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ABSTRACT 

Microseismic activity in magnitude range -1 < m < 2 induced by controlled injection of fluid into ambient crystalline rock at 6km 

depth and recorded by a wellbore sensor array at 2.5km depth above the injection volume shows that the radiated seismic waves are 

dominated by high frequencies 200 Hz < f < 800 Hz.  The observed velocity waveform spectra to not conform to the standard slip-

plane phenomenology, e.g., v(f) ~ v0f/(1 + f/f0)2) with characteristic frequency f0 ~ 1/L scaling inversely with slip surface dimension 

L ~ 10-m/2.  We further observe that the statistics of microseismic event spatial correlation and lognormal size distribution are 

congruent with the statistical distributions of crustal permeability given by κ(x,y,z) ~ exp(αφ(x,y,z)) for normally-distributed 

spatially-correlated formation porosity distributions φ(x,y,z) with parameter α fixed by the empirical condition αφ ~ 3-5 for formation 

mean porosity φ.  In the absence of waveform evidence for seismic slip activity on planar surfaces, we use Haskell’s formalism for 

elastodynamic waveform radiation by arbitrary slip dislocation structures to model the observed high frequency waveforms and their 

spectra.  Satisfactory generic waveform attributes proceed from Haskell seismic dislocation fronts moving at low rupture speeds 

across spatially complex localised distributions κ(x,y,z) consistent with crustal permeability empirics.  The same computation 

performed for rapid rupture speeds on planar surfaces gives standard fault-like slip waveform spectra.  Our modelling indicates that 

induced seismicity in ambient crust occurs largely on pre-existing crustal permeability structures of limited physical extent rather 

than on planar slip surfaces of potentially unlimited physical extent.  In these circumstances is logical to expect there is essentially 

no hazard of run-away earth ruptures occurring during fluid injection in the ambient crust.  It is further logical to expect that wellbore 

fluid pressurization does not induce controllable extensive stress-aligned planar flow structures as commonly speculated in the past. 

1. INTRODUCTION 

The 1940-60s Gutenberg-Richter (G-R) empiric N(m) ~ 10-bm relates earthquake frequency N(m) to earthquake magnitude m for 

ongoing and potentially hazardous seismic slip events occurring in major active crustal tectonic fault systems [1-12].  Over the same 

period of time, expressions for seismic radiation waveforms emitted by major fault-zone earthquakes were derived from the 

elastodynamics of dislocation slip along planar surfaces [13-17].  Seismic displacement waveforms u(t) were related to the length L, 

width W and dislocation slip amplitude D for earthquake dislocation events of magnitude m ~ log10(LWD), and their spectra were 

found to take elementary forms such as u(f) ~ u0 /(1 + (f/f0)2), in which u0, the net source displacement recorded at the sensor site, is 

proportional to the product of fault surface area and dislocation LWD, and the characteristic waveform frequency f0 scales inversely 

with characteristic fault dimension, f0 ~ 1/L.  This seismic radiation waveform analysis was routinely validated over three decades of 

fault scale length, 0.1km < L < 100km, corresponding to slip event magnitude range ~2 < m < ~8 [18-22].  

Following these signal advances, a large literature accumulated in which the seismic slip mechanics of active fault zones for events 

with m > ~ 2 and L > ~100m were applied to crustal microseismic events having m < ~ 2 and L < ~100m [e.g., 23-30].  The fault-

zone derived G-R power-law scaling exponent b for microseismicity has been extensively treated as a diagnostic parameter for locally 

induced seismic activity [e.g., 31-41], with reservoir fluid displacement commonly ascribed to cubic-law flow along planar fault 

surfaces [e.g., 42-59].  It is notable, however, that over the years there has been little progress towards acquiring a systematic view 

of fault-fault or fault-fluid interactions that can be convincingly related to other crustal or reservoir properties.  There is, for instance, 

no agreed physical reasoning leading to the long-standing G-R fractal relation N(ℓ) ~ N0(ℓ 0/ℓ)d expressed for a characteristic event 

slip surface dimension ℓ [12].  Nor are there established procedures for translating crustal reservoir microseismicity data into a means 

of identifying where to drill steam production wells in convective geothermal reservoirs [60-61].  As a third example, there remains 

little instruction from microseismicity data on how to stimulate flow between wellbore pairs for commercial heat extraction from the 

deep ambient crust [62]. 

We believe we can address this knowledge impasse with a new perspective on crustal microseismicity as substitute for the generic 

application of fault-centric earthquake slip mechanics to reservoir flow systems in the ambient crust (i.e., away from active faulting).   

Our observations of microseismicity in the ambient crust (away from active faults) show distinctly different statistical and waveform 

properties from those attributable to seismic slip action along planar fault surfaces.  Statistical and wave spectral evidence from these 

observations imply that ambient crust seismicity slip deformation occurs within volumetric crustal permeability structures κ(x,y,z) ~ 

exp(αφ(x,y,z)) associated with ambient crustal porosity distributions φ(x,y,z) [63-67].   

While crustal fluid flow has long been putatively associated with cubic-law flow within active or activated quasi-planar structures 

[42-54], our ambient crustal microseismicity data can be explicitly derived from long-term rock-fluid interactions that generate crustal 

permeability via the essentially universal spatial correlation empiric of crustal porosity, Sφ(k) ~ 1/kβ, β ~ 1, recorded in well-log 

spectra over five decades of wavenumber, 1/km ~ k < 1/cm [68-69]. 

The power-law scaling spatial correlation nature of crustal porosity, Sφ(k) ~ 1/k, leads directly to an empirical ambient crust poroperm 

relation κ(x,y,z) ~ exp(αφ(x,y,z)) that is lognormally distributed for normally distributed porosity at observed values of scaling 

parameter α [67,70].  Accordingly, the magnitude distribution of ambient crust microseismicity is more properly regarded as 

lognormal rather than power-law/fractal [71].  In addition, ambient crust microseismicity is observed to be spatially correlated 

according to a power-law-scaling two-point spatial correlation function [72-80].  We find the two-point correlation function Γ(r) ~ 

1/r1/2 is characteristic of both crustal permeability and of ambient crustal microseismicity [62].  Finally, ambient crust induced 
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seismicity waveforms recorded at 2.5km depth in basement rock are dominated by frequencies a decade greater than expected from 

standard G-R power-law scaling [81].  The observed waveform spectra can be modelled in terms of seismic dislocation slip on 

spatially complex structures such as permeability κ(x,y,z) ~ exp(αφ(x,y,z)); as such, the observed and modelled waveform spectra 

resemble hydrofracture event and acoustic emission spectra rather than standard G-R scaling fault-zone spectra emitted by slip along 

a smooth planar surface.   

Through our observed ambient crust microseismic statistical and waveform properties, we can make testable predictions about the 

relation of microseismicity to the physical state of crustal volumes.  We can logically infer that seismicity stimulated by fluids injected 

in ambient crust is limited to slip on pre-existing crustal permeability structures of limited physical extent, which thus poses little or 

no run-away slip seismic hazard [e.g., 30,40].  From a more wide-ranging viewpoint, we can project that natural fluid percolation 

along long-range poro-connectivity structures persistently emits high-frequency seismic energy at frequencies that are largely outside 

the standard surface seismic sensor recording range.   We thus note that high-frequency seismic energy emission due to fluid flowing 

in long-range permeability structures can account for the demonstrated ability of multi-channel seismic sensor array data processing 

to detect and map crustal flow connectivity structures at depth in shale reservoir formations; these perspectives on ambient crustal 

microseismicity have direct implications for improved extraction of crustal heat [60].  Finally, we can project that the means of 

creating EGS stimulation fluid pathways lies in incrementing the value of α in the poroperm relation κ(x,y,z)  ~ exp(αφ(x,y,z)).  

Increasing the value of α is a natural physical process in crustal rock which, in contrast to generating fault-like fluid flow conduits, 

does little work against the confining stresses [82]. 

In the ensuing discussion of deep ambient crustal microseismicity observations recorded by sensors at 2.5km depth, we first observe 

and model instances of spatial correlation and lognormal magnitude distributions for microseismicity in deep basement crust and 

convective geothermal flow systems.  These observed ambient crust microseismicity statistics are identical to the statistics of ambient 

crustal permeability κ(x,y,z)  ~ exp(αφ(x,y,z)), and prove to be present in the active tectonic province of southern California.  We 

then turn from event statistics to the dynamics of observed waveform spectra to model the slip mechanics within ambient crust 

permeability structures, finding that slow rupture velocities in localised spatially complex permeability sites κ(x,y,z) generate model 

spectra compatible with deep induced events as well as laboratory-scale acoustic emissions.  Our observation and modelling methods 

result in a coherent perspective on the perceived hazard of induced seismicity, EGS wellbore stimulation, and crustal reservoir flow 

structure imaging via multi-channel surface seismic array data. .   

2. PERMEABILITY CONTROL OF MICROSEISMICITY SIZE AND SPATIAL DISTRIBUTIONS IN AMBIENT CRUST  

The material properties of crustal rock include pervasive spatially correlated porosity and permeability structures at all scale lengths 

whose influence on ambient crust microseismicity has not been adequately recognised and incorporated into microseismicity 

methodology.  Despite the many crustal seismic events associated with quasi-uniform slip on quasi-planar crustal faults over several 

decades of scale length, it remains an uncomfortable fact that there is little systematic understanding of how crustal faults interact, 

either during seismic slip or during aseismic periods between slip.  Equally there is little observational control of the role of crustal 

fluids in fault-zone slip activity.  As result of lack of systematic diagnostic evidence, what is known about crustal fault interactions 

and their relation to fluids is largely expressed in the default statistical realm of spatially uncorrelated random fault properties.  E.g., 

the depth, length, height, width displacement, slip rate, dip, strike parameters of faults embedded in a quasi-elastic continuum are 

generally fixed by sets of uncorrelated random numbers [55-56, 58-59].  In like manner, crustal fluids are treated as a passive random 

mechanical partner in distributing stress within the faulted medium [e.g., 54].  Standard models of far-field stress on crustal fault 

systems are computed by taking statistical means over spatially uncorrelated fault properties that are not subject to large scale spatially 

unpredictable fluctuations [e.g., 48-49]. 

Amidst the plethora of uncorrelated randomness, the single organising principle affecting crustal faults is the Gutenberg-Richter (G-

R) fractal relation between fault size L and fault number N, N(L) ~ N0 (L0/L)d.  The physical constraint imposed by the G-R fractal 

is, however, weak.  The G-R fractal distribution of slip event sizes is compatible with an essentially arbitrary range of physical 

interactions involving crustal faults, fluids, and stresses.  Attempts to define a range of G-R fractal scaling exponents have not 

generated convincing results [83]. 

By contrast to fault-zone seismicity observation, the st1 Deep Heat induced seismicity data set from fluid injection at 6km depth in 

stable crystalline basement rock recorded by vector sensors at 2.5 km depth provides a wealth of detail for microseismic mechanics 

in the stable ambient crust [30].  Under stimulation by controlled fluid injection, the microseismicity data show that crustal seismicity 

in the deep stable crust is both spatially correlated and lognormally distributed [61-62].  To these two primary observations we add 

the third observation, that these microseismic event spatial correlation and event size distribution properties accord closely with the 

spatial correlation and magnitude distribution properties of crustal permeability.   

Figs 1-3 illustrate how the standard Gutenberg-Richter (G-R) fractal distribution of microseismicity events only loosely ties to the 

wellbore, well-core, and well-production poroperm empirics that define crustal rock-fluid interactions.  In Fig 1, we see the traditional 

application of the G-R fractal relation to microseismicity recorded at convective geothermal fields in Indonesia: the logarithm of 

event numbers N(m) plotted on the vertical axis against the event magnitudes m on the horizontal axis.  The microseismicity event 

magnitudes and numbers are plotted in two formats.  Red squares show the cumulative number of events with magnitudes greater 

than the magnitude shown on the horizontal axis; blue crosses give the actual event count observed for each magnitude interval along 

the horizontal axis.  
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Fig 1 – The numerical distribution of microseismicity event magnitudes recorded in an Indonesian geothermal field [39].  Blue 

crosses give the observed number log10(N) of events for half-magnitude intervals; red squares give the cumulative numbers log10(N) 

of events above a given magnitude value.  The straight-line fit to the cumulative event numbers at magnitudes above m ~ 1 gives the 

b-value associated with the Gutenberg-Richter relation N(m) ~ 10-bm, for magnitudes m.  MC denotes the magnitude above which it 

is assumed that all microseismic events that occur in the survey volume are in fact detected by the survey network.  In the past, the 

decline in number of recorded events has been attributed to purely observational deficiency.  In fact, the decline in recorded events 

can be quantitatively matched to a natural decline in event numbers due to microseismic slips event occurring on pre-existing 

permeability structures that have a natural decline in permeability value.  The same decline in permeability is observed in well-

productivity distributions [e.g., 64].  

Figs 2-3 show how both the Fig 1 accepted event count at higher magnitudes and the interpreted ‘’missing’’ event counts at lower 

magnitudes are naturally accounted for in terms of observed crustal properties.  Well-log, well-core and well-productivity data show 

that typical crustal volumes host a population of permeability structures κ(x,y,z)  ~ exp(αφ(x,y,z)) derived from a population φ(x,y,z) 

of normally-distributed spatially-corrected porosities and fixed by the value of poro-connectivity parameter α.  In Fig 2 the histogram 

operation H(κ) ≡ H(exp(α{φ})) gives the statistical population distributions of crustal permeability as a function of the degree of 

spatial poro-connectivity α.  The blue curves fit through Fig 2 numerical distributions are formal lognormal distributions given by 

specific means μ and variances σ2.  The fits numerically demonstrate that each computed permeability population κ(x,y,z)  ~ 

exp(αφ(x,y,z)) is effectively lognormally distributed with the degree of lognormality or skewness as defined by parameter α.   

Fig 2 numeric modelling is based on a large population of suitably scaled random numbers representing a normally distributed 

population of crustal porosities {φ} of minimum value 0.1 and mean value φ ~ 0.2.  Without regard to spatial organisation of the 

porosity, we display the associated permeability frequency distributions given by histograms of permeability function H(κ) ≡ 

H(exp(α{φ})) for poro-connectivity parameter α values [5 15 20 30].  The left-hand plots show the four permeability distributions on 

linear axes; the right-hand plots use logarithmic axes.  Blue dots denote the H(exp(α{φ})) distributions; red traces denote lognormal 

probability distribution function fits to the H(exp(α{φ})) distributions.  The lognormal distribution fit mode values (most frequent 

values) are respectively [0.38  0.17  0.1  0.04], with median values (50% above, 50% below) respectively [0.41  0.20  0.14  0.06]. 

       

Fig 2 – Numerical simulation of crustal permeability distributions arising from the poroperm relation κ(x,y,z)  ~ exp(αφ(x,y,z)).  (Left) 

Linear and (right) loglog plots of permeability frequency versus permeability given by histograms H(exp(αφ)) for four values of poro-

connectivity parameter α = [5 15 20 30]. 
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For small α ~ 5 in the upper-left Fig 2 plots, H(κ) is normally distributed as mathematically required by the expansion, {κ} ~ exp(α{φ}) 

~ 1 + α{φ}.  For values α ~ 15 and higher the Fig 2 numerical permeability distributions are lognormally skewed.  For the ambient 

crust, well-core data from reservoir and basement rock establish the empirical condition αφ ~ 3-5, where φ is the mean formation 

porosity [67].  Applied to the Fig 2 numerical computation, the αφ ~ 3-5 empirical condition corresponds to α with values 15 and 

above.  The frequency distribution of well-productivities for all types of crustal fluids is observed worldwide to be lognormal, 

conforming to the αφ ~ 3-5 empirical condition on crustal permeabilities. 

               

Fig 3 – Fitting the H(exp(αφ)) distribution to Fig 1 distribution of Indonesian geothermal field microseismicity.  The porosity φ 

distribution of mean porosity φ = 0.2 is in the lower right plot; remaining plots match H(exp(αφ)) distributions to observed magnitude 

distribution for poro-connectivity values α = 16, 19, 22.  The best fit is for α = 19; this value meets the empirical condition αφ ~ 3-5 

observed worldwide for crustal permeability [67]. 

The results of Fig 2 invite us to apply the mathematical form H(exp(α{φ})) to frequency distributions of ambient crust microseismic 

magnitudes.  Fig 3 applies the H(exp(α{φ})) numerical model to the Fig 1 magnitude distribution of microseismicity recorded in 

Indonesia.  The best fit value of poro-connectivity parameter is α ~ 19, for which αφ ~ 3.8 meets the empirical αφ ~ 3-5 criterion 

observed for poroperm properties in the ambient crust.  A further H(exp(α{φ})) model-fitting data example is given in Fig 10 (left). 

A higher order statistic than population distribution is the internal spatial correlation of microseismic events given by the two-point 

correlation function.  If event locations are spatially uncorrelated then the two-point correlation function is flat as in the function of 

event separation r, Γ(r) ~ 1/r0 ~ const.  If event locations are correlated, then any particular event will have either more or fewer events 

at a given distance than expected from uncorrelated randomness.  It is of great interest to find if such spatial correlations exist, and if 

they exist, to find if they systematically scale by power-law dependence on spatial offset r.  As crustal permeability spatial 

distributions arise from the essentially universal systematic spatial correlation empiric of crustal porosity, Sφ(k) ~ 1/kβ, β ~ 1, over 

scales lengths from cm to km [68-69], Figs 1-3 imply that we should not be surprised to find a power-law spatial correlation between 

microseismic event-pair offsets r.   

                    

 Fig 4 – (Left) Numerical realisation of spatially-correlated porosity distribution φ(x,y,z); the spatial correlation is such that logging 

a wellbore through the porosity field will record spatial fluctuations φ(z) such that the Fourier spectral power scales inversely with 

spatial frequency k, Sφ(k) ~ 1/kβ, β ~ 1.  (Right) The associated permeability field κ(x,y,z) ~ exp(αφ(x,y,z)) for α = 20 (arbitrary units). 

Figs 4-11 provide computational evidence for a systematic spatial correlation function, Γ(r) ~ 1/r1/2, for both crustal permeability sites 

and for microseismicity events.  Where uncorrelated random distributions of sites/events imply that a neighbour site/event is equally 

likely at any given offset r, we will see that probability of finding a crustal permeability or seismic slip event site at distance r from a 

given site/event systematically declines with the square-root of the site/event offset distance r.  As with Figs 1-3, the key feature here 
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is that in the ambient crust, permeability and seismic slip event locations have the same spatial correlation property.  This statistical 

congruence implies an underlying physical connection between crustal permeability and crustal seismic slip events.  

Fig 4 numerically illustrates the spatial distribution properties of porosity and permeability in a crustal volume.  The porosity spatial 

distribution 0.12 < φ(x,y,z) < 0.28 at left is such that a linear wellbore through the numerical volume returns a sequence of values 

with spectral power that scales inversely with spatial frequency over 8 or 9 octaves, Sφ(k) ~ 1/kβ, β ~ 1.  We recall that in contrast a 

numerical volume of uncorrelated porosity values has a flat power spectrum, Sφ(k) ~ 1/kβ, β ~ 0.  The associated permeability spatial 

distribution κ(x,y,z) ~ exp(αφ(x,y,z)), α = 20,  shown at right in arbitrary units has a number of localised high value regions that are 

both porous – i.e., have low cohesive strength -- and permeable – i.e., readily subject to pressurisation by injected fluid.  

            

Fig 5 – (Left) Spatial distribution of high-porosity/high-permeability sites for a slice through the Fig 4 numerical permeability field.  

The high permeabilities make it logical that these sites are subject to entry by injected high pressure  fluids; the high porosities make 

it logical that these sites are locally weak; together these conditions make it logical that local stress heterogeneities cause Coulomb 

failure at these sites.  (Right) Two-point spatial correlation function of left-hand sites of high seismic slip potential; the observed 

slope on the loglog plot corresponds to the function Γ(r) ~ 1/r1/2 over a decade range of site-offset.  

If we inject the Fig 4 permeability volume with high pressure fluid, a number of localised sites in the volume will have greater 

amounts of mobile pressurised fluid than others.  Such localised high flow locales are plotted in Fig 5 (left).  Elevated fluid pressures 

at the sites of low cohesive strength located in this plot meet the criterion for Coulomb slip failure and hence are logical sites for 

seismic activity in the pressurised crustal volume.  A loglog plot of the two-point correlation distribution for this high 

porosity/permeability population is given in the Fig 5 (right).  The correlation function is approximately Γ(r) ~ 1/r1/2 over a decade of 

site offsets r.  A Matlab version of the two-point-correlation algorithm is appended.    

Fig 6 illustrates the event distribution of microseismicity recorded in an Indonesian geothermal field [62], with Fig 7 showing the 

event-event spatial correlations of the observed microseismicity to scale inversely with the square root of the event-event offset r.      

    

Fig 6 – Spatial distribution of microseismicity in two Indonesian geothermal fields [62].  The two-point correlation function applies 

to these event locations is given in Fig 7. 
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Fig 7 – Loglog plots of two-point correlation function for spatial distribution of microseismicity events recorded in two Indonesian 

geothermal fields (see Fig 6).  The straight-line portion of the computed correlation function is consistent the power-law distribution 

Γ(r) ~ 1/r1/2 illustrated in Fig 4-5 for spatial correlations of high-porosity/high-permeability spatial site locations generated by the 

empirical crustal poroperm distribution κ(x,y,z) ~ exp(αφ(x,y,z)) for values α ~ 20.  

Figs 8-11 extend the Figs 1-7 statistical property analysis to the southern California tectonic province.  Fig 8 shows the largely fault-

controlled distribution of year 2010 southern California microseismicity registered in Index of /ftp/catalogues/SCSN 

[service.scedc.caltech.edu › ftp › catalogs › SCSN]. 

Fault-controlled linear trends are evident in most seismicity clusters, but the cluster in red expanded in Fig 9 shows a sequence of 

more rounded seismicity distributions.  The events of the more rounded event cluster are likely to be less controlled by a central fault 

and more likely to be controlled by local ambient crust poroperm distributions.   

       

Fig 8 – Spatial distribution of crustal microseismicity in southern California for year 2010 [Index of /ftp/catalogues/SCSN]. 

         

Fig 9 – Expanded view of spatial distribution of the portion of southern California year 2010 microseismicity given in red in Fig 8.  

The rounded spatial distributions are centred along an active fault trend, but the laterally extensive off-fault event populations are 

logically controlled by ambient crustal fluid-rock interaction permeabilities.  Fig 10 results bear out this expectation. 

https://service.scedc.caltech.edu/ftp/catalogs/SCSN/
https://service.scedc.caltech.edu/ftp/catalogs/SCSN/
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The southern California microseismicity clusters are an order of magnitude larger in areal extent than the st1 Deep Heat basement 

site and the Fig 6 Indonesia geothermal site clusters, and result from slow ongoing tectonic crustal deformation rather than rapid fluid 

injection or convective fluid circulation.  Nonetheless, the Fig 10 statistical properties of the Fig 9 event population show that these 

tectonically induced seismicity clusters have the same statistical distribution and spatial correlation properties as the smaller-scale 

fluid-activity clusters and Figs 4-5 synthetics. 

               

Fig 10 – (Left) Lognormal frequency distributions of four spatial clusters of southern California microseismicity in Fig 9.  Blue dots 

are normalised microseismicity event counts; red curves are best-fit histogram distributions for crustal permeability exp(αφ(x,y,z)).  

Events marked by ellipses are population increases due to the embedded tectonic fault running through each cluster group.  (Right) 

Loglog plots of spatial correlation distribution of events in each of Fig 9 clusters.  The straight-line fits approximate the correlation 

function Γ(r) ~ 1/r1/2.   

The exception to the general conclusion about Fig 10 statistical distributions for southern California tectonic seismicity in Fig 9 is 

indicated by red ellipses at higher magnitudes in the left-hand plots.  At higher event magnitudes, the internal fault system running 

through the microseismicity clusters produces an excess of seismic activity over that given by crustal permeability distribution fits.  

Excesses of higher magnitude events over the number expected for crustal permeability are more pronounced for the Fig 8 

microseismicity clusters more noticeably aligned along tectonic faults.   

In Fig 10, the flatter the straight-line fit to higher magnitude frequency distributions (e.g., Fig 1), the lower the G-R power-law b-

value exponent N(m) ~ 10-bm.  From the evidence of Fig 10 (left) event counts marked by ellipses, we see that G-R relation b-value 

is physically rooted in the distribution of crustal permeability structures controlled by the poro-connectivity parameter α.  Referring 

to the right-hand loglog plots of Fig 2, b-values decrease as α increases.  As α increases, permeability structures become more spatially 

correlated until, as in Fig 10, the increased spatial correlation becomes associated with seismic activity on tectonic faults within the 

clusters.  Per our discussion of higher magnitude events, it bears repeating that the long-ignored frequency distribution of low 

magnitude events properly physically accounted for by the ambient crust permeability structures κ(x,y,z) ~ exp(αφ(x,y,z)) with values 

of the empirical parameter α ~ 20 in the appropriate range.   

As a final instance of microseismicity statistical distributions, Fig 11 shows that the spatial distribution of st1 Deep Heat events 

stimulated by fluid injected at 6km depth in Finnish basement is correlated over a 50-to-400 meter range according to Γ(r) ~ 1/r1/2 in 

accord with Fig 5 synthetic permeability distributions, Fig 7 distributions of geothermal field microseismicity, and Fig 10 distributions 

of southern California seismicity.  

        

Fig 11—(Left) Spatial distribution of microseismic events stimulated by fluid injected at 6km depth in Finnish basement rock.  (Right) 

Two-point spatial correlation distribution approximates the function Γ(r) ~ 1/r1/2 over spatial offset range 50-400 meters. 
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With Figs 1-11 we establish a correspondence between (i) wellbore, well-core, and well-productivity properties for crustal porosity 

and permeability, (ii) numerical simulations of porosity and permeability distributions, and (iii) spatial distributions of 

microseismicity at Hm scales in deep crystalline basement rock, km scales in convective geothermal systems, and 10km scales in the 

southern California tectonic province.  The correspondence between crustal permeability and crustal microseismicity over 2 decades 

of scale length and a range of geological settings makes plausible that much ambient crustal seismicity is associated with crustal 

permeability structures rather than slip on planar faults.     

Beyond the statistical evidence of three field data sets, only the st1 Deep Heat crystalline basement seismicity was observed at 

sufficient proximity to record accurate details of the induced seismic radiation field.  The basement event seismic emissions do not 

conform to what might be expected if the seismic slip occurred on planar fault structures.  We next look at how crustal permeability 

relates to high frequency waveforms emitted by seismicity induced at 6km depth and recorded at 2.5km depth, and by hydrofracture 

events generated and recorded at 2.5km depth. 

3. CRUSTAL PERMEABILITY STRUCTURE DEFORMATION AS SOURCE OF INDUCED SEISMICITY HIGH 

FREQUENCY WAVEFORMS 

A very considerable gap exists between the spectral distribution of waveform frequency amplitudes observed for the deep basement 

stimulation microseismicity and seismic emissions of a standard fault slip.  In Fig 12, black traces show the waveform spectra across 

the observed magnitude range -1 < m < 2 and red traces show notional spectral distributions such as u(f) ~ u0 /(1 + (f/f0)2) expected 

for fault slip seismic waveforms.  The observed seismic waveform peak frequency f0 ~ 500Hz is up to a decade higher than expected 

for fault slip processes at these magnitudes, and there is no evidence in the observed spectra for the standard frequency scaling with 

fault dimension f0 ~ 1/L found in fault slip seismicity.   

       

Fig 12 – (Black) Sequence of waveform amplitude spectra for microseismicity in magnitude range -1 < m < 2 induced by fluid 

injection at 6km depth in crystalline basement and recorded at 2.5km depth by a seismic sensor array.  (Red) Notional spectral 

distributions for fault-slip event source motion for observed magnitude range; observed peak energy does not occur at characteristic 

frequencies f0 that scale with event magnitude.   

In addressing the Fig 12 seismic spectra discrepancy, we follow the pioneer account given in three papers by Norman Haskell of 

elastodynamic radiation generated by fault-zone displacement slip events [13-15].  Haskell’s initial paper noted that model seismic 

radiation due to a smoothly propagating slip front of velocity approaching the shear-wave velocity, Vslip ~ VS, over faults of length L 

gave radiation spectra for low frequencies associated with slip duration T ~ L/ Vslip but did not produce abundant high frequency 

radiated energy according with observation.  In consequence of model high frequency deficiency, Haskell’s second paper introduced 

fault roughness allowing for episodes of high frequency seismic emission during a dislocation slip proceeding at a mean velocity Vslip 

< VS.  A generic parameter form of fault zone roughness showed that high frequency energy could be included in the radiation spectra 

while matching the spectra at low frequencies.  With an increasing number of seismic waveforms recorded by seismic stations near 

rupturing faults, a third Haskell paper responded with numerical models for waveforms per se rather than being limited to modelling 

waveform spectra.  Using Haskell’s waveform modelling procedure, Kanamori [16] and Trifunac [17] used trial-and-error fault-zone 

slip event functions to match seismic waveforms recorded for regional earthquakes.  Subsequently it became routine to use Haskell’s 

methods to match suites of fault-zone earthquake waveforms to find explicit fault-zone rupture processes [18-22].   

We replicate the Haskell modelling path by exploring generic seismic radiation waveform spectra in terms of emissions from spatially 

complex dislocation slip processes.  While Haskell made do with hypothetical fault zone complexities, we have the crustal physical 

complexity given by the permeability distributions κ(x,y,z) ~ exp(αφ(x,y,z)) discussed in §2.1.  As such sources generate waveforms 

too complex to match observed waveforms, we use Haskell mechanics to compute spectral distributions of displacement velocity 
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waveforms emitted by 2-dimensional deformation fronts progressing through generic 3-dimensional permeability structures κ(x,y,z).  

Fig 13 illustrates our spectral distribution modelling results. 

 

 Fig 13 – A 3 x 3 array of model spectral amplitude distributions for waveforms emitted by a slip dislocation front traversing a crustal 

permeability volume κ(x,y,z) ~ exp(αφ(x,y,z)).  The array models are defined by a range of mean slip velocities VS > Vslip > VS/ 10 

(left to right) and a range of poro-connectivity parameters 5 < α < 30 (top to bottom).  The upper-left-most model most nearly 

resembles a fault surface with low-correlation complexity allowing rapid slip advance.  The lower-right-most model resembles a 

poorly defined fault-surface with a large degree of internal spatial correlation allowing only low velocity mean slip velocity.      

Following Haskell, the seismic slip deformation front can in principle traverse a crustal volume κ(x,y,z) for a range of mean slip 

velocities Vslip. The mean slip velocity determines how radiation from individual patches of the permeability structure κ(x,y,z) 

combine to create a net seismic radiation waveform.  The spatial organisation within the permeability structure will also affect how 

radiation from individual source patches combine to generate the observed waveform.  Our spectral modelling allows for a range of 

effective rupture front velocities VS/10 < Vslip < VS moving along an arbitrary plane through crustal permeability source volumes of 

characteristic dimension L.  In parallel to a range of slip event velocities, the model permeability structures are defined over a range 

spatial-connectivity parameter values 5 < α < 30 applied to normal porosity distributions with mean φ ~ 0.2 (e.g., Fig 4).  The low 

value α ~ 5 is well below the empirical crustal permeability condition αφ ~ 3-5; the highest value α slightly exceeds the empirical 

condition.   

We see in Fig 13 that the range of effective slip velocities (VS/10 < Vslip < VS) and permeability poro-connectivity parameters (5 < α 

< 30) produces distinct radiation waveform spectral distributions in line with Haskell’s analysis of moderating fault zone slip 

velocities and roughness.  At the upper left, high effective slip velocities Vslip ~ VS traverse permeability structures with low degrees 

of spatial correlation for parameter α ~ 5 to produce waveforms in which radiation is coherent at low frequencies and destructively 

incoherent at high frequencies.  This model compares generically with the red traces in Fig 12.   

By contrast, at Fig 13 lower right low effective slip velocities Vslip ~ VS/10 traversing permeability structures having high degrees of 

spatial correlation parameter given by α ~ 25 produces waveforms in which radiation destructively interferes at low frequencies but 

generates an abundance of incoherent radiated energy at high frequencies.  Such models compare generically with the observed black 

spectral traces of Fig 12.    

For Fig 13 modelling specifics, the plotted elastodynamic radiation waveform spectral distributions are computed for a transverse 

particle displacement field u(r,t+r/VS) recorded at retarded time t+r/VS for a sensor at far-field distance r >> L from a crustal source 

permeability distribution κ(x,y,z) of dimension L.  The radiation displacement field u(r,t+r/VS) sums over a source point dislocation 

velocity field D̊(x,y,z,t),   

u(r,t+r/VS) ~ A/4πVS  ∫∫∫dV Γ/r D̊(x,y,z,t),   (1) 

where A is a slip surface of dimension L along which seismic slip occurs through the permeability volume, VS is the crustal shear 

wave velocity, Γ is the appropriate sensor-source geometric radiation factor for slip along surface A as recorded by sensor location 

at distance r, and the volume integration sums over all elements of the source slip velocity distribution on surface A.  Slip on A occurs 

over source action time interval 0 < t < T, where slip duration T ~ L/Vslip occurs over length L along surface A at mean slip velocity 

Vslip.  For simplicity, we consider a source volume of characteristic dimension L and set Γ = 1, A = L2, and associate the slip velocity 

https://en.wikipedia.org/wiki/D%CC%8A
https://en.wikipedia.org/wiki/D%CC%8A
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distribution within the crustal permeability volume as occurring on a slip front of mean amplitude D̊0  progressing linearly with time 

through the permeability zone of dimension L.  The slip source function is thus D̊(x,y,z,t) ~ D̊0 W(x,y,z) t/T, where W(x,y,z) ~ 

exp(αφ(x,y,z))/max(exp(αφ(x,y,z))) is the normalised weight distribution that captures the spatial complexity of crustal permeability 

spatial fluctuations in the volume L3, and D̊0 expresses the velocity of the deformation front given as the characteristic mean speed. 

In Fig 13 we have in generic terms the result we are seeking: a physical characterisation of the rupture fronts that generate the 

microseismicity waveform spectra observed in Fig 12 black traces that is expressed in physical terms consistent with the congruent 

ambient crust poroperm and microseismicity statistical properties presented by Figs 1-11.  The desired spectral distributions 

correspond to a slow rupture velocity moving along a surface of strongly correlated roughness.  The generic model spectral 

distributions also duplicate the Fig 12 standard fault-like slip waveform spectral distributions shown in red for the case of rapid slip 

on a planar surface of uncorrelated roughness.   

The Fig 13 model spectra indicate that observed ambient crust microseismic slip occurs, not on ever smaller versions of a fault-slip 

surface as suggested by the standard G-R fractal, but over the range of lognormally distributed and spatially correlated permeability 

fabric of ambient crustal rock.  In the absence active faults, injected stimulation fluids track pre-existing poro-connectivity percolation 

pathways to disturb the fluid-rock stress equilibrium and trigger slip at high-porosity/high-permeability sites.   Fig 13 modelling 

indicates that seismic slip at these sites emits higher frequency energy than is expected for fault-slip events.  The high frequency 

waveforms in the range of 500Hz are not typically recorded by surface or near-surface sensors.  Lack of surface high-frequency data 

for subsurface induced seismicity may be due to weakness of the high frequency emissions, or high frequency wave scattering and 

delay due to near-surface conditions, or failure to record data at the necessary sampling rates. 

A comparable set of high frequency seismic stimulation events recorded at 2.5km depth supports the Fig 12-13 ambient basement 

rock induced microseismicity waveform spectra and their interpretation as slip on crustal high permeability sites.  A programme of 

hydrofracture observation conducted in western Colorado tight gas sands acquired data from a 240m-long 30-fold 3C accelerometer 

array grouted into a vertical wellbore with array centre at the hydrofracture stimulation depth [84-86].  Multiple hydrofractures were 

conducted over a period of weeks, with the ensuing microseismicity recorded for periods of hours.  The hydrofracture slip occurred 

along the strike of the regional maximum principal horizontal stress.  Fig 14 shows a quartet of observed array waveforms across the 

sensor array.   

        

                     

Fig 14 – Seismic waveforms recorded by a vertical array of grouted accelerometers for hydrofracture-induced seismic slip events at 

2.5km depth in western Colorado tight gas sands [84].  The vertical array spans 240 meters at ~ 100-meter offset from the 

hydrofracture event.  Blue waveforms are low-pass filtered and red waveforms high-pass filtered at 200Hz.  Blue waveforms have 

discrete P- and S-wave pulses consistent with seismic radiation from dislocation slip induced on a fracture plane; red waveforms 

indicate radiation from a more complex slip distribution.  The fidelity of the P- and S-wave pulses indicates high frequency sensor 

stability.      

https://en.wikipedia.org/wiki/D%CC%8A
https://en.wikipedia.org/wiki/D%CC%8A
https://en.wikipedia.org/wiki/D%CC%8A
https://en.wikipedia.org/wiki/D%CC%8A
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Array waveforms for selected events are given in passbands above and below 200Hz.  At left in blue, the waveforms below the 200Hz 

filter cut-off show distinct P and S phases moving across the accelerometer array away from mid-array sensor at the hydrofracture 

depth.  Waveforms above 200Hz cut-off in red at the right show 500-1000Hz wave energy clustered at the level of the hydrofracture 

event.  The waveform filter gives clear evidence for two substantially different slip functions: in blue, the source function has the 

properties of slip on a smooth fault surface; in red, the slip function generates high frequency P and S waves directed at the mid-

sensor level rather than moving across the array.  Collectively the waveforms indicate radiation from a hydrofracture fault plane 

embedded in heterogeneous crustal volume. 

Characteristic waveform amplitude spectra for the two slip types are shown in Fig 15.  Allowing for lower sensor response at low 

frequencies, the blue spectral amplitudes are consistent with dislocation slip motion on a planar surface as indicated by the red traces 

in Fig 12 and the model spectra at the upper left of Fig 13.  In contrast, the red spectral amplitudes are consistent with complex slip 

motion on an irregular surface as given by the black traces of Fig 12 and the model spectra at the lower right of Fig 13.     

 

Fig 15 – Amplitude spectra for the central level sensor waveforms shown in Fig 14 lower right.  The frequency content below 200 Hz 

is due to distinct P- and S-wave pulses radiating away from a fault-like slip event induced by injected hydrofracture fluids as modelled 

at upper left in Fig 13; the low spectral amplitudes at lowest frequencies is due to limited low frequency sensor response.   The 

frequency content above 200 Hz is plausibly due to a more complicated slip process associated with fluid injection into a spatial 

complex permeability structure such as κ(x,y,z) ~ exp(αφ(x,y,z)) as modelled at lower right in Fig 13.     

Consistent blue-trace records and associated spectra of compact P- and S-wave pulses characteristic of fault-like slip processes 

indicates that seismic motion registered by the grouted-accelerometer array up to 500 Hz frequencies is not significantly distorted by 

sensor instability.  The largely consistent spectral content of the red traces indicates that signal distortion is not a significant factor in 

the high frequency waveforms to ~1200 Hz.  Evidence of high frequency waveform fidelity to 1 kHz allows a coherent interpretation 

of high frequency seismic radiation in terms of dynamic slip on fluid-pressure induced planar structures local to the hydrofracture 

wellbore that are embedded in spatially complex crustal volumes such as the crustal permeability structures κ(x,y,z) ~ exp(αφ(x,y,z)) 

discussed in §2.1. 

Examples of complex seismic emission spectra analogous to the black traces of Fig 12 and red traces of Fig 15 are seen in the acoustic 

emission (AE) waveform spectra acquired from laboratory rock samples stressed towards failure [87].  Fig 16 rock sample emissions 

are not due to rock failure on planar surfaces (e.g., Fig 12 red traces, Fig 13 upper left), but are instead generated by seismic slip on 

localised zones of weakness (e.g., Fig 12 black traces, Fig 13 lower right).  At 500kHz rather than 500Hz, the seismic frequencies are 

three decades higher than the field examples; but the interpretational gap is closed by scaling: 10mm zones rock samples translate 

into 10m zones in sandstone hydrofractures and ambient basement crust permeability structures.    
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Fig 16 – Waveforms and waveform spectra recorded for laboratory rock failure sequences of granite (left) and sandstone (right).  

The complex waveform spectra resemble Fig 12 spectra from slip event radiation recorded at 2.5km depth for crystalline basement 

stimulation at 6km depth, the Fig 13 lower-right synthetic spectra for slow slip on spatially correlated roughness, and Fig 15 high 

frequency spectra from hydrofractures in sandstones. 

We note in passing that the authors of the Fig 16 study find it significant that the left-hand rock sample is granite, a ‘’heterogeneous’’ 

rock, and the right-hand sample is sandstone, a ‘’homogeneous’’ rock.  It puzzles the authors that two rock types have closely similar 

failure waveforms and waveform spectra.  From our point of view, granite and sandstone have the same internal porosity and 

permeability structures, and therefore should fail in comparable manners (if not necessarily at the same stress levels). 

Figs 12-16 show field-scale to lab-scale evidence for seismic waveforms and waveform spectra that do not conform to radiation from 

crustal dislocation slip on planar fault structures.  Whether at 6km depth in crystalline basement, 2.5km depth in tight gas sands, or 

in the laboratory samples undergoing strain failure, complex high-frequency seismic radiation is emitted during dislocation slip within 

the rock volume.  Modelling seismic waveforms emitted by dynamic dislocation slip in spatially complex zones of weakness due to 

high-porosity and high permeability reproduces the observed seismic radiation waveform spectral distributions.   

The degree of spatial complexity in rock that best reproduces the observed seismic radiation waveform spectra is consistent with the 

spatially correlated poroperm structures κ(x,y,z) ~ exp(αφ(x,y,z)), α ~ 20, derived from the empirics of spatially-correlated rock-fluid 

interactions observed throughout the crust.  We may plausibly express the close physical relationship between ambient crust 

microseismic events and crustal permeability sites as ‘’Meqs ~ Permeability’’. 

4. DISCUSSION/CONCLUSIONS   

Applying the materials and methods of spatially correlated porosity and permeability in the ambient crust gives new perspectives on 

crustal flow stimulation and flow imaging.  Coupling spatially correlated crustal microseismicity to spatially correlated crustal 

permeability structures contrasts strongly with the historical association of fault-slip seismicity with fault-like fluid conduits in crustal 

rock.  Figs 1-16 present physical and statistical evidence across five to six decades of scale length – from AE failure events in stressed 

rock samples at cm-scales to 5-km-scale spatial correlations of southern California tectonic province seismicity – that crustal 

microseismicity is an active ingredient in spatially-correlated crustal fluid flow structures.  In contrast, the fault-slip structure of faults 

applied to ambient crust microseismicity and reservoir planar-flow fluid conduits is constrained by nothing more demanding than the 

G-R fractal scaling of slip-conduit size-frequency distributions.   

On closer examination, it appears that evidence connecting fault-like conduit flow to fault-slip seismicity is essentially a conjecture 

that is based on the default assumption that what happens at one scale in the crust is wholly representative of what happens at any 

other scale.  This assumption is accurate only for materials in which physical property spatial variations are uncorrelated at all relevant 

scales.  In the case of crustal porosity (as with other fluid-flow-related physical variables such as fracture density, ionic conductivity, 

radionuclide abundances), uncorrelated spatial fluctuations exist only if well-log Fourier power spectra are flat, i.e., for porosity Sφ(k) 

~ 1/kβ, β ~ 0, over the cm-km scale range.  As almost universally observed in the ambient crust, however, porosity (and related 

physical property) well-log Fourier power spectra scale inversely with spatial wavenumber k, Sφ(k) ~ 1/kβ, β ~ 1, over the observed 

five decades of scale length 1/km < k < 1/cm [68-69]. 

Freely interpolating crustal properties between two widely separated scale lengths is a standard procedure in early considerations of 

geothermal heat extraction.  Examples include up-scaling wellbore hydrofracture processes observed at the m-scale to projected 

behaviour at km scales [88] and up-scaling fluid flow studies on laboratory prepared rock surfaces at the cm-scale to notionally 

validate laminar flows on m-to-km-scale planar conduits [47].  Reminders of this uncomplicated and unexamined freedom-to-scale 

assumption are in the two following statements.  M-to-km upscaling of fracture mechanics informs a 1971 Los Alamos National 

Laboratory exploratory report on crustal heat extraction [88]: 

Water at a pressure of about 100 kg/cm2 (1500 psi) would then be injected from the surface to form and extend a thin, 

circular, vertical crack centered at the 4-km depth…..For a crack having a radius of 1 km (3300 ft), the volume is 

about 5.3 x 105 m3 and the work is 5.3 x 1012 joules. 
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A parallel cm-to-m-km upscaling of fluid flow in crustal fractures is notionally provided by contemporary Lawrence-Berkeley 

National Laboratory rock mechanics observations [47]: 

We visualize the process of a fracture that is closing under normal stress as being controlled by the strength of the 

asperities that are in contact. These contact areas are able to withstand significant stresses while maintaining space 

for fluids to continue to flow as the fracture aperture decreases.  … Thus one does not see any noticeable shift in 

correlations of the experimental results in passing from an open fracture to one where the surfaces are being closed 

under stress. 

In the 50 years since the conjectured geothermal heat extraction via fluid flow in planar fractures generated by high pressure fluid 

injection into the crust was circulated, little or no confirmatory evidence has emerged to support the conjectured flow process.  From 

a recent paper on crustal permeability attributing to brittle deformation features -- fractures, faults, joints, and veins -- the dominant 

role for fluid flow in the brittle crust, it is clear that field-scale fracture-borne flow mechanisms remain inferred rather than observed 

[89]:   

Permeability….can be retrieved from the transmissivity T [m2 sec-1 ] calculated from hydraulic test data. From the 

experimentally derived transmissivity T, the hydraulic conductivity K [m sec-1] can be computed. Quantifying T and 

K from pressure-time data obtained in well tests requires geological expertise and ideas about the geological and 

hydraulic structure of the subsurface. The parameter K is not measured data; it is ultimately the result of a modelling 

process. 

We interpret the Fig 1-16 perspective on crustal flow mechanisms and their association with crustal microseismicity as providing two 

fundamental correctives to the long-standing but largely unvalidated view that crustal fluid flow proceeds via fault-like planar slip 

structures.  First, we see fluids as an inherent rather than an incidental part of crustal rock-fluid complex.  Second, we see that ambient 

crust rock-fluid interaction systems are spatially correlated rather than spatially uncorrelated at all relevant scale lengths.  The key 

application of these two correctives is that crustal reservoir fluid flow of interest is characterised by large-scale spatially-erratic long-

range-correlated poro-connectivity structures rather than by essentially incidental occurrences of statistically independent planar slip 

structures through which crustal fluids flow haphazardly with no degree of interaction with the enclosing rock mass.  §§3.1-3.4 

discuss applied field scale evidence for ‘’Meq ~ Permeability’’. 

3.1 Erratic crustal fluid flow structures associated with κ(x,y,z) ~ exp(αφ(x,y,z)), α ~ 20 

The role of crustal microseismicity in crustal reservoir characterisation and management shifts emphatically with the spatial-

correlation perspective.  Apart from reservoir systems in active fault zones, the relation between microseismic slip events and 

principal reservoir fluid flow structures becomes complexly and subtly structured rather than simply haphazardly unstructured.  Key 

flow structures need not be coincident with large slip events if the given slip surface is not connected to large-scale fluid source and 

sink flow structures.  Instead, the flow structures of account within a reservoir volume can arise from large-scale spatially erratic but 

diffuse poro-connectivity structures that cannot be statistically recognised or predicted from sparse small-scale sampling.  From the 

new perspective on reservoir microseismicity, the major reservoir flow structures of interest can be, and must be, mapped by detecting 

and locating flow-connectivity sites of persistent small-scale slip events triggered by ongoing active flow-pressure variations along 

large-scale poro-connectivity percolation pathways.  Fig 17 pictorially summarises the complexly and subtly structured flow pathways 

inherent in the §2 ambient crust.  Such spatial complexity cannot be modelled or discussed coherently by application of the 

uncorrelated randomness embedded in the standard picture of fault-like fluid flow conduits.  

       

Fig 17 – Illustration of fluid flow spatial complexity in 2d realisation of the κ(x,y,z) ~ exp(αφ(x,y,z)), α ~ 20, permeability structure 

associated in §2 with ambient crust microseismicity.  The areas of active flow denoted by flow vectors emit low level seismic energy 

as summarised by Meq ~ Permeability.  Detecting and tracking such microseismicity emissions is required to effectively manage 

crustal reservoir fluid resources.   
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3.2 Induced microseismic slip in spatially correlated poroperm structures 

It is wide-spread practice in reservoir modelling to assume that complex rock processes involving many physical variables with 

unknown values will tend to average out to an ‘’effectively homogeneous’’ medium.  A pervasive manifestation of this practice is 

populating reservoir models with ‘’fractures’’ that provide cubic-law conduits for reservoir fluids [55-56, 58-59].  On the assumption 

that small-scale variations in rock properties can be ignored through spatial averaging, fracture models are created by random 

assemblages of fault parameters on the presumption that the details of single fractures are irrelevant to the overall flow properties of 

the fault assemblage.  While these facture constructs enable the performance of thermal depletion histories, their use over a period of 

40 years has provided no satisfactory interaction with crustal observation since the introduction exploratory single fracture thermal 

modelling.  In particular, the connection details between flow structures in crustal volumes and the wellbores drilled into the volumes 

has been largely ignored. 

We can look quantitatively at modelling based on uncorrelated randomness.  Under the aegis of the central limit theorem, multiple 

complex physical processes in the crust are assumed to lead to normal distributions for net physical processes such as crustal flow.  

As normal distributions are strictly bounded in deviation from the norm, it is automatic that spatial variations in the net crustal 

processes such as flow are conveniently bounded.  If there happen to be large scale variations in the modelled crustal structure, the 

standard modelling step is to partition the crustal structure into sections, with each section characterised by a specific section mean 

value and its standard deviation.  Such composite models are then defined as much by the interfaces between the distinct material 

sections as by the properties of the material sections themselves.   

Several flaws appear in the above modelling scenario applied to crustal flow systems.  For the central limit theorem to apply, it is 

formally required that events within the physical processes must be spatially independent.  If event processes are spatially independent 

then a spatial sequence of process-relevant rock physical variables Xm, m = 0….M, measured by a well-log must have a flat Fourier 

power spectrum, SX(k) ~ 1/kβ, β ~ 0.  If crustal sectioning has caused interfaces to appear in the model, then the interfaces contribute 

their own spectral scaling, S(k) ~ 1/kβ, β ~ 2.   

The problem with this style of crustal modelling is that neither β ~ 0 nor β ~ 2 spectral-power scaling property exponents is observed 

in the crust.  Instead, as indicated in foregoing sections, the observed spectral-power scaling exponent attested for crustal well-logs 

worldwide is β ~ 1.  The intermediate spatial correlation scaling exponent β ~ 1 is not a statistical artefact of the trade-offs between 

the two extremes β ~ 0 and β ~ 2.  Rather, as discussed below, β ~ 1 is trade-off between complete crustal physical disorder (β ~ 0) 

and complete crustal physical order (β ~ 2) in the rock-fluid interactions that occur at all scale lengths of mm to km [67]. 

The spatial structures of crustal rock-fluid interactions arising from the physical processes leading to the β ~ 1 spatial correlation 

exponent have no natural boundedness as illustrated in Fig 17.  Formally speaking, spatial means and deviations from the mean have 

no physical or statistical validity in treating crustal permeability distributions κ(x,y,z) ~ exp(αφ(x,y,z)), α ~ 20. 

The inherent drawback of uncorrelated random fracture modelling is highlighted by the persistent problem of why fault-slip events 

stop rather than persisting [e.g., 40].  The seismic slip properties of uncorrelated random fracture assemblages provide no conceptual 

means by which to limit the spatial extent of seismic dislocation slip within the fracture assemblage.  As a result, fault-rupture stopping 

mechanisms for seismic slip in spatially uncorrelated fracture models are inserted by hand to conform with observation.  In line with 

observed fluid injection stimulation of the ambient crust, lognormally distributed crustal permeability populations κ(x,y,z) ~ 

exp(αφ(x,y,z)), α ~ 20, provide naturally occurring spatial bounds that inherently limit the (probable) extent of spatial slip in the 

ambient crust.  In a properly conceived numerical rock mass, unbounded seismic slip can be seen as naturally highly improbable for 

physical reasons that are far more robust than statistical reasons [90].    
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