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EGS & "The Law of Averages" 
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Percolation phenomenology for 
spatially correlated grain-scale 
fracture-density fluctuations 
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1%&()D#5&',* 4%&5$"%,#* <,%* ")($* 9-'"/,* &$* '-5&$(-)*
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Percolation flow in spatially correlated 
fracture networks 
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%&=$=x,y,z?%P?F* P* Z* 1,-4'"(:* <%,##"%,@* * [-:,'*

<-%-#($2* "=x,y,z?* (#* <%-<-%$(-)&'* $-* )"/,%(5&'*
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4%&5$"%,* 5-%%,'&$(-)* <&%&/,$,%(I,:* C2* <-;,%D
#<,5$%&'* ,H<-),)$* pF* S=k?* N* \]k<F* k* Z* #<&$(&'*
4%,J",)52@* * M.,* :,1%,,#* -4* #<&$(&'* 5-)),5$(9($2*
&%,^*=i?*p*Z*7F*#<&$(&''2*")5-%%,'&$,:*-%*;.($,*)-(#,*
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Figure 1a-c: 3D numerical spatial noise distributions with 
increasing degrees of correlation: (top) uncorrelated white 
noise, fluctuation power spectrum S(k) ~ 1/k0; (mid) 
intermediate correlation 1/f-noise, power spectrum S(k) ~ 
1/k1; (bottom) strong correlation Brownian noise, power 
spectrum S(k) ~ 1/k2. 
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Flow systematics for 1/k0, 1/k1 & 1/k2 
grain-scale fracture density spatial 
correlation  

S(/"'&$(-)* A%,##"%,* .(#$-%(,#* A'-$$,B* ()* E(1"%,#*
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A-%-A,%/* B(#$%(;"$(-)F* * I.,* ;'",* 5"%H,#* -4*
C%-D)(&)K)-(#,* .,$,%-1,),($2* .&H,* &* #$%-)1,%*
B,1%,,*-4* $,/A-%&'*,H-'"$(-)*$.&$* (#* $.,*#&/,*4-%*
$.%,,* -4* $.,* #-"%5,K#,)#-%* D,''* A&(%#@* ;"$*
#";#$&)$(&''2*B(44,%,)$*4-%*$.,*4-"%$.*#-"%5,K#,)#-%*
D,''KA&(%F* * I.,* &/A'($"B,* B(#5%,A&)52* (#* B",* $-*
$.%,,*-4* $.,*#,)#-%*D,''#*;,()1* ()#(B,* $.,*E(1"%,*
:5* .(1.KA-%-#($2* H-'"/,* D.(',* $.,* 4-"%$.* #,)#-%*
D,''*(#*-)*$.,*,B1,*-4*$.,*.(1.*A-%-#($2*H-'"/,F**U)*

;-$.* &/A'($"B,* 5&#,#@* .-D,H,%@* A%,##"%,*
,H-'"$(-)*&$*$.,*#,)#-%*D,''*(#*/-)-$-)(5F*

I.,#,*#(/"'&$(-)*4'-D*B&$&*&%,*")B,%#$&)B&;',*()*
$,%/#*-4*#(/A',*5-)#(B,%&$(-)#F* *E'-D* ()*#A&$(&''2*
")5-%%,'&$,B* /,B(&* 5-)4-%/#* $-* $.,* #$&)B&%B*
#$&$(#$(5&'* ,OA,5$&$(-)* $.&$* %&)B-/),##* $,)B#* $-*
&H,%&1,*-"$F**E'-D*()*#$%-)1'2*#A&$(&''2*5-%%,'&$,B*
/,B(&* $,)B#* $-* ;,* #(/A'2* B(44"#(H,* -H,%* ,&5.*
%&)1,*-4*5-.,%,)$*#A&$(&'*A%-A,%$(,#F**

I.,* %,B* 5"%H,#* -4* :JfK)-(#,* >E(1"%,* :;<*
.,$,%-1,),($2*A%,#,)$*&)*")4&/('(&%*B,1%,,*-4*4'-D*
5-/A',O($2F* * I.,* E(1"%,* 6&KB* -;#,%H&$(-)* D,''*
A%,##"%,* .(#$-%(,#* ()* %,B* &%,* %,#A-)B()1* $-* &*
5-)#(#$,)$* ;"$* 5-/A',O* #A&$(&''2K5-%%,'&$,B*
.,$,%-1,),($2* #$%"5$"%,@* &)B* $.,* #A&$(&'*
5-/A',O($2* 1,),%&$,#* $,/A-%&''2* 5-/A',O*
,H-'"$(-)* #(1)&'#F* * U)* 5-)#A(5"-"#* 5-)$%&#$* D($.*
$.,* /-)-$-)(5* D,''KA&(%* .(#$-%(,#* 4-%* $.,*
")5-%%,'&$,B* &)B* #$%-)1'2* 5-%%,'&$,B* A-%-A,%/*
.,$,%-1,),($2@* :JfK)-(#,* A-%-A,%/* .,$,%-1,),($2*
5-)#(#$,)$'2* ,O.(;($#* '&%1,K&/A'($"B,* $,/A-%&'*
4'"5$"&$(-)#*&;-"$*&*B(44"#(-)*$%,)B*.(#$-%2F*

U4*D,*)-D*5-/A&%,*$.,*$.%,,*E(1"%,*6&KB*A%,##"%,*
.(#$-%2* $2A,#* $-* &* #&/A',* -4* in situ* A%,##"%,*
.(#$-%(,#*()*E(1"%,#*9&KB@*D,*#,,*'($$',*,H(B,)5,*()*
4(,'B* A%,##"%,* B&$&* 4-%* ,##,)$(&''2* /-)-$-)(5*
B(44"#(-)K4'-D* 5.&%&5$,%(#$(5* -4* ")5-%%,'&$,B* :Jk

7
*

&)B* :Jk
6
* #A&$(&'* 5-%%,'&$(-)@* ;"$* #,,* &/A',*

,H(B,)5,*4-%*A%,##"%,*.(#$-%(,#*$.&$*#2#$,/&$(5&''2*
4'"5$"&$,*&;-"$*'-)1K$,%/*B(44"#(-)*$%,)B#*$.&$*&%,*
/-B,'',B* ;2* 4'-D* #(/"'&$(-)#* ()* :Jk

:
* A-%-A,%/*

.,$,%-1,),-"#* /,B(&F* * I.,* 5-%%,#A-)B,)5,*
;,$D,,)*in situ*4'-D*B&$&*4'"5$"&$(-)#*>E(1"%,#*9&K
B<*&)B*/-B,'*4'-D*B&$&*4'"5$"&$(-)#*>E(1"%,#*6&KB<*
()B(5&$,#* $.&$* #A&$(&'* A-%-A,%/* .,$,%-1,),($2*
;&#,B*-)*D,''K5-%,*&)B*D,''K5-%,*,/A(%(5#*.&#*&*
1,),%&'* H&'(B($2* 4-%* in situ* 4%&5$"%,#* &)B* 4%&5$"%,K
;-%),*A,%5-'&$(-)*4'-DF*

Discussion 

I.,*V'&D*-4*&H,%&1,#W* ()5-%A-%&$,#*$.%,,*D-%T()1*
&##"/A$(-)#X*

!* E'"5$"&$(-)#*;&'&)5,*-"$*-)*&''*#5&',*',)1$.#=*

!* Y-* #(1)(4(5&)$* $%,)B#* B,H,'-A* &$* &)2* #5&',*
',)1$.=*

!* S/&''* #5&',*#&/A',#* 2(,'B*1--B* ()B(5&$-%#*-4*
'&%1,*#5&',*A%-A,%$(,#F*

I.,#,*D-%T()1*&##"/A$(-)#*&%,*.(1.'2*5-)H,)(,)$*
;"$*&%,*")4-%$")&$,'2*4-%/&''2*()H&'(B&$,*4-%*in situ*
#A&$(&'* 4'"5$"&$(-)#* ()* %,#,%H-(%* A%-A,%$(,#*
%,5-%B,B* ;2* D,''* '-1#=* D,''* '-1#* .&H,* A-D,%K
#A,5$%&*$.&$*#5&',*()H,%#,'2*D($.*#A&$(&'*4%,R",)52@*
S>k<* Z* :Jk

:
@* %&$.,%* $.&)* &#* $.,* 4-%/*S>k<* Z* :Jk

7
**

%,R"(%,B*4-%*$.,*'&D*-4*&H,%&1,#F*
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:.,* in situ* 1,-$.,%/&'* %,#,%;-(%* 4'-<* =&$&* -4*
>(1"%,#* ?&@=* 1-* A,2-)=*/&$.,/&$(5&'* 4-%/&'(#/*
$-* 1(;,* &==($(-)&'* &)=* B,%.&B#* /-%,* B%&5$(5&'*
%,A"$$&'*$-*$.,*'&<*-4*&;,%&1,#*&BB'(,=*$-*%,#,%;-(%*
B%-5,##,#C* *:.,*=(44,%,)$* $2B,#*-4* in situ* 4%&5$"%,*
=(#$%(A"$(-)#*()*>(1"%,#*D&@5*&%,*#,,)*$-*.&;,*%,&'*
/,&)()1*()*$,%/#*-4*%,#,%;-(%*4'-<C**>(1"%,*?&@=*in 
situ*4'-<*=&$&*(/B'2*$.&$*<,*5&)*A,*/-%,*5-)4(=,)$*
()*")=,%#$&)=()1*$.&$*'-)1@%&)1,*$%,)=#*()*4%&5$"%,*
=,)#($2*&)=*4%&5$"%,*5-)),5$(;($2*&%,*5.&%&5$,%(#$(5*

Figures 3a-d: Geothermal field flow-related well data: (a-c) 
Chloride abundances, Palinpinon field, Philippines (Horne 
2008); (d) Pressure and mass discharge (Sorey and Fradkin 
1979). 

Figures 2a-d: Quartets of simulation flow pressure histories 
for (top to bottom) 4 different source well locations in Figure 
1 numerical reservoir volumes:  black traces = Figure 1a; 
blue traces = Figure 1b; red traces = Figure 1c.   
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!"#$%&'(&)*+,-$.,%/&'*0),%12*3-)4,%,)5,*6778*

9*

-4* in situ* %-5:*;,%/,&<('($2*-=,%*&* %&)1,*-4*#5&',*
',)1$.#* 5.&%&5$,%(#$(5* -4* %,#,%=-(%* 4'->?* * @$* (#*
=(#"&''2* 5',&%* 4%-/*A(1"%,#* B&C5* $.&$* #"5.* in situ*
$%,)D#* 5&))-$* <,* &D,E"&$,'2* /-D,'',D* <2* D&$&*
&=,%&1()1* FA(1"%,* B&* (#* )-$* &* =&'(D* #/--$.,D*
=,%#(-)* -4* A(1"%,* B<GH* )-%* 5&)* =&'(D* #$&$(#$(5&'*
()4,%,)5,#* &<-"$* '&%1,C#5&',* 4'->* #$%"5$"%,#* <,*
/&D,* 4%-/*&5E"(%()1* #/&''C#5&',* #&/;',#* F&* 4,>*
#&/;',#* 4%-/* A(1"%,* B&* 4(I* $.,* '(:,'2* =&'",#* -4*
-$.,%* #&/;',#J* $.(#* (#* 5',&%'2* )-$* $%",* -4* #&/;',*
4%-/*A(1"%,*B<G?*

!#*&*1,),%&'*#$&$,/,)$H* 4%&5$"%,*.,$,%-1,),($2* ()*
$.,* 4-%/* -4* A(1"%,* B<* /"#$* <,* &DD%,##,D* <2*
/&:()1* #"($&<',* in situ* /,&#"%,/,)$#* &$* $.,*
&;;%-;%(&$,*#5&',*',)1$.#?*

!;;'2()1* $.(#* #$&$,/,)$* $-*0+K*;%-L,5$#* #,,:()1*
$-*,).&)5,* in situ* 4%&5$"%,*;,%/,&<('($2H* ($*#,,/#*
5',&%* $.&$* 0+K* 4%&5$"%,* ,).&)5,/,)$* (#* <,#$*
5-)D"5$,D* ()* %-5:* =-'"/,#* $.&$* .-#$* '&%1,C#5&',*
4%&5$"%,*5'"#$,%()1?**0=,)*(4*0+K*()D"5,D*4%&5$"%,#*
&%,* $.-"1.$* -4* -)'2* ()* $,%/#* -4* /&##(=,* ;'&)&%*
4'->* #$%"5$"%,#H* #"5.* #$%"5$"%,#* /"#$* )&$"%&''2*
$,%/()&$,* ()*5-")$%2* %-5:?* * @)* $,%/#*-4*A(1"%,*B<H*
5-")$%2* %-5:*=-'"/,#*>($.*.(1.* 4%&5$"%,*D,)#($(,#*
D,)-$,D*<2*>&%/*5-'-"%#*&%,* 4&%*/-%,*;%-/(#()1*
0+K* $&%1,$#* $.&)* &%,* %-5:* =-'"/,#* >($.* '->*
4%&5$"%,*D,)#($(,#*D,)-$,D*<2*5--'*5-'-"%#?*

!*;%&5$(5&'* (/;',/,)$&$(-)*-4* $.(#*#$&$,/,)$* (#* $-*
&##-5(&$,* in situ* 4%&5$"%,#*>($.*,&%$.E"&:,* 4&('"%,*
&)DM-%* 4%&5$"%,C<-%),* 4'"(D* ,',5$%(5&'* 5-)D"5$(=($2?****
N.(',* ($* (#* 5-//-)* $-* %,1&%D* >($.* &'&%/*
,&%$.E"&:,*4&('"%,*()*&*%,#,%=-(%*,)=(%-)/,)$H*$.(#*
&$$($"D,* (#* '(:,'2* $-* <,* )&O=,* &)D* 5-")$,%C
;%-D"5$(=,?**0).&)5,D*%,#,%=-(%*4'->*(#*'(:,'2*$-*<,*
,##,)$(&''2* 5-)5-/($&)$* >($.* ,&%$.E"&:,* 4&('"%,?**
+(=,)* $.,* 5-/;%,.,)#(=,* 4&('"%,* -4* $.,* '&>* -4*
&=,%&1,#* &;;'(,D* in situ* &)D* $.,* "#,* -4* #/&''C
#5&',* #&/;',* $-* ()4,%* '&%1,C#5&', in situ* 4'->*
;%-;,%$(,#H* &*/-%,* ()4-%/,D* ;-()$* -4* =(,>*>-"'D*
<,* #2#$,/&$(5&''2* "#,* /(5%-C,&%$.E"&:,#* &#* &)*
,I;'-%&$(-)* $--'* $-* '-5&$,* in situ* 4%&5$"%,* 5'"#$,%#*
$.&$* &%,* '(:,'2* $-* <,* '&%1,C#5&',* ;,%/,&<('($2*
#2#$,/#* 4-%* >.(5.* ();"$* &)D* -"$;"$* 4'->* 5&)* <,*
,)1(),,%,DM,).&)5,D?* * P(5%-#,(#/(5($2* D&$&* 5&)*
<,* #";;',/,)$,D* <2* PQ* D,$,5$(-)* -4* ,',5$%(5&''2*
5-)D"5$()1*=-'"/,#*&$*D,;$.?*

!* 5-/;,''()1* '-1(5* &##-5(&$,#* ,&%$.E"&:,#* >($.*
4'"(DC%(5.* 4%&5$"%,*5'"#$,%#?* *K"5.*5'"#$,%#*&%,* $.,*
>,&:,#$* &)D* /-%,* 5-/;'(&)$* ;&%$* -4* $.,* %-5:*
/&##H* &)D* 4'"(D* ;%,##"%,#* $,)D* $-* '->,%* )-%/&'*
4%(5$(-)&'* #$%,##,#* $.&$* >-%:* &1&()#$* #'(;* 4&('"%,?**
K,(#/(5($2* (#* &'/-#$* ")(=,%#&''2* ()D"5,D* <2* $.,*
/-D,#$* 5%"#$&'* '-&D#* -4* >&$,%* ;-)D,D* <,.()D*
D&/#H*()D(5&$()1*$.&$*$.,*5%"#$*(#*,=,%2>.,%,*),&%*
4%&5$"%,* 4&('"%,?* * Q.,* /-#$* 4%&5$"%,D* 5%"#$&'*

=-'"/,#* <,()1* $.,* /-#$* '(:,'2* $-* 4&('H*
/(5%-#,(#/(5($2H* ,($.,%* )&$"%&'* -%* ()D"5,DH* (#* &*
'(:,'2* ()D(5&$-%* -4* 4'"(DC%(5.* 4%&5$"%,* #2#$,/#?**
3-)=,%#,'2H*&<#,)5,*-4*/(5%-#,(#/(5($2* (/;'(,#*&*
'->,%* ;-$,)$(&'* 4-%* in situ* 4%&5$"%,* #2#$,/#?**
0I;'-%&$(-)* >,''#* ()#$%"/,)$,D* >($.* #,(#/(5*
#,)#-%*&%%&2#*$-*D,$,5$* $.,*%&)1,*&)D*&R(/"$.*-4*
<&5:1%-")D* #,(#/(5($2* 5-"'D* <,* $.,* /-#$* D(%,5$*
>&2* $-* &##,##* 0+K* ;%-#;,5$(=($2?* * A(<%,* -;$(5&'*
#,(#/(5* #,)#-%* $,5.)-'-12* (#* -)* $.,* =,%1,* -4*
/&:()1* #,(#/(5* &##,##/,)$* -4* ,',=&$,D*
$,/;,%&$"%,* 0+K* ;%-#;,5$#* &* =(&<',* ,I;'-%&$(-)*
-;$(-)?**

Summary 

Q.,*'&>*-4*&=,%&1,#*D-,#*)-$*&;;'2*$-*$.,*#;&$(&'*
-%*$,/;-%&'*;%-;,%$(,#*-4*in situ %,#,%=-(%#?**In situ*
%,#,%=-(%* 4%&5$"%,* #2#$,/#* .&=,* &* $,)D,)52* $-*
D,=,'-;* '-)1C%&)1,* #;&$(&'* $%,)D#* ()* 4%&5$"%,*
D,)#($2* $.&$* 1,),%&$,* '-5&'(#,D* 4%&5$"%,M4'->*
5'"#$,%#* $.&$*5-"'D*<,*;'&"#(<',*0+K* $&%1,$#H*<"$*
#"5.* $%,)D#* 5&)* ,E"&''2* <,* $->&%D#* '->* 4%&5$"%,*
5-)$,)$* &)D* $.,%,4-%,* ");%-/(#()1* 0+K*
;%-#;,5$#?**S,5&"#,*$.,* '&>*-4*&=,%&1,#*4&('#* 4-%*
%,#,%=-(%#H* #/&''C#5&',* #&/;'()1* -4* in situ* 5%"#$*
.&#*'($$',*<,&%()1*-)*$.,*'-5&$(-)*&)DM-%*;%-;,%$(,#*
-4* 0+K* ;%-#;,5$#?* * 0+K* ;%-#;,5$* &##,##/,)$*
5&)* '-1(5&''2* <,* 5-)D"5$,D* $.%-"1.* #2#$,/&$(5*
'&%1,C#5&',* /(5%-#,(#/(5* &)D* -%* PQ* D&$&*
&5E"(#($(-)?*
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