erogeneity. As depth increases, increasingly high levels 

of fluid overpressure approaching the lithostatic load are 

needed to form extension veins in normal and strike–

slip fault stress regimes. If the paleodepth of vein forma-

tion can be established, constraints can be placed on the 

degree of fluid overpressuring.

(3)Pf > σ3 + To

In summary, the presence of macroscopic hydrother-

mal extension veins: (1) defines the local orientation of σ3 

at the time of vein formation; (2) limits the level of pre-

vailing differential stress; (3) demonstrates local attain-

ment of the tensile overpressure condition; and (4) can be 

used to establish the degree of overpressuring provided 

the depth of vein formation and the stress regime can be 

established. Note that in several important respects this 

hydrofracture dilatancy, requiring dilatation of macro-

scopic extension fractures under high fluid pressures and 

low differential stress, is the inverse of microcrack dila-

tancy (Brace et  al. 1966) developed at high differential 

stress and low fluid pressure levels during experimental 

rock deformation.

Geophysical signatures of �uid overpressure

Lowered effective confining pressure changes the physi-

cal properties of the rock mass, affecting both its seismo-

logical and electrical characteristics (Eberhart-Phillips 

et al. 1995). In northern Honshu, Japan, a range of geo-

physical observations—local occurrence of bright-spot 

S-wave reflectors, low-velocity zones, anomalously high 

Fig. 3 Plot of the pore-fluid factor, λv = Pf / σv, required for hydraulic 

extension fracturing versus depth for the three basic stress regimes 

with σv = σ1 (normal fault regime), σv = σ2 (strike–slip fault regime 

with σv = 0.5 (σ1 + σ3)), and σv = σ3 (thrust fault regime) following the 

methodology of Secor (1965). Maximum differential stress limited by 

tensile strengths, To = 5 MPa (average sedimentary rock) and 10 MPa 

(competent sedimentary rock) (Lockner 1995). Adapted from Fig. 2 in 

Sibson (2020)
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Vp/Vs ratios, and high electrical conductivity—support 

the existence of a fluid-rich  (H2O ± CO2), variably over-

pressured mid-crust which extends into the lower half 

of the upper crustal seismogenic zone, especially in the 

vicinity of the major fault systems (Sibson 2009; Hori 

et  al. 2004; Hasegawa 2017). In the Himalayan foothills 

surrounding the 2015 M 7.8 Gorkha thrust rupture, the 

coincidence of seismic low-velocities and high electri-

cal conductivity in a tabular zone underlying the thrust 

rupture (Arora et al. 2017; Rawat et al. 2014) argues for 

strong interconnectivity within a low-dipping, fluid-sat-

urated mesh structure made up of subsidiary thrust and 

extension fractures.

Evidence of �uid-pressure cycling

Fluid inclusion studies in fault-related hydrothermal vein 

systems reveal ranges of homogenization temperatures 

consistent with cyclical pressure fluctuations during 

hydrothermal precipitation (Parry and Bruhn 1990; Boul-

lier and Robert 1992; Robert et al. 1995; Henderson and 

McCaig 1996; Wilkinson and Johnston 1996; Parry 1998). 

In several cases, the range of inferred pressures alternates 

between near-lithostatic and near-hydrostatic values for 

the estimated exhumation depth.

Evidence of fault‑valve activity
Supporting evidence for fault-valve activity (Fig. 4) aris-

ing from overpressured pore-fluid comes from the 

geological record of exhumed fault zones and from geo-

physical characteristics of some active fault systems.

Gold as a �uid tracer

Au–quartz mineralization has special significance as a 

tracer of large-volume hydrothermal flow. Laboratory 

measurements and field estimates suggest transport solu-

bilities for Au of the order of ~ 10 ppb over the tempera-

ture range 300 ± 50  °C in  H2O–CO2 fluids (Loucks and 

Mavrogenes 1999; Simmons and Brown 2006) whereas 

solubilities for quartz in pure water at 300  °C are of the 

order of 500  ppm. Consider, for example, the Mother 

Lode gold belt (> 2700 tonnes Au mined) which extends 

for c. 200  km along-strike in and around the Melones 

fault zone in the Western Sierran foothills of California 

(Knopf 1929; Böhlke 1999). Mineralization developed 

episodically from an  H2O–CO2 mineralizing fluid in the 

temperature range of 250–400  °C (Böhlke 1999) during 

the Late Jurassic–Early Cretaceous when California was 

part of a subduction plate boundary. From estimates of 

likely transport solubilities for gold and quartz in hydro-

thermal fluid, Mother Lode mineralization required a 

a

b

c

Fig. 4 a Schematics of fault-valve action after Sibson (2020); b shear stress, τ, and fluid-pressure, Pf, cycles contributing to dual-drive failure; c 

relative amplitudes of shear stress and frictional strength cycles resulting from valving action (b and c after Sibson 1992)
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hydrothermal flux averaging > 1 km3 per kilometre strike-

length of the Melones fault (Sibson 2007).

Exhumed fault-valve assemblages

Fault-valve behaviour (Sibson 1981, 1990, 1992) was 

originally invoked to account for the occasional pres-

ence of large hydrothermal veins (quartz, calcite, etc.) 

hosted on faults (fault-veins), often with a clear tex-

tural record of incremental deposition (Fig.  5). �e 

most spectacular examples are so-called mesothermal 

gold–quartz veins (a.k.a. orogenic lode gold) where 

fault-veins up to several metres thick have been mined 

over vertical intervals ranging up to 2 km, or so (Rob-

ert and Brown 1986; Sibson et  al. 1988). For the most 

part, such deposits are hosted within Late Archean 

granite–greenstone belts or Paleozoic turbidite assem-

blages but younger examples in comparable rock 

assemblages exist (e.g. the Late Jurassic–Cretaceous 

Mother Lode gold belt of California (Böhlke 1999) 

and the early Tertiary Juneau gold belt of Alaska 

(Ash 2001). �e hypothesis that the base of the seis-

mogenic zone is a critical mineralizing horizon in 

compressional–transpressional tectonic regimes gains 

support from the observation that over large areas of 

the Superior Province in the Canadian shield, includ-

ing the strongly gold-mineralized Abitibi sub-province, 

estimates for the depth of exhumation from metamor-

phic assemblages are remarkably consistent at c. 10 km 

(Carmichael 1991). Notable also is the irregular spacing 

of major hydrothermal vein systems along shear zone 

lineaments of mixed brittle–ductile character (Fig.  6) 

(Willman 2007; Bierlein et al. 2008; Rabeau et al. 2013; 

Groves et al. 2018), consistent with selective local inva-

sion of overpressured hydrothermal fluid into the roots 

of major fault zones. In a typical orogenic Au–quartz 

deposit, a critical point is that ore grade material is dis-

tributed non-uniformly in the plane of the hosting fault 

structure. Dimensions of mineable ore-shoots range 

from hundreds of metres to a few kilometres along-

strike, while elongate ore-shoots may persist down-dip 

for 1–2  km or more (e.g. Bierlein et  al. 2008). Plausi-

bly, this heterogeneity reflects primary flow volumes of 

hydrothermal fluid within the structure. �is has the 

important implication that invasion of overpressured 

a

b

Fig. 5 a Mother Lode Au–quartz vein system hosted near Melones Fault, Coulterville, CA; inset at lower left shows Au–quartz veins boudinaged 

in steep reverse-sense ductile shear zone, Ferderber Mine, Val d’Or, Quebec. b Structural characteristics of fault-valve vein systems hosted on steep 

reverse faults (schematic and not-to-scale)
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hydrothermal fluids and the degree of overpressuring 

are heterogeneous within the fault zone.

Characteristically, the fault-veins are laminated, exhib-

iting ‘ribbon texture’ with quartz laminates interspersed 

with thin selvedges of wallrock. Hosting faults are of 

mixed ‘brittle–ductile’ character with a localized L–S 

shear zone fabric disrupted by vein fractures. Shear 

zone foliations (S) generally dip steeper than the bound-

ing walls with a stretching lineation (L) raking steeply in 

the foliation, commensurate with reverse shear sense. 

Not uncommonly, fault-veins become stretched and 

boudinaged (inset in Fig.  5a) within the foliation. Fluid 

inclusion studies show that deposition from low-salinity 

 H2O–CO2 fluids occurred most commonly over a depth 

range of 7–14  km with 270 < T < 400  °C (Boullier and 

Robert 1992; Groves et al. 1998), a depositional environ-

ment corresponding roughly with the lowermost por-

tions of currently active seismogenic zones. In many 

cases the hosting shear zones appear to represent the 

roots of high-angle reverse faults. Associated structures 

(Figs. 2, 5) include arrays of flat-lying extension veins that 

may extend tens or even hundreds of metres laterally into 

the wallrocks in mutual cross-cutting relationships with 

the fault-veins (Robert and Brown 1986; Robert et  al. 

1995). Some of these extension veins have been buckled 

during ongoing horizontal shortening. Not infrequently, 

the steeper shear zones are disrupted to varying extents 

by sets of late-stage ‘Andersonian’ thrust faults, typically 

dipping 25–30° and sometimes occurring as conjugate 

sets (Fig. 5).

�e governing compressional stress field with σv = σ3 

(Fig. 5b) is defined by the brittle structural components. 

Subhorizontal extension veins developed perpendicu-

lar to the last compressive stress, σ3, while late-stage 

‘Andersonian’ thrust faults indicate horizontal σ1 ori-

ented orthogonal to the shear zone strike. Moreover, 

the same stress field is compatible with the evidence for 

predominantly reverse-shear strain across the hosting 

brittle–ductile shear zones with the internal foliation dip-

ping steeper than the shear zone walls and stretch-lin-

eations raking steeply in the foliation along with quartz 

slickenfibres coating the surfaces of fault-veins. Where 

departures from pure reverse shear have occurred, the 

orientations of the different structural components 

change accordingly.

Active fault-valve behaviour

Areas of active compressional inversion (where inherited 

normal faults are being reactivated under present-day 

horizontal compression—Fig. 6b) provide settings where 

geophysical indicators of reverse-fault rupturing in fluid-

overpressured crust is widespread (Hasegawa et al. 2005). 

In northern Honshu, for example, Early Miocene rifting 

associated with the opening of the Japan Sea imposed a 

fabric of normal faults both west and east of the present 

magmatic arc with intensive across-arc shortening since 

the Late Pliocene (< 3 Ma) giving rise to active compres-

sional inversion involving steep reverse-fault rupturing 

(Sato and Amano 1991). At least five M > 6.5 earthquakes 

have ruptured steep reverse inversion faults over the past 

55 years (Sibson 2009). High-resolution aftershock stud-

ies show that several of these earthquakes also involved 

subsidiary rupturing on lower-angle thrust faults (Fig. 6a) 

disrupting the earlier steeper faults (e.g. Sibson 2007; 

Okada et al. 2012).

A broad range of seismological and electrical charac-

teristics are consistent with strong, but locally variable, 

fluid-overpressuring in the lower portions (10–20  km 

depth) of the upper crustal seismogenic regime in Hon-

shu. �ese include a plethora of bright S-wave reflec-

tors, P- and S-wave low-velocity zones, locally high Vp/

Vs anomalies in proximity to rupture hypocentres, and 

Fig. 6 Irregular distribution of major orogenic Au–quartz vein 

systems (> 1 tonne Au production) along the Boulder–Lefroy 

fault zone (B–L fault zone) transecting the Archean Yilgarn 

Craton of Western Australia (after Groves et al. 2018). Listed in the 

boxes associated with each goldfield are estimates of the total 

Au-endowment for each field (top) from Guj et al. (2011) (based on a 

compilation from Barrick Gold), and the equivalent heights of 1 km2 

columns of mineralizing fluid responsible for each field (bottom) 

assuming a Au/H2O transport solubility of 10 ppb (after Fig. 5 in 

Sibson 2020)
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high-conductivity electrical anomalies (Hasegawa et  al. 

2005; Hasegawa 2017; Matsumoto et  al. 2005; Sibson 

2009). Of particular interest is a magnetotelluric inves-

tigation of the reverse fault bounding the Shonai Plain 

(which last ruptured in 1894) revealing a tabular zone of 

high electrical conductance defining the fault to 20  km 

depth below the uplifted Dewa Hills (Ichihara et al. 2011). 

In the footwall of the fault, geochemical signatures of 

deep fluids with high 3He/4He ratios suggest that the rup-

ture zone continues to discharge mantle-derived fluids to 

the surface along interconnected fracture permeability.

Special role of steep reverse faults in extreme valving 

action

Evidence that steep reverse fault zones are especially con-

ducive to the more extreme forms of valve action comes 

from their role hosting orogenic Au–quartz vein systems 

and from the geophysical evidence for fluid overpres-

suring round the roots of active reverse faults with dips 

approaching 55–60° in areas of active compressional 

inversion such as northern Honshu (Sibson 2009). Such 

structures are unlikely to have formed at their current 

steep dips and have probably originated through pro-

gressive reactivation of existing fault structures (Fig.  7) 

(Sibson 1990). In a compressional stress field with σ3 

vertical and σ1 horizontal (Anderson 1905), brittle shear 

failure of intact crust in accordance with the Coulomb 

criterion generally gives rise to thrust faults containing 

the σ2 stress axis and dipping at 25–30° to horizontal σ1 

(Fig.  7a), reflected in the dominant peak of the dip dis-

tribution for active reverse faults (Sibson 2012). Once 

faults have formed, their behaviour is governed by the 

static coefficient of friction which, from observed dip 

ranges for active dip–slip faults (Colletinni and Sibson 

2001; Sibson 2012), typically has a value, μs~ 0.6, towards 

the lower end of the experimentally determined range for 

hard-rock friction (Byerlee 1978). For an existing fault 

lacking cohesive strength the criterion for reactivation 

reduces to:

which can be rewritten in terms of the ratio of principal 

stresses as:

(4)τ = µsσ
′

n = µs

(

σn−Pf
)

,

(5)

σ ′

1

/

σ ′

1 =
(

σ1−Pf
/

σ3−Pf
)

= (1 + µscotθr)
/

(1 − µstanθr)

a b

c

Fig. 7 a Initiation of an ‘Andersonian’ thrust fault dipping 25–30° within homogeneous, isotropic intact crust under horizontal compression; b steep 

reverse fault arising from compressional inversion of inherited normal faults; c steep reverse faults as a consequence of domino-steepening during 

progressive crustal contraction
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for faults containing the σ2 axis and oriented at a reac-

tivation angle, θr, to σ1, (Sibson 1985). �is 2-D reac-

tivation analysis serves as a measure of the ease of fault 

reactivation for different orientations. It has a minimum 

value when the fault is optimally oriented for reacti-

vation at θr
* = 0.5  tan−1(1/μs) to σ1. As θr increases or 

decreases from θr
*, the stress ratio required for reactiva-

tion increases towards infinity as θr → 0 or when θr → 

2θr
*
=tan−1(1/μs) (Sibson 1985). For μs=0.6, optimal reac-

tivation with σ1′/σ3′ =3.12 occurs when θr=29.5° and fric-

tional lock-up when θr=59°. Reactivation in the field of 

severe misorientation (θr>2θr
*) is still possible but only 

when the tensile overpressure condition (σ3′  < 0 or Pf > σ3) 

is met. Approaching frictional lock-up, fault reactivation 

becomes increasingly sensitive to small increases in fluid 

pressure (ΔPf) so that reshear of steep reverse faults in 

such circumstances is likely to be predominantly fluid-

driven (Sibson and Ghisetti 2018).

In a compressional regime with σv = σ3, the effective 

vertical stress at a depth, z, is σv′ = ρgz(1 −λv) where ρ is 

average rock density and g is gravitational acceleration. 

Combined with Eq.  5, this yields an expression for the 

level of differential stress needed to reactivate a cohe-

sionless reverse fault with pure reverse-slip:

relating the required level of differential stress to the fric-

tion coefficient, μs, the orientation of the reverse fault, θr, 

with respect to σ1, the depth, z, and the pore-fluid factor, 

λv. �is expression likewise has a minimum value when 

the fault is optimally oriented for reactivation at θr
* = 0.5 

 tan−1(1/μs) to σ1, with the required differential stress 

tending to infinity as θr approaches 0 or 2θr
*, the angle of 

frictional lock-up (Sibson 1985, 1990).

Principal scenarios for the development of steep 

reverse faults with dips > 45° are illustrated in Fig. 7 (Sib-

son 1990, 2012). Figure  7a illustrates an ‘Andersonian’ 

thrust fault initiating through Coulomb shear failure of 

homogeneous isotropic crust under horizontal compres-

sion (Anderson 1905). Figure  7b illustrates compres-

sional inversion of inherited normal faults when crust 

previously rifted under horizontal extension is subjected 

to horizontal compression. Pure reverse slip on steep 

faults may then be induced when compression is coax-

ial with former extension. Non-coaxial inversion leads 

to reverse-oblique slip on the inherited faults (Sibson 

and Ghisetti 2018). Another possible scenario (Fig.  7c) 

involves the continued shortening, for example in a col-

lisional setting, of a suite of initially low-dipping ‘Ander-

sonian’ thrust faults which undergo progressive ‘domino 

steepening’ until they approach frictional lock-up as 

their dips increase towards 60° (Sibson and Xie 1998). 

(6)

(σ1 − σ3) = µs

[

(tanθr + cotθr)
/

(1 − µstanθr)
]

ρgz(1− �v)

An instructive example is the collision zone between 

the Kurile fore-arc and the NE-Japan arc in the Hok-

kaido Corner where an imbricate stack of moderately 

to steeply ENE-dipping reverse faults remains active to 

dips approaching 60° and beyond within steep zones of 

high electrical conductivity likely diagnostic of extreme 

overpressuring (Kita et al. 2012; Ichihara et al. 2016). In 

such settings it is also likely that new, optimally oriented 

thrust faults are forming in competition with the steep 

misoriented reverse faults (Sibson 2012).

Lithostatically overpressured �uid reservoirs

In a uniform compressional stress regime with (σv=σ3), 

the maximum sustainable overpressure is governed by 

the formation of subhorizontal hydraulic extension frac-

tures, requiring supralithostatic overpressure to dilate 

vertically (i.e. Pf  =  σv  +  To, or λv  >  1.0). However, the 

presence of existing cohesionless faults that are favour-

ably oriented for reactivation inhibits the formation of 

hydraulic extension fractures because the faults then tend 

to reactivate in shear before the criterion for hydraulic 

extension fracturing can be attained (Sibson 2000, 2003). 

Dilatant hydraulic extension fractures resulting from the 

build-up of fluid overpressure are therefore restricted 

to: (i) intact crust retaining cohesive strength; (ii) crust 

where existing faults have regained cohesive strength 

through hydrothermal cementation, etc.; and (iii) crust 

where existing faults are severely misoriented for reacti-

vation (i.e. oriented at > c. 60° to σ1). In this last circum-

stance, there is abundant field evidence that hydraulic 

extension fractures can develop in the vicinity of existing 

faults that are severely misoriented for reactivation (Sib-

son et al. 1988; Robert et al. 1995). Depending on the ten-

sile strength of a sealing horizon, such arrays may extend 

over vertical intervals approaching 1  km or so (Sibson 

and Scott 1998).

Damang gold mine, Ghana (Fig. 8), provides an exam-

ple of an exhumed vein swarm where a compressional 

fault–fracture mesh containing subhorizontal Au-bear-

ing quartz veins disrupts a sequence of Paleoproterozoic 

metasediments and metavolcanics, folded and reverse-

faulted in an upright, gently NNE-plunging antiform–

synform sequence (Tunks et al. 2004). Likewise at Minas 

da Panasqueira, Portugal, an extensive (3  km × 5  km) 

swarm of subhorizontal W ± Sn-bearing quartz extension 

veins mined over a vertical interval of ~ 1 km is associated 

with a granitoid cupola intruding a Hercynian metamor-

phic assemblage (Foxford et al. 2000). Individual veins up 

to a metre or so in thickness have dimensions ranging up 

to c. 1 km or more, but the entire swarm covers an area 

in excess of 15 km2. While some of the veins retain crack-

seal textures recording incremental growth, others have 

open-space filling textures suggesting that the extension 
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fractures were held agape (> 100 mm) by fluid overpres-

sure for substantial time periods (Foxford et al. 2000).

Mid-crustal overpressuring on a regional scale is likely 

to be occurring in the Tohoku region of northern Hon-

shu (Fig.  9) where horizontal regional σ1 trajectories lie 

approximately orthogonal to the magmatic arc along the 

Ou Backbone Range which is flanked by active, inward-

dipping, steep reverse faults (Hasegawa et  al. 2005; 

Hasegawa 2017). Bright flat-lying S-wave reflectors are 

concentrated at depths of 10–20  km in and around the 

base of the seismogenic zone below an area approxi-

mately 200  km × 50  km (Hori et  al. 2004; Hasegawa 

2017). A reasonable inference is that the reflectors arise 

from fluid reservoirs, made up of arrays of subhorizontal 

extension fractures pressurized by magmatic or hydro-

thermal fluid (cf. Fig.  8). Regional development and 

inflation of such magmatic and hydrothermal water sills 

would be facilitated by the severely misoriented character 

of the flanking steep reverse faults, oriented at or beyond 

frictional lock-up.

Given the concentration of reflectors in the lower seis-

mogenic zone, the most favoured sites for extensional 

vein swarms would likely be in the dilational quadrant 

abutting the down-dip termination of steep reverse-slip 

ruptures, developing in a manner akin to wing-cracks 

(cf. Willemse and Pollard 1998) (Fig.  10a). Robert et  al. 

(1995) have described Au–quartz veins occupying appar-

ent wing-cracks at the down-dip terminations of reverse 

faults. On a larger scale, a lithostatically overpressured 

mesh of extension fractures developed prefailure in the 

basal hanging-wall of a steep reverse fault near the base 

of the seismogenic zone would form a substantial res-

ervoir of overpressured fluid available for discharge 

into and up the reverse fault rupture zone postfailure 

(Fig. 10). Note further that estimated temperature ranges 

for the overpressured hydrothermal fluids responsible 

for orogenic gold mineralization (e.g. 250–400 °C for the 

Mother Lode belt—Böhlke (1999)) are consistent with 

their being derived from a reservoir developed near the 

base of the upper crustal seismogenic zone.

a

b

c

d

Fig. 8 Au-bearing quartz vein swarm at Damang Gold Mine, Ghana (from Tunks et al. 2004): a array of subhorizontal extension veins cutting steeply 

dipping Paleoproterozoic meta-sandstones; b subhorizontal extension veins locally evolving into a thrust-sense tension-gash shear zone under 

horizontal compression; c thrust-sense sigmoidal tension-gash shear zone; d mineralized thrust fault cutting through tension-gash shear zone 

(photographs courtesy of Andrew Tunks)
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Fig. 9 a Map of northern Honshu with volcanic front in Ou Backbone Range (flanked by inward-dipping reverse fault systems) delineated by 

lowered dVs; b N–S longitudinal section along the Ou Backbone Range (white rectangle) showing bright S-wave reflectors (red lines) in relation to 

the depth of the seismogenic zone, estimated isotherms, and variations in Vp/Vs (from Hasegawa 2017)

a b

Fig. 10 a Development of wing-cracks at the tip of a steep reverse fault under horizontal compression within intact crust (cf. Willemse and Pollard 

1998); b hypothetical development of an overpressured fluid reservoir near the base of the upper crustal seismogenic zone, in the dilatational 

quadrant associated with the termination of a steep reverse fault
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Major versus minor valving action

In terms of economic mineralization, valving action is 

significant only if the fluid volume discharged per fault 

rupture (earthquake) is large. As previously noted, con-

servative estimates suggest that major fault-hosted veins 

along the Melones Fault in the Mother Lode gold belt of 

California result from an integrated hydrothermal dis-

charge in excess of 1 km3 per kilometre strike-length of 

the fault, with the fluid volume per discharge likely to be 

several orders of magnitude lower. However, this may 

be the exception rather than the rule and only develop 

under special circumstances. In low-porosity rocks, loss 

of comparatively small fluid volumes through valving 

action can still bring about large increases in effective 

stress and, hence, frictional strength (Sibson 1992).

Tectonic settings for fault‑valve activity
�e most favourable tectonic settings for developing 

fluid overpressures conducive to fault-valve activity seem 

likely to be compressional and transpressional regimes 

because of their heightened ability to contain fluid over-

pressure when σv = σ3 (Sibson 2003). Such regimes also 

tend to be load-strengthening (Sibson 1993) so that 

increasing differential stress through each loading cycle 

to failure is accompanied by increases in mean stress 

and pore-fluid pressure through poroelastic coupling 

(Simpson 2001). �ere are two tectonic settings where 

extreme fault-valve behaviour giving rise to intermittent 

discharge of large fluid volumes seems especially likely. 

First, extreme valving action becomes probable in areas 

undergoing active compressional inversion where exist-

ing inherited faults are poorly oriented for reactivation 

(Fig.  7b), contributing to fluid redistribution (Turner 

and Williams 2004). Second, ongoing bulk shortening 

in subduction forearcs and zones of continental colli-

sion may lead to progressive domino-steepening (Fig. 7c) 

of initially low-angle thrusts towards frictional lock-

up as steep reverse faults with dips → 60° (Sibson and 

Xie 1998), also providing an environment conducive to 

extreme fault-valve action. Such seems to be the case in 

the Hokkaido Corner where the Kurile forearc is collid-

ing with the NE-Japan arc (Kita et al. 2012). In both these 

settings, finite deformation involves crustal thickening by 

reverse faulting and upright folding with cleavage devel-

opment (involving significant diffusive mass transfer over 

the temperature range 200–400  °C), all contributing to 

prograde metamorphism and dewatering at depth. In 

transpressional settings involving bulk horizontal short-

ening there will be a general tendency for sliding sur-

faces to become progressively steepened and misoriented 

for frictional reactivation. Existing reverse faults will be 

progressively steepened while strike–slip faults will be 

rotated towards the flattening plane (Tikoff and Greene 

1997), all contributing to an environment increasingly 

favourable to fault-valve action.

In predominantly pelitic assemblages, major fluid 

release occurs at the onset of greenschist facies meta-

morphic conditions (c. 350 ± 50 °C) and also at the green-

schist–amphibolite facies boundary (c. 550 ± 50 °C) (Fyfe 

et al. 1978) with widespread recognition that in such set-

tings Pf ~ Pl (i.e. λv ~ 1.0) (Etheridge et al. 1984). Meta-

morphic dehydration reactions in the mid-crust may 

therefore contribute to brittle failure through generation 

of fluid overpressure (cf. Hacker 1997; Ague et al. 1998). 

Fluid overpressuring is unlikely to be uniform but may 

be focused upwards by ‘antiformal domes’ developed in 

folded turbidite sequences (Fig.  11a, b) enclosing over-

pressured reverse-fault systems that promote hydrother-

mal mineralization through valve action (e.g. Cox et  al. 

1991; Willman 2007). Downwards flaring ductile shear 

zones may also funnel the ascent of metamorphic fluids 

contributing to the ‘patchy’ character of mineralization 

(Fig. 11c).

�ermal structure within zones of convergence and 

intense crustal shortening depends on a complex array 

of factors including the distribution of radiogenic heat-

producing material, the rate of convergence with the pos-

sibility of shear heating along thrust interfaces, vertical 

stretching, and the rate of erosional denudation (Graham 

and England 1976; Oxburgh and England 1980; England 

and �ompson 1984). A general expectation, however, is 

that crustal thickening by thrust faulting tends to depress 

the overall geothermal gradient whilst raising the tem-

perature in the top of the underthrust slab (Graham and 

England 1976) so that underthrust material, commonly 

with high porosity and fluid content, undergoes prograde 

metamorphism and fluid release.

Areas of active transpression are also notably prone 

to ‘flake tectonics’ (Oxburgh 1972), where detachment 

of upper crustal ‘flakes’ is consistent with rheological 

strength profiles suggesting dramatic weakening below 

the seismogenic zone (Sibson 1984). Development of 

fluid-rich, flat-lying, thrust-sense shear zones is then 

likely in the mid-crust immediately below the upper crus-

tal seismogenic zone. Possible ‘live’ examples include the 

highly reflective NNE-dipping shear zone at 18–23  km 

depth underlying the San Gabriel mountains adjacent to 

the San Andreas fault (Ryberg and Fuis 1998), and the 

tabular, electrically conductive, low-velocity zone under-

lying the 2015 M 7.8 Gorkha thrust rupture in the frontal 

Himalaya (Arora et al. 2017; Rawat et al. 2014).

Seismic cycle incorporating fault‑valve behaviour
Based on the geological and geophysical evidence 

for fault-valve action, likely effects at different levels 

within the crustal seismogenic zone can be envisaged 
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for different stages of the seismic cycle for large earth-

quakes. Note that a high level of conjecture is involved! 

For ease of reference, the upper crustal seismogenic zone 

is assumed to extend to 15  km depth (equating to the 

onset of greenschist facies metamorphic conditions at 

c. 350  °C) and is subdivided into upper (0–5  km), mid-

dle (5–10  km), and lower (10–15  km) portions. Bear in 

mind that these subdivisions are arbitrary and that effects 

within the seismogenic zone also depend on sub-seismo-

genic processes such as metamorphic fluid release over 

lengthy time periods.

INTERSEISMIC—over the interseismic period (typi-

cally  102–104 years) steadily rising differential stress from 

differential plate motion increases shear stress acting on 

frictionally locked faults throughout the full depth of 

the seismogenic zone. In compressional–transpressional 

tectonic settings which are inherently load-strengthen-

ing (Sibson 1993), increasing shear stress is coupled to 

increases in both mean stress and fault-normal stress. 

However, these strengthening effects may be counter-

acted by progressive infiltration of overpressured pore-

fluids from metamorphic dehydration at subseismogenic 

depths, lowering effective normal stress, σn′ = (σn − Pf), 

and hence, fault frictional strength in the lower seismo-

genic zone (Fig. 12).

PRESEISMIC (day to years?)—incipient shear failure 

with accelerating shear strain-rate. Percolation may allow 

overpressuring to extend upwards through the mid-

dle seismogenic zone or above. Local attainment of the 

tensile overpressure condition (Pf  >  σ3) where existing 

a

b

c

Fig. 11 a Schematic of hydrothermal fluid flow (arrows) inferred for an amplifying anticlinorial dome structure within the Upper Ordovician 

turbidite sequence of the Bendigo–Ballarat area of the Lachlan fold-belt of Victoria, Australia (after Cox et al. 1991; Willman 2007); b structural and 

inferred stress controls on Au–quartz vein systems (black) developed within similar upright fold structures in the Lachlan fold-belt (after Cox 1995; 

Sibson and Scott 1998; Willman 2007; Sibson 2020); c schematic of dextral strike–slip fault zone with a local dilational jog: fluid focusing occurs 

within ductile shear zones which flare outwards below the base of the seismogenic zone (b.s.z.) and within the enhanced permeability of the 

dilational stepover which acts as a pipe conduit
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faults have restored cohesive strength (perhaps through 

hydrothermal cementation) or are severely misoriented 

for frictional reactivation allows hydrofracture arrays 

to develop and activate (Sibson 2017). Inflation of over-

pressured fluid reservoirs around the base of the seis-

mogenic zone is especially likely around the brittle roots 

of severely misoriented faults. Linkage to existing faults 

in distributed fault–fracture meshes gives rise to diffuse 

microseismicity (Sibson 1996; Cox 2016).

COSEISMIC (< 200  s)—initiation of mainshock rup-

ture from a combination of rising shear stress and low-

ered frictional strength in the lower seismogenic zone 

(Fig.  12). Rupture propagation is accompanied by stress 

redistribution with an overall drop in shear stress. Fault 

zone permeability is enhanced dramatically but heteroge-

neously, promoting upwards fluid discharge. Progressive 

fluid loss from rupture zone and dilatant reservoirs low-

ers overpressure, increasing fault frictional strength.

POST-SEISMIC (0.1–102  years)—long duration after-

shock activity accompanies prolonged fluid discharge 

with progressive fault healing involving hydrothermal 

cementation and decreasing fault permeability (e.g. Silvio 

et al. 2007). Nonetheless, fluid interconnectivity in pore 

and fracture space may persist for lengthy time periods 

throughout the aftershock phase (e.g. Miller et al. 2004).

Relevant geophysical and geological observations
Geophysical observations

Seismic P- and S-wave velocities vary with rock type, 

confining pressure, and fluid content (Christensen 

1989; 1996). At constant confining pressure increased 

pore-fluid pressure decreases both P-wave and S-wave 

velocities, the latter more than the former, so that over-

all the Vp/Vs ratio (equating to elevated Poisson’s ratio) 

increases. Diagnostics of overpressured aqueous fluid 

occupying pore and/or fracture space in the crust there-

fore include anomalously lowered P- and S-wave veloci-

ties and an elevated Vp/Vs ratio, though this may also be 

affected by the geometry of pore and/or fracture space 

(Eberhart-Phillips et al. 1995; Takei 2002). For continen-

tal crust, average Poisson’s ratio is 0.265 correspond-

ing to Vp/Vs = 1.77 (Christensen 1996). �is compares 

Fig. 12 Schematic illustrating time-varying stress and strength leading to the dual-driven failure of a crustal fault subjected to an ascending 

overpressured fluid flux at times, t1, t2, and t3 (mainshock and aftershock hypocentres denoted by yellow stars; nested ellipses illustrate growth of 

mainshock rupture) (adapted from Fig. 8 of Sibson (2020))
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with a Poisson’s ratio of 0.300 (Vp/Vs = 1.87) for oceanic 

crust and 0.270 (Vp/Vs = 1.78) for the sub-Moho mantle 

beneath central Honshu, Japan. For continental crust and 

the sub-Moho mantle, regions with Vp/Vs > 1.80 are thus 

potentially fluid-overpressured. However, the composi-

tional and structural heterogeneity of continental crust 

has to be kept in mind.

�e presence of pervasive pore/fracture fluid also 

lowers bulk electrical resistivity though this may also 

be caused by metallic sulphides or graphite distributed 

through the rock-mass. Strong interconnectivity of pore 

fluid throughout the rock-mass is, however, only likely to 

arise when Pf → σ3, generally requiring near-lithostatic 

fluid overpressures (λv → 1.0). �e combination of low-

ered seismic velocities and high Vp/Vs anomalies coinci-

dent with high electrical conductivity therefore provides 

the strongest diagnostic for defining crustal and subcrus-

tal domains with elevated fluid overpressure in pore and/

or fracture space (Eberhart-Phillips et al. 1995).

Tomographic investigations of the velocity structure of 

seismogenic crust in compressional/transpressional set-

tings have shown: (1) A tendency for large crustal earth-

quakes to be associated with extensive (100 < L < 200 km) 

low-velocity zones (especially low Vs) in the mid-to-

deep crust and underlying upper mantle (Okada et  al. 

2010, 2012); and (2) that rupture nucleation sites tend 

to be associated with elevated but more localized Vp/Vs 

anomalies (10 < L < 30  km) (e.g. 1995 M 6.9 Kobe earth-

quake (Zhao and Negishi 1998); 2000  M 6.7 Western 

Tottori earthquake (Zhao et  al. 2004); 2001 Bhuj M 7.6 

earthquake (Kayal et  al. 2002); 2004 M 6.8 Mid-Niigata 

earthquake (Wang and Zhao 2006); 2008 M 7.2 Iwate-

Miyagi-Nairiku earthquake (Okada et al. 2012); 2016 M 

7.3 Kumamoto earthquake (Wang et al. 2018)).

�e M 7.8 Kaikoura, New Zealand earthquake (11.02 

on 13/11/2016 UTC) was a complex transpressional 

multi-rupture with 20 + surface breaks involving a mix-

ture of reverse and both dextral and sinistral strike–slip 

(Hamling et  al. 2017; Litchfield et  al. 2018). Rupturing 

occurred over a total strike-length approaching 200 km, 

propagating SW → NE along the northeastern coast of 

New Zealand’s South Island. A regional tomographic 

analysis of the Marlborough strike–slip fault system con-

ducted prior to the event (Eberhart-Phillips and Bannis-

ter 2010) revealed a chain of high Vp/Vs anomalies at c. 

15 km depth along the coast underlying much of the sub-

sequent rupture zone, suggesting that overpressured flu-

ids were likely involved in the nucleation and propagation 

of this complex multi-rupture.

Geological observations

Accepting that the base of the continental seismogenic 

zone broadly correlates with the onset of greenschist 

facies metamorphic conditions at T > c. 350  °C, lower 

portions of the brittle carapace to a prograding metamor-

phic system should equate roughly with the lower seis-

mogenic zone. Consider, for example, the Otago Schist 

belt of southern New Zealand, embracing the Jurassic 

collisional suture between the Caples and Torlesse accre-

tionary terranes (Mortimer 1993, 2003). �e belt occu-

pies an area measuring approximately 250 km × 160 km 

made up of greenschist and amphibolite facies assem-

blages with a penetrative foliation resulting from poly-

phase ductile deformation that defines a broad antiformal 

arch trending NW–SE. Foliation is flat-lying in the crest 

of the arch with dips increasing progressively to the NE 

and SW where the schists are flanked by a brittle sub-

greenschist carapace several kilometres thick (Mortimer 

1993) made up of prehnite–pumpellyite facies meta-

greywackes in which bedding is largely preserved with 

little obvious flattening of clastic grains in the sandstones, 

the product of low-grade metamorphism at temperatures 

of 250–350 °C. Deformation within the metagreywackes 

is highly variable but locally comprises a criss-crossing 

mesh of planar extension fractures together with minor 

faults and their conjugates, all with hydrothermal infills 

(quartz + prehnite ± epidote ± pumpellyite ± calcite) dis-

tributed throughout substantial volumes of hydrother-

mally altered rock (Bishop 1994; Spörli and Anderson 

1980; De Ronde et  al. 2001). Sparse Au–quartz miner-

alization is also locally present within such prehnite–

pumpellyite metagraywackes (Becker et  al. 2000). �ese 

characteristics are consistent with fluid-driven deforma-

tion arising from patchy infiltration of near-lithostatically 

overpressured fluids from depth.

�e field relationships thus support the hypothesis that 

the prehnite–pumpellyite metagraywacke assemblages 

represent exhumed portions of a former lower seismo-

genic crust infiltrated by fluids derived from prograde 

metamorphism at greater depths.

Relevance to contemporary earthquakes
An hypothesis has been advanced for the development of 

earthquake preparation zones as a consequence of fault-

valve action where fault failure is dual-driven by a com-

bination of stress accumulation and rising fluid-pressure 

affecting frictional strength in the lower seismogenic 

zone and in the underlying shear zones which may con-

tinue downward into the upper mantle. Irrespective of 

the mode of faulting, any earthquake rupture disrupting 

a low-permeability seal capping an overpressured por-

tion of the crust may give rise to postfailure discharge 

through fault-valve action. �e magnitude of the ensu-

ing discharge likely varies with the faulting mode and 

size of the rupture, the dimensions of the overpressured 

reservoir, the degree of overpressuring, and fracture 
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interconnectivity within the reservoir. Geological evi-

dence coupled with mechanical analyses suggest, how-

ever, that steep reverse faults that are poorly oriented for 

frictional reactivation in compressional regimes, have the 

greatest potential for large postfailure discharge through 

valving action (Sibson 1990, 2014).

Questions remain, however, as to how widespread 

this process is and whether recognizable preparation 

zones develop when valve action occurs in less than its 

more extreme forms associated with steep reverse faults. 

Systematic, rigorous evaluation employing combined 

seismological and electrical sounding is needed to test 

how widespread these associations are in different tec-

tonic settings and, importantly, to see whether they 

exhibit time-dependent behaviour before and after large 

earthquakes.

�ere is also a clear need for improved quantification of 

the fluid budgets associated with areas of reduced seismic 

velocity and elevated Vp/Vs as well as quantifying fluid 

discharge for valving activity in different tectonic set-

tings. Another potentially fruitful line of inquiry would 

involve geochemical investigation of post-seismic fluid 

discharges. Prolonged sampling throughout aftershock 

periods is needed to ensure that deep-derived, rather 

than displaced high-level fluids are sampled. Example of 

areas where fault-valve activity could be investigated with 

discharge events potentially tied to seismic slip incre-

ments include the seismically and diapirically active front 

of the Apennine fold-thrust belt in northern Italy (Bonini 

2007; Bonini et al. 2016), and overpressured geothermal 

systems in compressional tectonic settings such as the 

Cooper Basin geothermal field of South Australia (Holl 

and Barton 2015).

One expected consequence would be that nucleation 

sites for fluid-driven rupture would remain fixed for sub-

stantial time periods. An important question, therefore, 

is whether there are preferential sites for the nucleation of 

large ruptures and whether they remain fixed with time? 

�ere is considerable evidence from paleoseismological 

studies for repeating large earthquakes (Sieh 1996) but it 

is unclear whether successive ‘characteristic’ earthquakes 

always nucleate at the same site, though this seems likely 

to have been the case for the 1922, 1934, and 1966 events 

in the Parkfield, California series of moderate (M ~ 5.5) 

strike–slip ruptures (Bakun and Lindh 1985).

A related issue is whether there are distinguishing 

characteristics for mainshock ruptures resulting from 

predominantly fluid-driven failure? As one possible 

example, consider the 1989  M 6.9 Loma Prieta earth-

quake which involved dextral-reverse-slip on an ~ 70° 

dipping plane adjacent to the San Andreas fault, with the 

rupture initiating at the unusually large (for the northern 

San Andreas fault) focal depth of 19 km (Spudich 1996). 

Locally elevated fluid overpressure and initiation of fluid 

flow at hypocentral depths could account for this local 

deepening of the seismogenic zone by > 5  km (Sibson 

1984), and might also help explain a precursory magnetic 

disturbance starting 3  h before the earthquake (Fraser-

Smith et al. 1995), a reported precursory increase in sur-

face stream flow an hour before the mainshock (Roeloffs 

1995), as well as evidence in the form of highly diverse 

aftershock focal mechanisms for near-total release of 

shear stress over the mainshock rupture, consistent with 

a highly overpressured fault (Zoback and Beroza 1993). 

A comparable diversity of aftershock focal mechanisms 

(again implying near-total relief of shear stress) is associ-

ated with the 1952 M 7.7 Kern County earthquake (Cas-

tillo and Zoback 1995) involving varying proportions of 

sinistral and steep reverse slip along the White Wolf fault 

in the southern San Joaquin Valley of Central California 

from a rupture initiating at c. 18 km depth. Interestingly, 

this earthquake was associated with significant post-

seismic fluid discharge (> 107 m3 over 2 months) from the 

crystalline hanging-wall of the fault (Briggs and Troxell 

1955; Sibson 1981).

Important lessons may also be learned from variations 

in the style of seismicity induced by injection of over-

pressured fluid (Ellsworth 2013). While much seismic-

ity induced by fluid injection at depth tends to be diffuse 

and distributed through substantial rock volumes, akin 

to swarm seismicity (cf. Cox 2016), there are instances 

where induced earthquake activity more nearly approxi-

mates natural mainshock–aftershock sequences. One 

such example is the 2017 Mw 5.5 Pohang, Korea, earth-

quake triggered by enhanced geothermal stimulation 

at ~ 4 km depth in a compressional stress field (Ellsworth 

et al. 2019). �is earthquake involved dextral–reverse slip 

on an existing fault with a rupture dimension of ~ 5 km, 

extending well beyond the area of fluid injection. It may 

be that the differing seismic style depends on whether or 

not localized fluid overpressures have direct access to a 

mature uninterrupted planar fault structure (cf. Galis 

et al. 2017). In such circumstances, ruptures may propa-

gate well beyond the areas of localized fluid overpressure 

associated with their nucleation as illustrated schemati-

cally in Fig. 12.

Summary and conclusions
Release of  H2O–CO2 fluids at near-lithostatic over-

pressure from prograde metamorphism consequent 

on crustal thickening is an inevitable accompaniment 

of compressional–transpressional tectonics. Ascent of 

such overpressured fluids is dominated by channel flow 

along faults and ductile shear zones where permeabil-

ity is continually renewed by active deformation. Flow 
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is non-uniform with portions of fault zones behaving as 

pipe-like conduits that concentrate high-flux flow.

�e presence of incrementally deposited orogenic Au–

quartz lodes hosted in compressional–transpressional 

fault structures exhumed from depths comparable to the 

base of the crustal seismogenic zone provides evidence 

for localized invasion of large volumes of overpressured 

 H2O–CO2 fluids. Only rarely do the vein systems extend 

for more than a kilometre or so along-strike or down-dip. 

On a far greater scale (L ~ 100  km) crustal seismicity in 

areas of active compressional–transpressional tecton-

ics has been shown to correlate with areas of reduced 

Vs, while nucleation sites of larger earthquakes correlate 

with high Vp/Vs anomalies (L ~ 10 km), both attributable 

to varying degrees of fluid overpressuring (Christensen 

1989, 1996).

Invasion of overpressured fluids into the roots of upper 

crustal brittle faults promotes dual-driven failure where 

frictional instability is triggered by a combination of 

increasing shear stress and rising pore-fluid pressure. At 

depths in excess of a few kilometres, swarms of hydro-

thermal extension veins define regions where the ten-

sile overpressure condition (Pf  >   σ3) has been met with 

pore-fluid pressures at near-lithostatic levels. Exten-

sion veins are predominantly subhorizontal in compres-

sional regimes, reflecting lithostatic fluid overpressures. 

�e base of the upper crustal seismogenic zone (b.s.z.) 

at depths of 10–20  km in compressional regimes then 

becomes a favoured horizon for the development of near-

lithostatically overpressured fluid reservoirs made up of 

fault–fracture meshes distributed throughout substantial 

rock volumes.

Rupture propagation leads to fault-valve action, pro-

moting upwards fluid discharge along the enhanced per-

meability of the rupture zone, with relief of shear stress 

accompanied by an abrupt drop in fluid pressure. �e 

most intense valve action is associated with steep reverse 

faults that are poorly oriented for reactivation and close 

to frictional ‘lock-up’ and is thus principally fluid-driven. 

In these settings, competition often arises between opti-

mally oriented ‘Andersonian’ thrust faults dipping at ~ 30° 

and new-formed in the prevailing stress field, and poorly 

oriented reverse faults dipping > 45°, whose reactivation 

requires elevated fluid overpressure.

It appears, therefore, that preparation zones for large 

earthquake ruptures in compressional–transpressional 

regimes may be defined by the progressive accumulation 

of fluid overpressure around the base of the seismogenic 

zone. �e 2016 M 7.8 Kaikoura multi-rupture provides a 

possible example. Monitoring the basal region of the seis-

mogenic zone by seismic tomography and/or electrical 

sounding potentially may help to assess the ‘state of pre-

paredness’ for a large earthquake.

Abbreviation

b.s.z.: Base of seismogenic zone.
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