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ABSTRACT

The variation of permeability with depth can be probed indirectly by various means, including hydrologic models

that use geothermal data as constraints and the progress of metamorphic reactions driven by fluid flow. Geother-

mal and metamorphic data combine to indicate that mean permeability (k) of tectonically active continental crust

decreases with depth (z) according to log k ! )14–3.2 log z, where k is in m2 and z in km. Other independently

derived, crustal-scale k–z relations are generally similar to this power-law curve. Yet there is also substantial evi-

dence for local-to-regional-scale, transient, permeability-generation events that entail permeabilities much higher

than these mean k–z relations would suggest. Compilation of such data yields a fit to these elevated, transient

values of log k ! )11.5–3.2 log z, suggesting a functional form similar to that of tectonically active crust, but

shifted to higher permeability at a given depth. In addition, it seems possible that, in the absence of active

prograde metamorphism, permeability in the deeper crust will decay toward values below the mean k–z curves.

Several lines of evidence suggest geologically rapid (years to 103 years) decay of high-permeability transients

toward background values. Crustal-scale k–z curves may reflect a dynamic competition between permeability

creation by processes such as fluid sourcing and rock failure, and permeability destruction by processes such as

compaction, hydrothermal alteration, and retrograde metamorphism.
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INTRODUCTION

Permeability (k) is a measure of the relative ease of fluid

flow under unequal pressure. The permeability of the

Earth’s crust to aqueous fluids is of great interest because

it largely determines the feasibility of important geologic

processes such as advective solute transport, advective heat

transport, and the generation of elevated fluid pressures by

processes such as physical compaction, heating, and min-

eral dehydration. Yet the measured permeability of the

shallow continental crust is so highly variable that it is

often considered to defy systematic characterization. The

permeability of common geologic media varies by approxi-

mately 16 orders of magnitude, from values as low as

10)23 m2 in intact crystalline rock, intact shales, and fault

gouge, to values as high as 10)7 m2 in well-sorted gravels.

In the upper crust, permeability exhibits extreme heteroge-

neity, both among geologic units and within particular

units. Field-based measurements of layered ash-flow tuff

show up to 104-fold variation between welded and

unwelded zones (e.g. Winograd 1971). Similarly large vari-

ations have been measured within single soil units (Mitch-

ell 1993). Even larger variations in in situ permeability

have been inferred between basalts near the surface of Kil-

auea volcano (k " 10)10 to 10)9 m2) and compositionally

identical rocks at 1- to 2-km depth (k " 10)16 to

10)15 m2) (Ingebritsen & Scholl 1993). In many geologic

environments, there is also large permeability anisotropy,

which is conventionally defined as the ratio between the

horizontal and vertical permeabilities but may also reflect

variously oriented stratigraphic, structural, and ⁄or tectonic

fabrics.

Permeability varies in time as well as space. Temporal

variability in permeability is particularly pronounced in

hydrothermal environments characterized by strong chemi-

cal and thermal disequilibrium. Laboratory experiments

involving hydrothermal flow in crystalline rocks under pres-

sure, temperature, and chemistry gradients often result in
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order-of-magnitude permeability decreases over daily to

subannual time scales (e.g. Summers et al. 1978; Morrow

et al. 1981, 2001; Moore et al. 1983, 1994; Vaughan

et al. 1986; Tenthorey et al. 1998; Cox et al. 2001;

Zhang et al. 2001; Polak et al. 2003; Yasuhara et al.

2006). Field observations of continuous, cyclic, and epi-

sodic hydrothermal-flow transients at various time scales

also suggest transient variations in permeability (e.g. Baker

et al. 1987, 1989; Titley 1990; Hill 1993; Urabe 1995;

Haymon 1996; Fornari et al. 1998; Sohn et al. 1998;

Gillis & Roberts 1999; Johnson et al. 2000; Golden et al.

2003; Husen et al. 2004; Sohn 2007). The occurrence of

active, long-lived (103–106 years) hydrothermal systems

(Cathles et al. 1997), despite the tendency for permeability

to decrease with time, implies that other processes such as

hydraulic fracturing and earthquakes regularly create new

flow paths (e.g. Rojstaczer et al. 1995). Indeed there have

been suggestions that crustal-scale permeability is a dynami-

cally self-adjusting or even emergent property (e.g. Rojstaczer

et al. 2008).

This study reviews studies of crustal-scale permeability–

depth relations in the last decade. Our earlier work empha-

sized tectonically active regions of the continental crust

and focused on permeability averaged over large time and

length scales (Ingebritsen & Manning 1999; Manning &

Ingebritsen 1999). Here, we show that independent stud-

ies generally agree on values of crustal permeability at such

scales. However, we extend these results by surveying

recent observations of high permeabilities associated with

shorter time and length scales, and by considering perme-

ability decay.

CRUSTAL-SCALE PERMEABILITY–DEPTH
RELATIONS

Permeability is heterogeneous, anisotropic, and transient.

Nevertheless, some order has been revealed in globally

compiled data. In the early 1980s it was proposed, based

on compilations of in situ hydraulic-test data, that the

mean in situ permeability of crystalline rocks in the upper-

most crust (<1-km depth) is approximately 10)14 m2

(Brace 1980). This result for the very shallow crust is

borne out by more recent in situ data (Hsieh 1998),

whereas other in situ data suggest an identifiable decrease

in permeability with depth (Clauser 1992).

Direct in situ measurements of permeability are rare

below depths of 2–3 km and nonexistent below 10-km

depth. As an alternative, geothermal data and estimates of

fluid flux during prograde metamorphism have been used

to constrain the permeability of regions of the continental

crust undergoing active metamorphism and tectonism.

A power-law fit to these data yields

log k ! #14# 3:2 log z; ð1Þ

where k is in m2 and z is in km (Manning & Ingebritsen

1999). This empirical fit (Fig. 1A) defines a value of log k

at 1-km depth ()14) that is equivalent to Brace’s (1980)

mean in situ permeability of crystalline rocks. Assuming

the depth of the brittle–ductile transition in tectonically

active crust to be 10–15 km and fitting the data in each

regime separately (Fig. 1B) implies effectively constant per-

meability of log k ! )18.3 below 15 km. Townend &

Zoback (2000) found eqn 1 to be compatible with data

from in situ hydraulic tests and from seismicity induced

either by fluid injection or reservoir impoundment.

The ‘geothermal–metamorphic’ permeability–depth rela-

tion (eqn 1, Fig. 1) has since been used successfully in

modeling crustal-scale fluid flow (Lyubetskaya & Ague

2009) and been shown to be reasonably compatible with

other independently compiled data (Shmonov et al. 2002,

2003; Saar & Manga 2004; Stober & Bucher 2007). Field

permeability measurements (35 soil samples) and lab

experiments at high pressure and temperature (11 samples,

237 experimental points to 600"C, 200 MPa) by Shmonov

et al. (2003) yield a similar relation,

log k ! #12:56# 3:225z0:223 ð2Þ

with k and z again in m2 and km, respectively. In this case,

)log k at 1-km depth is 15.6. Saar & Manga (2004)

(A)

(B)

Fig. 1. Estimates of permeability based on hydrothermal modeling and the

progress of metamorphic reactions showing (A) power-law fit to data and

(B) data below 12.5-km depth fitted with a constant value of 10)18.3 m2

(after Manning & Ingebritsen 1999; Ingebritsen & Manning 2002).
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developed a model for the permeability structure of the

central Oregon Cascades based on several lines of evidence,

including springflow characteristics, matching of geother-

mal data, hydrologically induced seismicity at Mount

Hood, and the permeability needed for escape of magmatic

volatiles at depth. Their results agreed with the geother-

mal–metamorphic curve (eqn 1) except at relatively shallow

depths (£0.8 km), where they proposed instead

k ! 5& 10#13m2 exp
#z

25 km

! "

; ð3Þ

which fits their shallow data better and allows for a finite

near-surface permeability. In this case, )log k at 1-km

depth is approximately 15. Most recently, an empirical fit

to in situ data from £4.5-km depth in the Black Forest,

Germany, yielded

log k ! #15:4# 1:38 log z ð4Þ

with k and z again in m2 and km, respectively (Stober &

Bucher 2007).

Figure 2 compares these three proposed crustal-scale

permeability–depth relations (eqns 1, 2, and 4), all of

which implicitly assume permeability to be isotropic. The

permeability trend based on original experimental data

(eqn 2) can be viewed as representing the crust under

isotropic stress conditions in a state of mechanical and

chemical equilibrium (Shmonov et al. 2003). The geother-

mal–metamorphic curve (Fig. 1A, eqn 1) represents natural

systems averaged over large spatial scales and long time

scales. Individual metamorphic-permeability values are

based on time-integrated fluid flux over the (generally

long) time span of a metamorphic event. They are

obtained by solving a one-dimensional form of Darcy’s law

suitable for variable-density fluids,

qx ¼
!k

l

# $

#
oðP þ qgzÞ

ox

# $

; ð5Þ

for time-averaged permeability !k,

!k ¼
Q l

Dtðo P þ qgz½ *=ox

# $

; ð6Þ

where qx is the volumetric fluid flow along the flow path x,

q is fluid density, g is gravitational acceleration, z is eleva-

tion above a datum, l is the dynamic viscosity of the fluid,

(o P þ qgz½ *=ox) is the energy gradient for flow along x, Q

is the time-integrated fluid flux, and Dt is the duration of

metamorphism, so that qx = Q ⁄Dt. The time-integrated

fluid flux Q is a key parameter in many metamorphic stud-

ies. It is calculated on the basis of fluid-driven changes in

rock composition and mineral assemblages.

The metamorphic permeabilities (Figs. 1 and 2) represent

environments in which fluid flow was or is a consequence

of tectonic or magmatic activity. It has been suggested that

lower permeabilities might be expected during metamor-

phism associated with cooling and decompression (cf.

Yardley & Baumgartner 2007), or in the deep crust in

stable cratons (cf. Ingebritsen & Manning 2002). This

suggestion is consistent with the fact that mean geother-

mal–metamorphic permeabilities (eqn 1) are roughly one

order of magnitude larger than mean ‘experimental’ per-

meabilities (eqn 2) (see Fig. 2). The ‘Black Forest’ perme-

ability curve, which represents a tectonically active rifting

environment and is empirically constrained only at shallow

(<5 km) depths, lies between the experimental and geo-

thermal–metamorphic curves (Fig. 2).

EVIDENCE FOR HIGHER PERMEABILITIES

The permeability–depth relations portrayed in Figure 2 are

reasonably consistent. However, on short time scales,

permeability may reach values significantly in excess of

those represented by eqns 1, 2, and 4. There is now a

growing body of evidence that allows examination of

whether there are systematic variations in this behavior

with depth. The evidence includes rapid migration of seis-

mic hypocenters, enhanced rates of metamorphic reaction
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Fig. 2. Crustal-scale permeability–depth curves based on geothermal–meta-

morphic (Manning & Ingebritsen 1999), experimental (Shmonov et al.

2003), and Black Forest (Stober & Bucher 2007) data. The permeability

associated with advection-dominated heat transport (Nu > 2) in the lower

crust is calculated assuming a driving-force gradient of 10 MPa km)1, a

temperature gradient of 25"C km)1, and a thermal conductivity of

2 W (m K))1, and ranges from log k " )18.1 m2 at 10-km depth to

log k " )18.6 m2 at 40-km depth. The permeability associated with Nu

2 in the upper crust (0- to 10-km depth) will typically be about 2 orders of

magnitude higher (log k " )16 m2) because of the lower fluid viscosities

and much lower driving-force gradients for fluid flow. The permeability

associated with a Sherwood number Sh " 2 in the deeper crust would be

approximately 104 times lower than that associated with Nu " 2 (as per

Bickle & McKenzie 1987, their fig. 6); that is, log k " )22 m2.
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in major fault or shear zones, and recent studies suggesting

much more rapid metamorphism than has been canonically

assumed (Table 1).

Space–time progression of earthquake fronts

Certain well-located earthquake swarms exhibit space–time

progression of seismicity fronts that develop roughly as the

square root of time, consistent with earthquake triggering

by diffusive propagation of an aqueous-fluid pressure front

(Fig. 3). Rates of hypocenter migration can be used to cal-

culate a range of hydraulic diffusivities D according to

r ¼ 4pDtð Þ1=2; ð7Þ

where r is the distance and t is the time (Talwani & Acree

1984; Shapiro et al. 1997). Hydraulic diffusivity is related

to hydraulic conductivity K through

K ¼ DSs ; ð8Þ

where

Ss ¼ qg aþ nbð Þ; ð9Þ

q is the density of the aqueous phase, g is the gravitational

acceleration, a is the bulk compressibility of the medium,

n is porosity, and b is the compressibility of the aqueous

phase. Permeability k can then be calculated from hydraulic

conductivity via

Table 1 Evidence for relatively high crustal-scale

permeabilities.
Locality

Depth

(km)

Diffusivity

(m2 s)1)

Log k

(m2) Reference

Migration of seismic hypocenters

Matsuhiro 1965–1967 (V) 0–6 )12.6 Cappa et al. (2009)

Remiremont 1984 (H) 6–8 )16 to )13 Audin et al. (2002)

Yellowstone 1985 (H) 2.5–9 10 )12.7 Waite & Smith (2002)

Mammoth Mtn. 1989 (V) 2–6 0.2–0.6 )14.4 to )13.9 Hill & Prejean (2005)

Mammoth Mtn. 1989 (H) 5–6 0.03–0.06 )15.2 to )14.9 Hill & Prejean (2005)

Dobi (Afar) 1989 (H) 5.5–11.6 )8.3 to )7.3 Noir et al. (1997)

Antofagasta 1995 (V) 34–38 )13.3 Nippress & Rietbrock (2007)

South Moat, Long Valley

1997 (H)

4–9 12–90 )12.7 to )11.8 D.P. Hill, USGS, written

communication

Umbria-Marche 1997 1–8 )10.4 Miller et al. (2004)

West Bohemia 2000 7–10 0.27 )14.4 Horalek & Fischer (2008)

Locality Depth Log k Reference

Fault-zone metamorphism

Hunts Brook, CT 22.3 ± 3.7* )15.8 Dipple & Ferry (1992)

Finero, Italy 22.3 ± 3.7* )16.3 Dipple & Ferry (1992)

Storo, Greenland 22.3 ± 3.7* )15.8 Dipple & Ferry (1992)

Grimsel, Switzerland 14.9 ± 3.7* )16.45 Dipple & Ferry (1992)

Broken Hill, Aust. 14.9 ± 3.7* )16.15 Dipple & Ferry (1992)

Aar Massif, Switz. 9.7–13.4 )17.1 to )15.1 Challandes et al. (2008)

Locality Depth Dt (previous Dt) Log k Reference

Temporally focused heating

Scotland (regional) 12–15.6 0.3 (3 Ma) )17.4 to )15.6 Ague & Baxter (2007)

Connecticut (reg.) 18.2–29.2 2 (13 Ma) )17.7 to )16.7 Lancaster et al. (2008)

Locality Depth Log k Reference

Anthropogenic seismicity

Rocky Mtn. Arsenal, CO 3.7–7.0 )16.2 Hsieh & Bredehoeft (1981)

KTB, Germany 7.5–9 )16.6 to )16 Shapiro et al. (1997)

Soultz, France 2.85–3.4 )14.5! Evans et al. (2005)

Basel, Switzerland 4.6–5.0 )14.4" Häring et al. (2008)

‘‘Seismogenic k’’ 0–10 )15.3 to )13.3 Talwani et al. (2007)

The designations (V) and (H) for seismic hypocenters indicate dominantly vertical and horizontal migra-

tion of the seismicity fronts, respectively. The (previous Dt) noted for temporally focused heating refers

to the duration of metamorphism assumed by Manning & Ingebritsen (1999 , their table 2).

*Dipple & Ferry (1992) do not specify uncertainties; our assumed value is the uncertainly commonly

quoted for thermobarometry from metamorphic mineral assemblages

!Initial (prestimulation) permeability was log k ! )16.8 (Evans et al. 2005).

"Initial (prestimulation) permeability was log k ! )17 (Häring et al. 2008).
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k ¼ lK=qg ; ð10Þ

where l is dynamic viscocity and g is the gravitational

acceleration. The conversion from D to k introduces sub-

stantial uncertainty that owes mainly to the uncertainties

associated with q, a, n, b, and l. Table 1 lists k values

computed by other authors when available (cf. Miller et al.

2004, p. 727). Otherwise, we have converted the reported

D values to k by assuming Ss ! 10)6 m)1, following Saar

& Manga (2004, p. 11), and calculating q and l for pure

water at the mean seismogenic depth assuming a geother-

mal gradient of 25"C km)1, a mean surface temperature of

10"C, and a hydrostatic pressure gradient.

The examples of hypocenter migration listed in Table 1

yield values of log k ranging from )16 to )7.3, or 1 to 9

orders of magnitude higher than those indicated by the

geothermal–metamorphic curve at comparable depths

(Fig. 4). The extreme values of log k ()8.3 to )7.3) are

for the Dobi earthquake swarm, central Afar. The Dobi

seismic sequence traversed fissured basalts. Although such

basalts are the most permeable rocks widely exposed at the

Earth’s surface, the permeability of young, unaltered basalt

flows is typically somewhat smaller, with mean log k con-

strained to be in the range of )11 to )9 in diverse geo-

logic settings [the flanks of the mid-ocean ridge (Stein &

Fisher 2003), oceanic islands (Ingebritsen & Scholl 1993),

and continental volcanic arcs (Manga 1996, 1997)]. The

other examples of hypocenter migration yield log k of )16

to )10.4, well within the range observed in various geo-

logic media near the Earth’s surface but unusually high for

the given crustal depths.

Fault-zone metamorphism

Our previous compilation of metamorphic-permeability

data (Manning & Ingebritsen 1999, their table 2) inten-

tionally omitted major faults and shear zones, as their

restricted areal extent and concentration of strain by defini-

tion made them anomalous with respect to average proper-

ties of the crust. Work on metamorphic data from deep

fault zones (Dipple & Ferry 1992, their fig. 4) had already

established that fault-zone permeabilities tend to be sub-

stantially higher, a finding corroborated by more recent

work (Challandes et al. 2008). The six examples of fault-

zone metamorphism listed in Table 1 yield a mean – and

apparently depth-independent (Fig. 4) – permeability of

log k " )16.1. This is 2 orders of magnitude higher than

the depth-independent permeability suggested by the

metamorphic data set that excludes fault zones

(log k " )18.3, Fig. 1B).

Temporally focused heating

Calculated values of metamorphic permeability are inversely

proportional to the duration of metamorphism (Dt in eqn 6).

Two recent analyses of metamorphism (Table 1) provide

evidence for much more rapid heating than previously

assumed, revising the time scale of regional metamorphism

from approximately 3 Ma (Ague 1997) to approximately

0.3 Ma in Scotland (Ague & Baxter 2007) and from

approximately 13 Ma (Ague 1994) to approximately 2 Ma

in Connecticut (Lancaster et al. 2008). These revised time

scales increase the calculated permeabilities by roughly an

order of magnitude, placing permeability during both

events well above the mean geothermal–metamorphic per-

meability–depth curve (Fig. 4). The recalculated permeabil-

ities are large enough to permit significant heat advection

(Fig. 2), consistent with the fact that advectively perturbed

geotherms have been inferred in each instance (Ague &

Baxter 2007; Lancaster et al. 2008).

Anthropogenically enhanced permeability

Earthquake triggering by diffusive propagation of an aque-

ous-fluid pressure front can be initiated by sudden commu-

nication between a relatively high-pressure source and

lower-pressure surroundings (e.g. Miller et al. 2004; Hill

& Prejean 2005). This suggests analogy with anthropo-

genic earthquake triggering via fluid injection (e.g. Fischer

et al. 2008; Shapiro & Dinske 2009) and reservoir filling

(Talwani et al. 2007). Studies of waste injection at the

Rocky Mountain Arsenal (RMA) (Hsieh & Bredehoeft

1981), the German Continental Deep Drilling Borehole

(KTB), and the Soultz and Basel Enhanced Geothermal

System (EGS) sites have yielded particularly well-con-

strained hydraulic parameters. Preinjection permeabilities at

Fig. 3. Seismicity propagation rates provide a constraint on (dynamic)

hydraulic diffusivity (D = r
2
⁄ 4pt). In the case of the 1989 earthquake

swarm beneath Mammoth Mountain, California, D " 0.2–0.8 m2 s)1 (from

Hill & Prejean 2005).
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the RMA are not well known, so comparison of pre- and

poststimulation permeabilities is not possible. Fluid-injec-

tion-induced hydraulic fracturing at KTB yielded perme-

abilities near the upper limits of those determined by

previous hydraulic testing (Shapiro et al. 1997). Fluid

injection at 2.85- to 3.45-km depth at Soultz and 4.6- to

5.0-km depth at Basel increased permeability 102-fold

relative to prestimulation conditions (Evans et al. 2005;

Häring et al. 2008). Finally, a global synthesis of 90 case

histories of injection- or reservoir-induced seismicity

(Talwani et al. 2007) revealed that each episode seems to

be associated with permeabilities in the range of log k =

)15.3 to )13.3, above the mean range of crustal perme-

ability at comparable depths. These examples of what we

collectively term ‘anthropogenic seismicity’ (Table 1) are

0–2 orders of magnitude higher than those indicated by

the geothermal–metamorphic curve (Fig. 4).

PERMEABILITY DECAY AND LOWER BOUNDS

The high permeabilities depicted in Fig. 4 (and Table 1)

must be localized and transient. If this were not the case,

crustal heat transport would be advection-dominated, and

crustal temperatures would be generally lower than they

are observed or inferred to be. Large-scale crustal perme-

abilities greater than the approximate threshold for advec-

tive heat transport (approximately 10)16 m2 and 10)18 m2

in the upper and lower crust, respectively) must be rela-

tively rare. Further, the high permeabilities depicted in

Fig. 4 would preclude the elevated fluid pressures that are

believed to be pervasive below the brittle–ductile transi-

tion; overpressures typically require large regions of a flow

domain (L > 100 m) to be composed of, or bounded by,

material with k £ 10)17 m2 (Neuzil 1995; Manning &

Ingebritsen 1999).

Rates of permeability decay

In the absence of active fluid sourcing and tectonism, per-

meability should tend to decrease due to processes such as

mineral precipitation, hydrothermal alteration, and com-

paction; however, the rate of this decrease is poorly known.

Here we examine various constraints on the rates of per-

meability decay.

In the introduction, we cited laboratory experiments

involving hydrothermal flow in crystalline rocks that result

in order-of-magnitude permeability decreases over suban-

nual time scales. Although many laboratory studies involve

strong chemical disequilibrium that may not be representa-

tive of most natural systems, there are field observations of

hydrothermal-flow transients over comparably short time

scales. Further, permeability in hydrothermal upflow zones

can be drastically reduced by silica precipitation (Lowell

et al. 1993) or thermoelastic stresses (Germanovich &

Lowell 1992) over approximately 101 years. Hence, we

infer that permeability decay can be very rapid under con-

ditions of strong chemical or thermal disequilibrium.

In situ measurements of permeability decay (Table 2)

are particularly relevant, albeit scarce and limited to the

brittle upper crust. Some such data owe to observations

following co-seismic permeability increases caused by

strong ground motion. At the Piñon Flat observatory in

the California Coast Ranges, the response of water levels in

two shallow (<250 m) wells to solid-Earth tides was used

to measure permeability over a 20-year period. Elkhoury

et al. (2006) found that permeability increased by as much

as a factor of 3–4 coincident with seven regional earth-

quakes, with the magnitude of increase proportional to

the peak ground velocity at the site. Between earthquakes,

Fig. 4. Evidence for relatively high crustal-scale permeabilities showing

(A) power-law fit to data and (B) data below 12.5-km depth fitted with a

constant value. Lower curve in both (A) and (B) is the best fit to geother-

mal–metamorphic data (Fig. 1). Data points are midpoints in reported

ranges in k and z for a given locality (Table 1); error bars depict the full

permissible range for a plotted locality and are not Gaussian errors.

198 S. E. INGEBRITSEN & C. E. MANNING

! 2010 Blackwell Publishing Ltd, Geofluids, 10, 193–205



permeability decayed steadily toward background values of

log k " )15 m2 (for one of the two monitored wells) and

log k " )14.2 m2 (for the other well) over a period of sev-

eral years (Fig. 5). Numerous investigators have studied

the postseismic evolution of permeability in the Nojima,

Japan, fault zone following the 1995 Kobe earthquake.

Several direct and indirect experiments at Nojima agree

that permeability decreased by 40–70% over the 8 years

following the earthquake (Tanaka et al. 2007).

Both the California Coast Range study and the Nojima

studies entailed direct measurement of permeability. Lille-

mor Claesson and colleagues have inferred postearthquake

permeability decay indirectly on the basis of geochemical

changes in wells in northern Iceland (Claesson et al. 2007)

and northeastern India (Claesson 2007). They inferred

substantial permeability decreases over similar time scales

of 100 to 101 years.

Co-seismic changes in streamflow and groundwater lev-

els in the California Coast Ranges also provide inferential

evidence for rates of permeability decay. Prior to the 1989

Loma Prieta earthquake, the water table below ridgelines

in the Santa Cruz Mountains was very near the land sur-

face, where it could be tapped by shallow wells. The Loma

Prieta earthquake caused a roughly 10-fold increase in shal-

low permeability, resulting in both temporarily increased

streamflow and groundwater-level declines that caused

shallow wells to go dry (Rojstaczer & Wolf 1994; Rojstac-

zer et al. 1995). On the basis of pre-Loma Prieta condi-

tions, one can reasonably infer that water levels (and

permeability) on the San Francisco peninsula had reequili-

brated between the time of the great 1906 San Francisco

earthquake and the 1989 Loma Prieta earthquake. Further,

anecdotal reports indicate partial recovery of water

levels between 1989 and the time of this writing (S.A.

Table 2 Evidence for changes in in situ perme-

ability in the brittle upper crust. Locality Depth (km) k2 ⁄ k1 (m2) Reference

Co-seismic permeability increases

Pinyon Flat 1988–2006 0–0.2 £4 Elkhoury et al. (2006)

Loma Prieta 1989 (H) Shallow* "10 Rojstaczer et al. (1995)

Kobe 1995 (H) Shallow* 3–15 Sato et al. (2000)

Alum Rock 2007 (V) Shallow* 3–10 Manga & Rowland (2009)

Locality

Depth

(km)

Log k1

(m2)

Log k2

(m2)

Dt

(years) Reference

Postseismic permeability decreases

Matsushiro 1965–1970! 0–6 )12.6 )14 to )13 3–5 Ohtake (1974),

Cappa et al. (2009)

Pinyon Flat 1988–2006 0–0.2 )14.5 )15 2 Elkhoury et al. (2006)

Nojima" 1997–2003 1.8 )14.4 )15 6 Kitagawa et al. (2007)

Locality Depth (km) Log k1 (m2) Log k2 (m2) Dt§ Reference

Permeability increases from enhanced geothermal system stimulation

Soultz, France 2.85–3.4 )16.8 )14.5 15 d Evans et al. (2005)

Basel, Switzerland 4.6–5.0 )17 )14.4 6 d Häring et al. (2008)

For co-seismic permeability increases, V and H denote models inferring dominantly vertical and horizon-

tal fluid flow, respectively.

*Models for the Loma Prieta and Kobe responses are based on lateral groundwater flow in systems

with total water-table relief of <1 km. The Alum Rock response entailed minor changes in temperature

(1–2"C), suggesting relatively shallow fluid sourcing.

!Co-seismic permeability (1965–1967) based on numerical modeling constrained by ground-deforma-

tion data (Cappa et al. 2009); postseismic (1970) permeability based on deep-well injection testing

(Ohtake 1974).

"Based on a series of three injection experiments following the 1995 Kobe earthquake.

§Duration of hydraulic stimulation.

Fig. 5. Permeability response to the 1999 Hector Mine earthquake at the

Piñon Flat Observatory, California Coast Ranges (from Elkhoury et al.

2010).
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Rojstaczer, oral communication, 2009). Thus, we can esti-

mate that decay of a roughly 10-fold increase in shallow

permeability in the Coast Ranges requires 101 to 102 years.

One can also make an inferential argument for rates of

fracture healing along the margin of the Skaergaard intru-

sion, East Greenland, a contact-metamorphic locality where

a layered gabbroic intrusion was emplaced at a depth of

approximately 3.5 km within a 6- to 7-km-thick section of

extrusive basalts. Despite field evidence for multiple episodes

of porosity generation and fracturing within about 250 m of

the intrusion (Manning & Bird 1991), any associated per-

meability increase must have been short-lived (approximately

<103 years), because the observed metamorphic mineral

assemblages require the high temperatures associated with

conduction-dominated cooling (Manning et al. 1993).

Initial ad hoc attempts to model crustal-scale permeabil-

ity as a dynamically self-adjusting parameter – conditioned

on similar evidence – have assumed that substantial loss

of permeability requires times of decades to centuries

(Rojstaczer et al. 2008). We infer that in dynamic geologic

environments, permeability can decay substantially (by a

factor of 2–10 or more) over geologically short time scales

of 100 to 103 years.

Table 2 assembles quantitative evidence for magnitudes

and rates of in situ permeability increase and decrease in

the brittle upper crust. Co-seismic shaking associated with

regional earthquakes has been observed to cause 3- to 10-

fold, quasi-instantaneous increases in the permeability of

the uppermost crust. Postseismic permeability decreases of

similar magnitude have been observed over periods of sev-

eral years. The relatively strong hydraulic forcing associated

with EGS operations has caused 102-fold permeability

increases over stimulation periods of days to weeks.

Lower limits of crustal permeability?

We have inferred that permeability may decay fairly rapidly

from the ‘high’ values listed in Table 1 and depicted in

Figs. 4 and 6. How far will it decay? Is there an identifiable

lower bound to crustal permeability?

Conduction-dominated heat transport seems to be the

norm below a few kilometers depth in the crust. The impor-

tance of heat advection relative to heat conduction can be

represented by the Nusselt number Nu, which is the

ratio, in a particular dimension, of the total heat transfer

to the heat transfer that would be expected in the

absence of advection. For conditions in the deeper crust

during prograde metamorphism, we can assume domi-

nantly upward flow of both heat and matter and write

Nu ¼
cfqqzT þ ðKm TL # TUð Þ=LÞ

ðKm TL # TUð Þ=LÞ
; ð11Þ

where cf, q, and T are the heat capacity, density, and tem-

perature of fluid flowing upward at a volumetric rate

(m3 m)2) of qz, respectively; Km is the thermal conductiv-

ity of the medium; and TL and TU are the temperatures at

the upper and lower boundaries of a depth interval L,

respectively.

Figure 2 shows the approximate lower-crust permeability

associated with a Nusselt number of 2 (the level at which

advection = conduction) relative to various permeability

data. The Nu " 2 curve for the lower crust is quite similar

to the geothermal–metamorphic and experimental perme-

ability–depth curves. However, all of the high-permeability

values of Table 1 would plot well above the Nu " 2 curve,

and thus seem unlikely to represent long-term stable con-

ditions. Devolatilization-induced metamorphic permeability

may be regulated by the heat flow-dependent kinetics of

devolatilization. The positive feedback loop depicted in
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Fig. 6. Evidence for relatively high crustal-scale permeabilities showing (A)

power-law fit to data and (B) data below 12.5-km depth fitted with a con-

stant value. Upper curve in both (A) and (B) is the best fit to geothermal–

metamorphic data (Fig. 1). ‘High-permeability’ data points are midpoints in

reported ranges in k and z for a given locality (Table 1); error bars depict

the full permissible range for a plotted locality and are not Gaussian errors.

The Dobi (Afar) earthquake swarm (Table 1) is not shown on this plot (it is

off-scale).
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Fig. 7 would tend to constrain long-term average perme-

ability to levels below those at which heat advection

becomes significant; that is, Nu " £2. Thus, we suggest

that permeabilities in excess of Nu " 2 would decay, per-

haps relatively rapidly.

It is difficult to define the lower limit toward which

permeability may eventually decay, although the perme-

ability of rocks undergoing retrograde (water-absorbing)

metamorphism may be effectively zero (cf. Yardley &

Valley 1997; Yardley & Baumgartner 2007). In water-

saturated media, the concept of a ‘hydrodynamic’ perme-

ability governed by Darcy’s law (eqn 5) would seem to

be less relevant where transport of both heat and solutes

is dominantly by diffusion. Because the diffusivity of heat

in geologic media is many orders of magnitude greater

than diffusivity of any atomic species, there is a large

range of permeability within which heat will be largely

conducted but solutes largely advected (Bickle &

McKenzie 1987). However, below a Sherwood number

(mass transfer Nusselt number) of Sh " 2, transport of

both heat and solutes will be mainly by diffusion. In

low-porosity geologic media (0.1% porosity), the perme-

ability associated with Sh " 2 will be about 104 times

lower (Bickle & McKenzie 1987, their fig. 6) than the

permeability associated with Nu " 2. Most of the perme-

ability data that we have compiled lie well above the

permeability associated with Sh " 2. This is necessarily

the case because all of the metamorphic data points

(Fig. 1), for instance, entail positive geochemical evidence

for fluid flow.

Even where transport of heat and solutes are largely dif-

fusive, it is possible that hydrodynamic permeability influ-

ences fluid pressures, and therefore crustal rheology. In

fact, very low permeabilities (cf. log k = )24.3 to )21.3;

Audet et al. 2009) have been invoked to explain hydrody-

namic phenomena. In a water-saturated medium, the con-

cept of hydrodynamic permeability would seem entirely

irrelevant only when and where the transport of oxygen

(presumably as molecular water) by grain-boundary diffu-

sion (e.g. Farver & Yund 1995) becomes more effective

than Darcian flow.

DISCUSSION

Some economic geologists, geophysicists, and metamor-

phic petrologists have long recognized permeability as a

dynamic parameter that changes in response to dewatering

and fluid production (e.g. Sibson et al. 1975; Walder &

Nur 1984; Yardley 1986; Titley 1990; Hanson 1992,

1995, 1997; Dutrow & Norton 1995; Connolly 1997;

Cox 2002; Sibson & Rowland 2003; Yardley & Baumgart-

ner 2007). This view is in stark contrast to the hydrogeo-

logic concept of permeability as a static material property

that exerts control on fluid flow. The petrologic view of

crustal permeability is consistent with indications that fluid

pressure is close to the lithostatic load during prograde

metamorphism (e.g. Fyfe et al. 1978); sufficiently overpres-

sured fluids cannot be contained in the crust and create

the permeability necessary to escape. Recently, it has been

suggested that the permeability of the brittle upper crust

may also be dynamically self-adjusting, responding to tec-

tonism and external fluid sources as much as the lower

crust responds to the magnitude of internal fluid sources

(cf. Rojstaczer et al. 2008). The high-permeability data

compiled here (Table 1, Figs 4 and 6) seems compatible

with the concept of ‘dynamic permeability’ (Cathles &

Adams 2005).

Like the original compilation of geothermal–metamor-

phic permeabilities (Fig. 1), the high-permeability data of

Table 1 suggest systematic variation with depth (Figs 4

and 6). A quantitative best fit to the data set as a whole

yields

log k ! #11:7# 2:9 log z; ð12Þ

with k in m2 and z in km. Fixing the slope at )3.2, the

value derived by Manning & Ingebritsen (1999) for ‘geo-

thermal–metamorphic’ data yields

log k ! #11:5# 3:2 log z; ð13Þ

a closely similar result (Fig. 4). These fits are obtained by

grouping all of the ‘high-permeability’ data of Table 1.

Considered separately, the data from below 12.5 km

appear depth-independent, like the geothermal–metamor-

phic data.

The apparently similar organization of the geothermal–

metamorphic and grouped ‘high-permeability’ data

prompts consideration of the physical implications of the

Fig. 7. Feedback between permeability creation and decay during meta-

morphism. This feedback loop is driven by the heat flow-dependent kinetics

of metamorphic devolatilization.
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empirical constants in the curve fits. The constant )14 of

the original power-law geothermal–metamorphic curve

(the permeability at 1-km depth from eqn 1) is similar to

the mean permeability of the uppermost crust, as defined

independently both by in situ well-test data (Brace 1980)

and recharge-based calculations (Rojstaczer et al. 2008).

The coefficient )3.2 can be inferred to reflect the magni-

tude of deep metamorphic (or other endogeneous) fluid

fluxes. The similar form of the geothermal–metamorphic

and high-permeability curves (eqns 1, 12, and 13) may

perhaps reflect a confining-pressure dependence of poros-

ity–strain and permeability–strain relations (cf. Cox et al.

2001, his fig. 1).

Both the original geothermal–metamorphic data set

(Fig. 1) and the ‘high-permeability’ data set (Figs 4 and 6)

suggest a high variance and strong depth dependence of

permeability at crustal depths of about <10 km, with less

variance and essentially no depth dependence below 10-km

depth. This supports a general distinction between the

hydrodynamics of a brittle upper crust and a ductile lower

crust that is dominated by devolatilization reactions and

internally derived fluids. Both data sets can reasonably be

fitted with a constant value of log k below 10-km depth,

again with an offset of about 2 orders of magnitude

(log k " )18.3 versus log k " )16.0).

In the deeper crust, the rough coincidence of the geo-

thermal–metamorphic curve and the curve for Nu " 2

(Fig. 2) lends credence to the concept of thermally self-

regulating metamorphic permeability (Fig. 7), as does the

brevity of the episodes of heat advection inferred for meta-

morphism in Connecticut and Scotland (Table 1; Ague &

Baxter 2007; Lancaster et al. 2008). Although the ‘high-

permeability’ values summarized in Table 1 may be ephem-

eral in the context of geologic time, they can be crucially

important from the standpoint of heat and mass transport.

However, even these ‘high-permeability’ values for meta-

morphism are probably not the true transient permeabili-

ties. In prograde metamorphism, fluid generation is an

intermittent process that switches on an off when reaction

boundaries are crossed. Produced fluid migrates through

the crust as a high porosity ⁄permeability wave (Connolly

1997). All of the common petrologic methods yield a

time-integrated fluid flux and an average permeability, so

that the full cycles of permeability build-up and decay are

extremely difficult to resolve. Similarly, the average values

of permeability obtained by modeling earthquake-hypocen-

ter migration as a diffusive phenomenon (eqn 7) are smal-

ler than the maximum values obtained when hypocenter

migration is modeled as a solitary wave (cf. Miller et al.

2004).

In the absence of independent constraints, it is nonethe-

less reasonable to invoke crustal-scale permeability–depth

relations (such as eqns 1, 2, 4, 12, and 13) to make first-

order calculations related to large-scale hydraulic behavior

(e.g. Fulton et al. 2009; Lyubetskaya & Ague 2009) or

crustal-scale volatile and solute transport (e.g. Ingebritsen

& Manning 2002). However, such permeability–depth

relations likely reflect a dynamic competition between per-

meability creation and permeability destruction. Further,

all such relations imply a porous-continuum model for per-

meability behavior that may be more aptly represented in

terms of hydraulic seals (Miller et al. 2003; Audet et al.

2009), two-layer models (Hanano 1998), or multidimen-

sional growth of multiple hydraulic fractures (Hill 1977; Sib-

son 1996; Miller & Nur 2000). The applicability of

continuum modeling to represent (for instance) multiple

fractures depends in large part on the size of model elements

relative to fracture spacing. More realistic and better-con-

strained representation of permeability heterogeneity and

anisotropy are essential to many practical applications.
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