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ABSTRACT

The to ta l  porosity  of a fractured medium is defined for purposes 

of heat and mass transfer ca lcu lations in terms of its  c o n s t i tu en ts ,  flow 

porosity , diffusion porosity , and res idual porosity . Total porosity  de ­

term inations for a wide range of crysta lline  rocks show tha t in general 

volcanic  rocks have significantly  larger to ta l  porosity  v a lu e s , up to 

Ob2 2 , than do metamorphic and plutonic ro ck s , whose va lues  are often 

le s s  than 0 .0 1 .  The to ta l  diffusion porosity  for these  same rocks is 

u sua lly  le s s  than 0 .06  tim es the value for their  to ta l  porosity , requiring 

up to 94 percent of the to ta l  pore volume to be located in the res idual 

po res .  Similar s tud ies  indicate that the diffusional pa ths have a tortu­

osity  le s s  than 3 and tha t the diffusion porosity  be an iso tropic  in an­

isotropic  rocks .

Porosity and m inera l-s ize  d istribution data indicate  that the 

pores are intergranular, have a maximum dimension le s s  than the size, 

of their  a sso c ia ted  m inerals, and are concentrated around the smaller 

mineral g ra in s .  Scanning electron microscope s tud ies show that there 

are two pore geom etries, microcracks and equidim ensional p o re s , with 

the equidim ensional pores making up the bulk of the to ta l  pore volume.

x



INTRODUCTION

M athem atical formulations of so lu tion—rock in terac tions in 

porous media suggest the need to quantita tive ly  define the interface of 

th is  in te rac tion , the rock porosity  (Nigrini, 1969; H elgeson , 1971; 

Norton, 1975). The to ta l  porosity , is the to ta l  void space in a rock 

and can be defined in terms of its  constituen t porosit ies  (Norton, 1975):

~  + ^DT +  • (1)

Flow porosity , ffp, is defined as the void space within which fluid flow 

is  the predominant aqueous component transport m echanism . These voids 

are e ither throughgoing or form a network tha t is throughgoing with r e ­

spec t to the flow system  under considera tion . Crack segment AB (fig. 1) 

is  an example of a fluid flow channel whose pore volume contributes to 

the flow porosity . This definition is based  solely  on the c rack 's  con­

tinuity  with respec t to the exposure. As such , it is somewhat arbitrary, 

since it is not feas ib le  to d iscern  the continuity of the crack  on a p lu -  

tonic s c a l e .

Total diffusion porosity , ^DT' is defined as the  porosity  within 

which ionic transport through the aqueous phase is the predominant t ra n s ­

port mechanism. This includes discontinuous cracks and networks of 

pores that lie in the matrix blocks betw een (segment CD, fig . 1) as 

well as continuous cracks with an extremely small aperture .

F inally , the res idual porosity , , comprises the iso la ted  pores 

tha t are connected to neither <zfp nor ^DT* These are most commonly



2

Figure 1. An exposure of porphyritic Schultze G ran ite , i l lu s tra t­
ing the constituent porosities in a fractured medium

Crack segment AB, about 27 m long, is continuous over th is ex ­
posure and represents  flow porosity even though its plutonic extent is 
not known. Segment CD is discontinuous at this scale  and is connected 
to a flow pore; it therefore represents  a diffusion p o re .



composed of m icroscopic pores but may be much larger, such as some 

cav ities  in volcanic  rocks .

Considerable effort has been spent by the petroleum industry in 

co llec ting  jz^ data  because  of the importance of such data  in reservoir 

technology. Although early  workers recognized the importance of porosity  

in d iffusional p ro cesses  (Duffell, 1937; Whitman, 1928) , it is only r e ­

cently  through in te res t  in the effect of porosity  on e la s t i c ,  in e la s t ic ,  

and transport properties of rock that sim ilar data have been  co llec ted  for 

c rysta lline  rocks (Brace, 1965; W alsh , 1965a, 1965b, 1965c; among 

o thers ) .  Also there seems to have been no active study of diffusion 

porosity  since G arreIs1 p ioneer work (Garrels, Dreyer, and Howland, 

1949), though Brace (1965) has measured similar q u a n ti t ie s .  Similarly, 

da ta  concerning jzfp seem to be confined to papers by Snow (1965, 1968, 

19.69, 1970), Bianchi and Snow (1969), and Villas (1975). The purpose 

of th is  study is to determine specific  and re la tive  values for ^  

and jzfp for a varie ty  of igneous and metamorphic r o c k s . Furthermore, 

these  rocks will be examined by various means to determine a geometric 

and d istribu tional model of porosity  in hydrothermally a l te red ,  metamor­

phic and fractured plutonic rocks .



TOTAL POROSITY

Bulk D ensity

The to ta l porosity  of a sample is ca lcu la ted  by obtaining a 

measurement of the density  of the bulk rock , jog, and the density  of 

grains from the crushed rock , p q . The bulk density ,  p g , is ca lcu la ted  

from

<2)

with the w eight of the sample in a ir  and F-yy the weight of the sample 

immersed in d is t i l led  w a te r„ This ca lcu la tion  assum es tha t.the  rock is 

completely unsaturated  and tha t water penetration  into the pores during 

the measurement of F^y is neg lig ib le . The presence  of a solution in the 

pores would resu lt  in a greater value fo rp g  than in the unsa tu ra ted  c a s e .

Grain D ensity

The grain d ens ity , p Q ,  of a represen ta tive  sample of the crushed 

rock is determined by means of a pycnometer. The weight of the pyc- 

nometer, Fp, is f irs t  m easured. Then a small quantity  of crushed rock 

with a grain size  le s s  than the sm allest mineral grain in the rock is in ­

troduced into the pycnometer and the combined w eight, Fp+Q, is m eas­

u red . The pycnometer is then filled  with d is t i l led  w ater , p laced  in a 

vacuum desicca to r  where the water is boiled for severa l minutes to purge 

any air bubbles tha may be trapped between the g ra in s .  The pycnometer, 

filled  with the crushed rock and w ater, is then weighed to obtain

4
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Fp+Q+W” Finally , the pycnometer is em ptied, c leaned , refilled  with 

d is t i l led  w ater alone and weighed to obtain Fp+vy . The density  of the 

grains is then ca lcu la ted  from

p r  = ________ FP+G ~ FP ,   (3)
(FP-t-G ~ Fp) ~ (FP+G4-W “F *

C alculation of Total Porosity 

The measured bulk and grain den s itie s  are then used  in

pfm = 1 -  — — (4)
PG

to ca lcu la te  the to ta l  porosity . The errors in the above measurements 

resu lt  in about a 5 percent error in ^  for typ ica l va lues of yog and /Dq .

By n e c e s s i ty ,  samples were taken in matrix blocks betw een jzfp. As such , 

is ac tua lly  equal to / p  + ^ .

The above methods were u sed  to obtain the bulk density  of 

s il icon  m etal, 2 .3 4 ,  and the grain density  of crushed quartz , 2 .6 4 .

When compared with their  true v a lu e s ,  2 .32 and 2 .6 5 —2 .6 6 ,  re sp ec t iv e ­

ly , (Deer, Howie, and Zussman, 1966), a p rec ision  of 0 .53  and 0.40 p e r­

cent is  ob tained . The most s ignificant source of error in the m easure­

ment of grain density  is the difficulty in obtaining a represen ta tive  

crushed sample of the bulk rock. This error is the most like ly  cause of 

the negative value for sample CS 3 (Tables 1 and 2).



Table 1. D ensity  and porosity  data

Bulk Grain Total
Sample D ensity  D ensity  Porosity

No. pg (g/cm 3) p q  (g/cm 3) ^

Tohnson Camp . Arizona

BQZ-5 2.61 2.72 4 .LLx-LO

Al-007 2.68 2.74 2.12

LAS 2.55 3.00 14.7 \
AM-005 2.71 2.79 2.72

AU-003 2.51 2.65 5.44
AU-004 2.62 2.68 2.53
AU-006 2.70 2.72 .735
ML-002 2.78 2.85 2.35
MM-6 2.55 2.65 3.88
MU-001 2.55 2.69 5.35
ESC-3 2.64 2.71 2.62
BP-4 2.60 2.70 3.85
P S -l-JC 2.69 2.73 1.54

Globe-Miami , Arizona

PS -l-G M 2.74 2.78 1.30n

Honda, Spain

R-71 2.74 2 .76 .73
R-80 2.77 2.80 1.07
R-81 2.85 2.89 1.38

^daA

Sample
Thickness

O rientation 1 (cm)

8 .0 5 x 1 0 -4  _  1.04
13.7 _  1.04

5.49 __ .424
1.48 .988

10 .90
13.9 _  .843

2.01  _  .800

8 . 86  .925
4 .92  .964

2.44 _  .386
3.27 __ 1.224

58.8 1.29



Table 1. D ensity  and porosity  d a ta— Continued

Bulk Grain Total ' Sample
Sample D ensity  D ensity  Porosity Thickness

N o. pB (g/cm 3) p q  (g/cm 3) f a  f a ^ / r  O rientation 1 (cm)

R-125 2.72 2.97 8 .4 2 x 1 0 -2 7 .0 8 x 1 0 -4 0.673
R-217 2.69 2.77 2.89 3.23 .880
R-245 3.01 ... 3 .03 .660 3 . 66 .831
R-278 2 . 66 2.73 2.56 2.85 1.14

Chino > New Mexico

CS-1 2.69 2.97 9.43 7.54 1.05
CS-2 2.79 3.01 7.31 3.54 ' .942
CS-3 3 .1 3 " 2.96 -5 .6 2.47 1.33
CS-4 2.75  . 2.83 2.83
CS-5 4 .25 4 .67 8.99 53.1 .881
CS-6 3.01 3.12 3.53 9.73 1.33
CS-7 2.73 2.75 .732
CS-8 3 .18 3.24 1.85 7.02 1.19
CS-9 2.73 2.80 2.50 2.55 1.25
CS-10 2.72 2.73 .366 2.67 .820
CS-11 2,64 2.71 2.58 4.13 1.02
C S -12 2.62 2.74 4.38 .529 .742
CS-13 2.49 2,67 6.74
Chino
pluton 2.62 2.69 2.60 10.1 .839

Silver City, New Mexico

Chino pc 2.97 2.99 .669 .454 .979
C ont. pit 2.91 3.03 3 .96 .543 .949
150 pit 3 .62 3 .82 5.24 1.95 1.04
Copper Flat
Pluton 2.48 2.62 5.34 2.94 .857



Table 1. D ensity  and porosity  d a ta —Continued

Bulk - Grain Total
Sample D ensity  D ensity  Porosity

N o, /)B (g/cm 3) p G (g/cm 3)

San Manuel, Arizona

SM-1 2.71 2.75 1 .4 6 x 1 0 -2
SM-2 . 2.70 2.75 1.82
SM-3 2.71 2.87 5.58
SM-5 2.63 2.70 2.59
SM-7 2.45 2.63 6.84
SM-8 2.57 2.70 4.82
SM-9 2.58 2.73 5.50

Butte , Montana

8 2.73 2.91 6.35
9A 3.04 3.22 5.41
9B 2.75 2.81 1.99
10282-2 2.60 2.71 3.77
10282-1 2.65 2 .66 .0753
1024-1 2.74 2.77 1.55
10280-2 2.71 2.71 .221
10283-1 2.73 2.76 1.01
7 2.68 2.73 1.91

Sierrita-Esperanza, Arizona

E -l 2,53 2.60 2.96
E-2 2 . 66 2.71 1.96
E-5 2.44 2.63 7.48
ST-1 2.57 2 . 64 2.50
ST-3 2.79 2 .86 2.90
ST-6 2.64 2.70 2.63

Sample
Thickness

^DA//'r  O rientation 1 (cm)

1 .0 7 x 1 0 -4  1.04
2.08 .968
4.11 1.02

.424 .881
11.4 - .999

8.80 .958
-5.84 1.05

61.4 1.03

8.35  1.18
8.03 1.52

2.42 1.12

3.42
1.14

.807
1.27

00



Table 1. D ensity  and porosity  d a ta —Continued

Bulk Grain Total
Sample Density  Density Porosity

No. (g/cm 3) / dq (g/cm3) V t d̂ a /t Orientation

Sample 
Thickness 

1 (cm)

Schultze Pluton, Globe-M iami, Arizona

SI BB 
SPY

2.51
2.61

2.65
2 . 6 6

5 .3 5 x 1 0
1.77

-2 3 .9  x 10 
4 .88  
2.19 
8.31

-4

Equigranular Schultze G ran ite , Globe-M iami, Arizona 

SPV-Z1 1.77 3.91

2
3
4
5

6
7

8 
9

•. 10. 
SPVX-2 

X -l 
X-0 
Y-0

2.90 
8.31 
6 . 2 2  
4.77 
2 . 1 1  
4.63 
2.99 
1.94
3.90 

10.4
6.90 
4 .44 
5.60

0.840
1 . 0
1 . 0

.507

1 . 1 0
1 . 00
1.0

.507

.659

.952

.942
1.03 
1 . 00
1.03 

.995 

.952 

.939 

.967 

.906



Table 1. D ensity  and porosity  d a ta— Continued

Bulk Grain Total
Sample Density  Density Porosity

No. />b (g/cm 3) p q  (g/cm 3) ^ d̂ a /t Orientation

Sample
Thickness

1 (cm)

Porphvritic Schultze G ran ite , Globe-M iami, Arizona
SD5 15.6 x 1 0 “ 4 0.144

5.79 .222
6.07 .280

5CM 5.23 .481
3A 5.38 .643
7CM 5.05 .708
2 2.08 .911

3.38
3 6.38 .987
10 1.016
4 4.62 1.107

Bingham, Utah
BGP 2.46 2.62 6 . 1 1 x 10-2

OCO 1 .19
BQLP 2.58 2.65 2.64
BWR 2.44 2.79 12.5 3.19 1.17

M iscellaneous
SG-1 2.52 • 2.62 4.12
LG-1 2.6-5 2 . 68 1.08 3.10 1.0

, 1 .95 1.0
RM-1 2.16 2.75 21.5 85.7 .888
TC-1 2.56 2.64 2.96
AG-1 2.60 2.62 .611
TR-3 2.62 2.65 1.36
TR-5 . 2 .46 2.66 7.52 9.87 1.09
TR-6 2 . 68 2.76 3.08
DAG 2 . 20 2.61 15.7



Table 2. M ineralogy of sam ples

Sample No. Rock Name

Tohnson Camp, Arizona

BQZ-5 Bolsa quartzite
AL-007 Lower Abrigo shale
LAS Lower Abrigo skarn
AM-005 Middle Abrigo limestone
AU-003 Upper Abrigo quartzite
AU-004 Upper Abrigo quartzite
AU-006 Upper Abrigo limestone
ML-002 Lower Martin limestone
MM-6  Middle Martin limestone
MU-001 Upper Martin quartzite
ESC-3 Escabrosa marble
BP-4 Black Prince limestone
P S -l-JC  Pinal Schist

Globe-M iami, Arizona

PS-l-G M  Pinal Schist

Ronda, Spain

R-71 slate
R-80 b io tite -garnet metapelite
R-81 quartzite
R-125 pe lit ic  sch is t

R-217 hornfels
R-245 granulite-grade gneiss

R-278 hornfels

M ineralogy

quartz
c lay , calc ite
trem olite , m uscovite , quartz , m agnetite ,' hematite
c a lc i te ,  chert
quartz
quartz
c a lc i t e , chert ~
calc ite
calcite
quartz
calc ite
calc ite

anda lusite , quartz, se r ic i te ,  b io ti te , magnetite 
qu artz , d iopside, b io tite , sphene , p lag ioclase , chlorite 
m uscovite, tourmaline, andalusite , staurolite , qua rtz , 

b io ti te , g a rne t , p lagioclase  
quartz , b io ti te , p lag ioc lase , perth ite , cordierite 
qu a rtz , g a rne t , m icroperthite, p lag ioc lase , sillim anite, 

biotite
qu artz , perth ite , cordierite , p lag ioc lase , b io tite , 

sillimanite



Table 2. M ineralogy of sa m p le s --Continued

Sample No. Rock Name Mineralogy

C hino, New Mexico

CS-1 skarn quartz , m agnetite , p y r i te , chalcopyrite
CS-2 skarn quartz , se ric ite (?) , b io ti te , m agnetite , c h lo r i te , py r i te , 

chalcopyrite
CS-3 skarn q u artz , and rad ite , m agnetite , c a lc i te , p y r i te , chalcopyrite
CS-4 skarn q uartz , term olite , m agnetite , pyrite
CS-5 skarn magnetite , q u a rtz , p y r i te , calcite
CS-6 skarn amorphous s i l ic a ,  hem atite, magnetite
CS-7 marble calc ite
CS-8 skarn diop s id e , q ua rtz , amorphous s i l ic a (? ) f c a lc i te ,  magnetite
OS-9 skarn quartz , c a lc i te ,  diopside(?)
CS-10 Syren a limestone calcite
CS-11 Upper Oswaldo limestone c a lc i te , quartz
CS-I2 Lower Syrena limestone c a lc i te , quartz
CS-13 rhyolite subvolcanic
Chino altered quartz monzonite .
pluton porphyry

Silver City, New Mexico

Chino pc greenstone
Cont. pit skarn quartz , andradite , m agnetite , ta lc ,  se r ic i te (? ) , pyrite , 

chalcopyrite, ca lcite
150 pit 
Copper Flat

skarn

pluton quartz latite  porphyry .



Table 2. M ineralogy of sam ples—Continued

Sample No, Rock Name M ineralogy

San M anuel, Arizona

SM-1 porphyritic Oracle quartz
monzonite, a ltered .

SM-2 porphyritic Oracle quartz
m onzonite, altered

SM-3 porphyritic Oracle quartz
monzonite, altered

SM-5 porphyritic Oracle quartz
m onzonite, altered

SM-7 quartz monzonite porphyry,
altered

SM-8  quartz monzonite porphyry,
altered

SM-9 porphyritic Oracle quartz
monzonite, altered

Butte , Montana

q u artz , m icrocline , ch lorite , b io ti te , p lag ioc lase , horn­
blende, montmorillonite, ep idote, hematite 

q u a r tz , K-feldspar, p lag ioc lase , ch lorite , b io tite , 
kao lin ite , montmorillonite 

qu artz , K-feldspar, se r ic i te ,  kaolin ite , b io tite , p lag ioclase , 
pyrite , chalcopyrite , hematite 

quartz , K-feldspar, ch lo r i te , p lag ioc la se , se r ic ite , py rite , 
hem atite, epidote 

q u a rtz , K-feldspar, p lag ioc la se , ch lorite , b io ti te , se r ic ite , 
pyrite

quartz , se r ic i te ,  chlorite , K-feldspar 

quartz , se r ic i te ,  c lay , p lag io c la se , microcline

8 se ric itized  Butte quartz
monzonite 

9A seric itized  Butte quartz
monzonite 

9B seric itized  Butte quartz
monzonite 

10282-2 argillized (white) Butte
quartz monzonite 

10282-1 argillized (green) Butte
quartz monzonite 

1024-1 altered Butte quartz
monzonite

with p y r i te , cha lcoc ite , enargite in vein

quartz , potassium , fe ldspar, p la g io c la se , b io ti te , horn­
blende , anhydrite



Table 2. M ineralogy of sam ples— Continued

Sample No. Rock Name Mineralogy

10280-2 fresh Butte quartz
monzonite

10283-1 fresh Butte quartz 
monzonite

7 fresh Butte quartz 
monzonite

Sierrita-Esperanza, Arizona

E -l altered Esperanza quartz qu artz , p la g io c la se , K-feldspar, b io t i te , s e r ic i te , ru t i le ,
monzonite porphyry m olybdenite, chalcopyrite

E-2 • altered Esperanza quartz q uartz , p la g io c la se , K-feldspar, b io ti te , montmorillonite,
monzonite porphyry pyrite , chalcopyrite , molybdenite

E-5 altered rhyolite with quartz , hem atite , s e r ic i te , pyrite
ST-1 altered quartz monzonite 

porphyry
qu artz , K-feldspar, kaolin ite , b io ti te , pyrite , chalcopyrite

ST-3 . a ltered biotite quartz p lag ioc la se , b io tite , montmorillonite (?), chlorite .
diorite se r ic i te ,  epidote, quartz

ST-6 altered Harris Ranch q uartz , p lag ioc lase , K-feldspar, hornblende, kaolin ite .
quartz monzonite chlorite , b io ti te , c a lc i te ,  pyrite , hematite

Schultze Pluton, Globe-M iami, Arizona

SI BB altered porphyritic quartz , K-feldspar, p lag ioc la se , b io tite , c lay s ,  muscovite
Schultze Granite c a lc i te ,  Cu oxides

SPV equigranular Schultze qu a rtz , K-feldspar, p lag ioc la se , b io tite , kaolin ite , musco­
Granite vite , clays '



Table 2. M ineralogy of sam ples—Continued

Sample No, Rock Name M ineralogy

Equigranular Schultze Granite , Globe-M iami, Arizona

SPV-Z1
2
3

■ 4
5
6
7
8 
9

10
SPV X-2 

X -l 
X-0 
Y-Q

equigranular
equigranular
equigranular
equigranular
equigranular
equigranular
equigranular
equigranular
equigranular
equigranular
equigranular
equigranular
equigranular
equigranular

gran
gran
gran
gran
gran
gran
gran
gran
gran
gran
gran
gran
gran

ite
ite
ite
ite
ite
ite
ite
ite
ite
ite
ite
ite
ite

with m uscovite , clays 

with m uscovite , clays

with m uscovite, clays

with m uscovite» clays 
with m uscovite , c lays 
with m uscovite , clays

granite

Porphvritic Schultze Granite, Globe-M iami, Arizona

SD5 porphyritic granite
SD5 porphyritic granite
SD5 porphyritic granite
5CM porphyritic granite
3A porphyritic granite
7CM porphyritic granite
2 porphyritic granite
3 porphyritic granite
10 porphyritic granite
4 porphyritic granite



Table 2. M ineralogy of sam ples—Continued

Sample No. Rock Name M ineralogy

Bingham, Utah '

BGP Bingham granite porphyry
BQLP , Bingham quartz la tite  porphyry
BWR Bingham la tite  dike

M iscellaneous

SG-1 Stronghold granite
(C och ise 's  S tronghold, Arizona)

LG-1 Laramie granite
(Laramie, Wyoming)

RM-1 altered  tuff
(Red M ountain, Arizona)

TC-1 Texas Canyon granite quartz , K-fe Id spar, p la g io c la se , b io tite , m uscovite
(Texas Canyon, Arizona)

AG-1 Amole granite
(Tucson, Arizona)

TR-3 Troy granite
(Troy, Arizona)

TR-5 rhyodacite dike
(Troy, Arizona)

TR-6 da cite  dike
(Troy, Arizona)

DAG dacite  flow
(Superior, Arizona)



DIFFUSION POROSITY

As defined p rev iously , d iffusion po ro sity , is  the d iscon ­

tinuous pores w ith in  which aqueous d iffusion  is the predom inant tra n s ­

port m echanism . For purposes of defin ition  and c la rity , a sim plified 

tracing  of cracks from a hand sample w ill be u sed  in the follow ing d is ­

cu ss io n  (fig . 2) . The cracks labeled  in figure 2 have been arb itrarily  

defined .

C onsider a hydrotherm al so lu tion , in itia lly  out of equilibrium  

with i ts  surroundings, flowing through jzfp and sa tu rating  the enclosed  

m atrix b lock . Due to th is  in itia l disequilibrium  condition there w ill be 

reaction  and hence irreversib le  chem ical m ass tran sfe r betw een rock and 

so lu tion . Since the flowing solution in %fp re su lts  in a d ifferent solution 

com position than in the ad jacen t m atrix , a chem ical p o ten tia l gradient 

w ill be e s tab lish ed  betw een jzfp and the surrounding ro c k . This chem ical 

po ten tia l gradient w ill serve as the driving force of d iffusion  into and 

out of the m atrix b lock . All pores in the m atrix b lock th a t are in some 

manner connected to jzfp w ill serve as pa ths for the d iffusional m ass flux 

and the sum to ta l of th ese  is  defined as the to ta l d iffusion porosity ,

This includes crack  segm ents AC, BD, and EF (fig . 2). That portion of 

%fp,p th a t is  continuous betw een the flow channels under consideration  is 

defined as the ax ia l d iffusion  po ro sity , jz(p^. This includes crack seg ­

m ents AG and BD (fig . 2).

17
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cm

• • Figure 2. Simplified tracing of c r a c k s , i llustrating the various 
diffusion porosit ies

The flow porosi ty has been arbitrarily de f ined , and all other 
cracks shown const itute the total diffusion porosi ty. The pores in s e g ­
ments AC and BD const itute axial diffusion porosity on the scale  of the 
hand sam ple .



Theory

The governing equation for d iffusion  in aqueous so lu tions con­

fined in porous media may be exp ressed  a s :

D r / j D i^ D A V M jj _  _ 5)(i^DT M j)

where DIV is  an operator of the form , D< the diffusion
ox oy dz

coeffic ien t of the i^h s p e c ie s , and Mj the m olality of the i^h spec ies 

(Norton, 1975), T , to rtu o s ity , is  defined as the ra tio  of the length of the 

ac tual path .follow ed to the length of the stra igh t line betw een the end
i

poin ts of the ac tu a l p a th . Assuming tha t D j, an(3T are independent .

of sp a tia l coordinates and a lso  tha t ^ T  *s not a function of tim e , we

(6)

(7)

w ith Qn  ̂ the flux of the i ^  ion normal to the concentration  g rad ien t.

Method

Experim ental apparatus modified from Garrels e t a l .  (1949) was 

used  to obtain  the data n ecessa ry  to solve equations (6) and (7) for $  and. 

P]3^ (fig . 3 and Appendix B). Rock w a fe rs , 1 .0  to 2 .5  cm in radius and 

from 0 .5  to about 1 .0  cm th ic k , are embedded with epoxy in P lexiglas

can then  rew rite equation  (5) as

Di ^ V 2 Mi = -
ot

w ith a  = — ^
T^DT

Sim ilarly , the s te a d y -s ta te  flux due to  d iffusion is: 

. Q n ,i  = - D i ^ DAV M i/



I0"4  NKCI 
SOLUTIONSOLUTION DIFFUSION CELL

5 cm 
. DIAMETER

ROCK
SAMPLE

^-ELECTRODES

MAGNETIC STIRRER

Figure 3. Diagram of experimental diffusion porosity apparatus
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plugs so th a t only the c ircu lar surfaces are ex p o sed . The sam ples are 

then  sa tu rated  by drawing 10- ^ N KC1 solu tion  through the wafer with a 

vacuum for at le a s t 24 h o u rs . This method a lso  serves as a check on the 

epoxy se a l as any leakage is  e a s ily  d isc e rn ib le . It is  often d ifficu lt to 

sa tu rate  a rock m echanically  (Brace, 1972), but th is  method would seem 

to assu re  tha t most of the throughgoing pores in the sam ple were sa tu ­

ra te d . It is  d ifficu lt to make a sim ilar statem ent for the d iscontinuous 

pore s .

The plug w ith the sa turated  rock is next p laced  in a .P lex ig las 

d iffusion ce ll; the ce ll is  filled  with a m easured amount (usually 60 ml) 

of 10~4 n  KC1 solu tion  and the e lec trodes in serted  into the c e l l .  The 

entire assem blage is p laced  in a tank  containing about 10 litres  of 1 N 

KC1 so lu tion , which se ts  up an ac tiv ity  gradient betw een the tank  and 

ce ll and thus in itia te s  d iffusion . Care is taken  to minimize fluid po ten ­

t ia l  gradient due to density  d ifferences betw een fluid in the ce ll and th a t in 

in the tank to  a neglig ible v a lu e .

The concentration  change in the ce ll is  m easured conductom et- 

rica lly  and ca lcu la ted  from

• C = X + YV + ZV2 (8)

with C the concentration  in norm ality and V the voltage in v o lts . The 

coeffic ien ts in equation (8) are obtained by calib rating  the ce ll with 

so lu tions of known concentration and reg ressing  the d a ta  by a le a s t-  

squares m ethod. The maximum difference betw een ca lcu la ted  and m eas­

ured concentra tions is 7 percent a t the cen ter portion of the cu rv e , while 

g rea ter and le s se r  concentrations have.an  error of about 2 p ercen t.

Voltage m easurem ents and hence concentra tions used  in solving the
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s te a d y -s ta te  flux equation (7) were taken  a t le a s t 24 hours after the 

in itia tion  of d iffusion . It is shown in Appendix B th a t th is  should be 

ample time to  a tta in  a s te a d y -s ta te  f lu x .

Sample C alculation  

The following is a sample ca lcu la tion  of the ra tio  » The

data  used  are for sample S5D3 (Table 1).

D ata:

t  = sample th ick n ess  = 9 .87  x 10“  ̂ cm 

sam ple radius = 2 .46  cm 

Vol = volume of so lu tion  in ce ll = 53 ml 

t 0 = 0 .0 sec  -
•i . • -

t j  = 7 .5  x 10^ sec  

V0 = 1.34_x 10""  ̂ volt 

V% = 1.44 x 10~1 v o lt.

C alculation:

C = (-6 .2  x 10“5) + .(1.7 x lO-3 )V + (3.72 x 10 -4)V2 

C0 = 1.73 x 10~4N 

C i  = 1 .90 x 10"4N 

AC = 1.70 x 1 0 “5N

Am = Ac X  (7.46 X  10"2) = 1.27 x 10"6 g /c m 3 

^  = (AM /At) x Vol = 8 .96  x. 10-9 g /s e c  

P>XM = 1 Nkc1 x (1/i) -  7 .56 x lO "2 g /cm 4 

/ DA/ r  = Qn/(D  x A x^7x M) -  3 .28  x 10"4 .
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Since the diffusion c o e ffic ien t, D , is  a function o f concen tra­

tion  (Appendix C ), a sim ple mean of th is  v a r ia b le , 1 .9  x 10- 5 c m ^ /se c , 

w as u sed  for the s te a d y -s ta te  ca lcu la tio n .

Since the in itia l concentration  in the ce ll is  .10“^ N KC1 and in ­

c re a ses  w ith tim e, VxM is not exac tly  1 N per sample length  at steady 

s ta te , th is  value is a good approxim ation, since the g re a te s t concen tra­

tion  m easured w as le s s  than  10- 2 Ri, resu lting  in an. error of le s s  than 

one percen t in VxM.



ANALYSIS AND SIGNIFICANCE OF RESULTS

Individual and Relative Values of 
the C onstituen t Porosities

Values of for rocks m easured in th is  study are in general 

le s s  than  0 .05  (Table 1 and figure 4). Those rocks w ith g rea ter va lues 

are e ither hydrotherm ally a ltered  or m etam orphosed ro c k s , w ith values 

for up to 0 .15  (sample LA5) .

M easurem ents of j^DA/'T'for the same rocks in general range 

betw een 10“3 and 10“^ (Table 1 and figure 5). These v a lu es are in

general le s s  than  0 .02  tim es the resp ec tiv e  value of jz^ (fig . 6). Ten-
. ^

ta tiv e ly  assum ing th a t ffg %= S jzfj^ /r, then  approxim ately 0 .06  ^ ,

which requ ires th a t up to 0 .94  ^  is located  in the re s id u a l po rosity .

V illas (1975) m easured apertures and spacings of continuous 

fractures in the M ayflower p lu ton , U tah . U sing a p a ra lle l p late  porosity  

model (Snow, 1965), va lues for rf-p betw een 3 x 10“  ̂ and 3 .6 8  x 10“  ̂

were c a lc u la te d , w hich on the average were about 0 .10 ^ . T herefore, 

th ese  data  suggest tha t f a  of rocks is  predom inantly com posed of f a , 

since f a  and are sm all fractions of f a .

It can  be seen  in Table 1 th a t for many of the hydrotherm ally 

a ltered  rocks from C hino, New M exico, and B utte, M ontana the values 

of f a  and s^ D l/r  are sign ifican tly  g rea ter than  for the una ltered  equ iva­

le n ts . A sim ilar com parison for the a lte red  rocks from San M anuel and 

S ie rrita -E speranza , A rizona, w ith the unaltered  rocks from the Laram ie,

24
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various rock types studied

Dashed lines represent  range in values and numerals the number
of measurements for each rock ty p e .



W yoming, and Troy, A rizona, plutons su g g ests  a sim ilar re s u lt .  How­

ever, it is  s ign ifican t to note th a t there are marked excep tions to  th is  

observation . S pec ifica lly , sam ples 10282-1 (Butte, M ontana), SM-1 and 

SM-2 (San M anuel, Arizona), and CS-7 and CS-3 (Chino, New Mexico) 

dev ia te  sign ifican tly  from th is  trend .

C learly , th ese  p resen t-d ay  va lues re flec t the in itia l po rositie s  

and subsequent geo log ic .h isto ry  of the ro ck s . It is  certa in  tha t rocks 

from different locations in the same system  could d isp lay  sign ifican tly  

d ifferent p o ro s it ie s . These varia tions in rock porosity  are in part a func­

tion  of (1) rock com position, (2) so lu tion  com position, (3) po rosity , (4) 

perm eab ility , (5) tem perature, (6) p re ssu re , (7) sp a tia l and tem poral d e ­

riva tives of these  param eters , and (8) ex ten t of rea c tio n . The change in 

pore volume due to irreversib le  m ass tran sfe r betw een the so lu tion  in re ­

sidual porosity  and the surrounding rock w as estim ated  (Appendix D ). A 

closed  chem ical system  was chosen  to  exam ine in what constituen t 

porosity  the changes in pore volume occur. D ata for the irreversib le  

chem ical m ass tran sfe r (given in grams of m ineral produced or destroyed 

per kilogram of water) betw een a granite and an acid  so lu tion  are taken  

from H elgeson (1970). These quan tities were reduced to  grams of m iner­

a l produced or destroyed by m ultiplying by 9 .4  kg w a ter, the amount of 

w ater contained in a l-m ^ block of rock w ith $■#= 0 .0 0 9 4 . To obtain the 

increase  in pore volume due to m ineral d estru c tio n , the grams of m iner­

a ls  destroyed were divided by the bulk d en sity  of a granite with 0.01 

and jz(p= 0 .0 0 9 4 . Sim ilarly , the d ecrease  in pore volume due to m ineral 

production was obtained by dividing the grams of each  m ineral produced 

by its  m ineral d e n s ity . The net change in pore volume is  obtained by
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subtracting  the d ecrease  in pore volume due to. m ineral production from 

the increase  in pore volume due to m ineral d estru c tio n . This ca lcu la tion  

re su lts  in a maximum value for the net change of pore volum e. The re ­

su lts  show th a t there is  a neglig ib le  increase  in pore volume in jz^ due 

to the irreversib le  m ass tran sfe r in th is  c lo sed  system . It should be 

noted th a t although the data  used  in th ese  ca lcu la tions are only for 

100°C the re su lts  probably approach maximum v a lu e s . This is  sug­

g ested  by ca lcu la tio n s th a t show the m ass tran sfe r in th is  same system  

is  tw ice as g reat a t 100°C as a t 200°C (H elgeson, 1970; see AppendixE 

for d e ta i ls ) .

The change in pore volume due to irreversib le  m ass transfer 

betw een so lu tions flowing through jzfp and sa tu rating  ŝ D and the su r­

rounding rock has the po ten tia l for being g rea te r than in  the above 

c lo sed  system . This is  m ainly due to the v a s tly  larger qu an titie s  of 

w ater in th is  open system  and the linear re la tionsh ip  betw een the amount 

of m inerals produced and destroyed and the amount of w a te r. However, 

the location  of the rock in the hydrotherm al system  is  a lso  c ritic a l, b e ­

cause if it is in regions of outflow over the top of a p luton where the 

tem peratures are h igher and the m ass tran sfe r le s s ,  in c rease  in pore 

volume would be l e s s .  S im ilarly , regions of inflow a t the sid es  of 

plu tons are most like ly  regions of great m ass tran s fe r , s ince  th is  is a 

region of lower tem pera tu re . Another im portant param eter is  the perm e­

ab ility  of the lo c a lity . The greater the perm eability  the g rea ter the ra tio  

of the m ass of w ater to m ass of rock and the greater the po ten tia l for 

s ign ifican t m ass tran s fe r . Although th is  is  not an exhaustive  d isc u ss io n



of re la tio n sh ip s betw een sample location  in a hydrotherm al system  and 

p resen t-d ay  po rosity , it does suggest sp a tia l changes in rock porosity  

w ithin a given sy stem .

F ina lly , it is  in te resting  to note th a t the bulk of the increase  

in pore volume in hydrotherm ally a ltered  rocks is  due to  an increase  in 

res id u a l porosity  (Table 1). Since it has been shown th a t the porosity  

increase  due to  irreversib le  m ass tran sfer in res id u a l porosity  alone is 

n e g lig ib le , then  th is  larger value must be a re su lt e ither of in itia l g rea t­

er po rositie s  or of an increase  in to ta l d iffusion  porosity  or flow porosity  

and their subsequent closure to form new res id u a l p o ro sity . In view  of 

the previous d isc u ss io n , th is  la tte r  case  seem s more rea so n ab le .

M odels for Rock Porosity

C onsider th a t the porosity  is com posed of subpara lle l p lanar 

cracks which extend beyond the sample of in te res t . The flow porosity  

of th is  idea lized  system  may be described  by the apertu re , d , and fre­

quency of c ra ck s , f (Snow, 1.965); s^p- nd where d is in cm and f is in 

c m ~ l. Since in th is  case  ax ia l d iffusion porosity  and flow porosity  are 

analogous, the above exp ression  can be changed to  read $-£>& -  d / f .

Total porosity  can a lso  be ca lcu la ted  from a sim ilar equation  by defining 

a sample of unit length w ith other dim ensions such th a t the pores are 

continuous w ith those d im en sio n s. The appropriate equation  w ill then 

be = d / f . Pore apertures were determ ined from scanning  electron  

m icrographs (fig. 7) to  range from 10- 5 cm to le ss  than  10~2 cm .. It is 

proposed la te r th a t to ta l porosity  is com posed of in tergranular p o re s , 

which sug g ests  th a t the m ineral d im ensions may be used  as the crack
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Figure 7. Scanning electron micrograph of a microcrack in the 
equigranular Schultze Granite

The aperture is about 0.25 jum.
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frequency . A mean m ineral size  for the equigranular Schultze Granite 

w as determ ined to be 5 x 10~2 cm (fig . 8), which y ie ld s  a porosity  range 

of 2 x 10-4 anci 2 x 10- -*- when used  w ith the range Of observed  apertures 

in ^  = d / f . The sm aller value corresponds n ice ly  with m easured jz^da/t' 

va lues for the equigranular granite of 4 x 10 -4 , w hereas the larger value 

is  an order of magnitude larger than  the m easured fa  a t about 2 x 10“ ? . 

However, the aperture needed to reduce th is  value to  approxim ate the 

m easured fa t  10~3 cm, is  a lso  w ithin the observed.pore aperture ra n g e .

A sim ilar an a ly sis  w ith the porphyritic Schultze G ran ite , where d = 4 x 

10-1 cm, y ie lds lower and upper lim its of 2 .5  x I0 “ ® and 2 .5  x 10 -2 . 

Again, one v a lu e , 2 .5  x 10-2 , corresponds c lo se ly  w ith a m easured 

v a lu e , fa  = 1 .75 x 10- 2 , w hereas the other is  an order of magnitude too 

sm all, 2 .5  x 10- 5 versus the m easured 2 .5  x 10“4 . The aperture re ­

quired to  equal the m easured value , 10~4 cm, is  a lso  w ell w ithin the 

observed range of a p e r tu re s . The perm eability  due to  the p ara lle l pores 

is  ca lcu la ted  by K = f a / 1 2 ,  where K is  the perm eability  in cm2 (Snow,

1965) . A substitu tion  of for f a  y ie ld s  K = d 2 ^ ^ / l 2  . U sing d = 10-5 

cm and f a ^  = 2 x 10“4 for the equigranular Schultze Granite and d = 10~4 

cm and f a ^  = 2 .5  x 10~4 for the porphyritic Schultze G ran ite , then a p e r­

m eability  of 1 .07 x 10-10 cm2 and 2 .08  x 10“0 cm2 is ca lcu la te d . Since 

perm eab ilities of m atrix blocks are often around 10-14 Gm2 / these  va lues 

are unreasonably  la rg e . This su g g ests  th a t the p a ra lle l p la te  model is  

not valid  for m atrix b lock po rositie s  even though the porosity  values 

ca lcu la ted  are re a so n a b le .

. Another porosity  model is one th a t assum es the pores to be
■

cy lindrica l wormholes arranged orthogonally  with re sp ec t to a random 

cube . For pores w ith neglig ib le  to rtu o s ity , the. porosity  may be
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ca lcu la ted  by = SmrR^, where n is  the pore abundance in p o re s /cm2 

and R is  the pore rad ius in cm. Since n is  not read ily  availab le  by ob­

se rva tion , it is ca lcu la ted  for the two rock types by using  the m easured 

va lues for ^  and and the range in pore apertures . The appropriate

equation is  then  n = jzl/(SirR^),,

Table 3 is a com pilation of n ca lcu la ted  for the m easured 

and ĵ da/ t  va lues for the porphyritic and equigranular Schultze Granite 

and the observed range of pore apertures .

Table 3 . C alcu lated  pore abundances

Equigranular Porphyritic

R (cm) /T = 2x l0 -2  ^DaA =4x10-^ jz(t= 7 .75 x10-2 ^ daA - 2 . 5 x10"4

10-2 1.86x10 4 .24x10-1 2 .1 2 x10 2 .65x10-1

10- 5 1 .8 6 x l07 4 .2 4 x 1 05 2 . 17x l07 2 .65x105

A physica l in terp reta tion  of n can  be obtained by m ultiplying n by the 

surface area of some m ineral s iz e .  Two c a se s  w ill be considered: a 

m ineral size  of 8 x ID- * cm per s id e , w hich corresponds to  the pheno- 

c ry sts  in the porphyritic Schultze G ran ite , and a m ineral s ize  o f ,

1 .88 x  10""% cm per s id e . The m inerals w ill be assum ed to be cubes. 

Table 4 is  a com pilation of these  ca lcu la tio n s with the un its  in the 

number of pores around a m ineral of a ce rta in  s iz e .

The cy lind rica l wormhole m odeTcan be further te s te d  by calcu lating  

the number of pores around a known m ineral size  and then  comparing that 

w ith o b se rv a tio n s . Figure 9 is  a scanning e lectron  m icrograph of the
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Figure 9. Scanning electron micrograph of intergranular and 
equidimensional pores in porphyritic Schultze Granite



Table 4. C alcu la ted  pore d istribu tion
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Equigranular Porphyritic

R (cm) 8x10~1 cm 1 .8 8 x l0 “ 2 cm 8x10 1 cm 1.88x10^ cm
10-2 1.19x10 1 .48x10-4 1.36x10 9 .2 8 x l0 -5
10-5 1.19x10? 1 .4 8 x l0 2 1.36x10? 9.28x10

porphyritic Schultze Granite w ith fie ld  dim ensions of about 400 x 340 jum. 

The observed range in apertures is 4 x 10“3 to 5 x 10“4 cm . A sim ilar 

ca lcu la tio n  using  th ese  va lues and the ^  and va lues for the por­

phyritic  Schultze Granite y ie ld s from 1.59 x 10~1 to 1 .0 2 x 1 0  2% pores 

and from 2 .27 x 10"3 to 1 .45 x IO '^ VdA P°res - As can be seen  from 

figure 9 , the ca lcu la ted  range in the number of pores b rackets 3, the 

observed v a lu e . The ca lcu la tion  further ind ica tes th a t none of these  

or a t m ost a fraction  serves as a d iffusion p a th . These data  suggest th a t 

the ca lcu la ted  va lues in Table 4 c lo se ly  approximate ac tua l rock values . 

Furtherm ore, the data  suggest tha t the cy lindrica l wormhole model is 

valid  for ca lcu la ting  the constituen t p o ro sitie s  in m atrix b lo ck s .

The perm eability  for the wormhole model can be ca lcu la ted  by 

K = r 2^j2)^/24, again  assum ing neglig ib le to rtu o s ity . U sing the m eas­

ured va lues of jZ^D^/r for the equigranular (4 x 10~4) and porphyritic 

(2 .5  x  10”4) g ran ites and the observed range in pore apertures (10-5 to 

10-2 cm) y ie ld s perm eab ilities from 1.67 x 10-9 to 1 .07  x 10~17 and 

from 1.09 x 10“9 to  1.09 x lO- *? cm2, re sp ec tiv e ly . The lower values 

are sim ilar to  m easured perm eab ilities of m atrix b locks and su g g est, 

along with the ca lcu la ted  pore ab u n d an ces, n , tha t the wormhole poros­

ity  model more c lo se ly  approxim ates the ac tua l m atrix p o rosity .
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L ocation, Relative Size D istribu tion , 
and C ontinuity of Pores

Method

The lo ca tio n , re la tive  size  d is tr ib u tio n , and continu ity  of the 

pores tha t constitu te  to ta l porosity  can be determ ined by an an a ly sis  of 

po rosity  and m ineral s ize  d istribu tions (fig s. 10 and 11). The porosity  

d istribu tion  is  obtained by m easuring the density  for the bulk rock and 

for the various grain s iz e s  of the crushed rock . Porosity  in the. form of 

in tergranular pores requires tha t the d en sity  of the crushed  aggregate 

and hence to ta l porosity  increase  as the size  of the crushed grains d e ­

c re ases ; for crushed grain s iz e s  equ ivalen t to the m ineral s iz e s ,  a 

g rea ter d ecrease  is  ex p ec ted . The contributions to to ta l porosity  from 

pores around grains of various s iz e s  can be ca lcu la ted  by using  the den­

s ity  of the sm allest grain in the in terval as jdq in equation (1). The min­

era l grain size  d istribu tion  is  obtained by standard po in t-counting  

m ethods. M easurem ents of th is  type were made on sam ples of equigran- 

u lar and porphyritic Schultze Granite (f ig s . 10 and 11) and can  be in te r­

preted as fo llow s.

Intergranular Nature of Total Porosity 
for a Porphyritic Granite

The porosity  d istribu tion  for the porphyritic Schultze Granite 

(fig. 10) shows tha t pore size  is  bim odally d is trib u ted . Mode I is com­

posed  alm ost wholly of pores with a maximum dim ension g rea ter than 4 

mm constitu ting  30 percen t of the to ta l pore volume. Mode II is  com­

posed  of pores tha t have a maximum dim ension le s s  than  1 mm c o n sti­

tuting 70 percen t of the pore volum e.
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Ratio was measured for samples of different th ick n esse s  repre­
sented by the p o in t s .
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A com parison of the porosity  and m ineral d istribu tion  curves 

ind ica tes th a t the bulk of the to ta l porosity  is  composed of in tergranular 

p o re s . S p ec ifica lly , it can be seen  th a t in mode I there is  a large in ­

crease  in pore volume (30 percent) as the crushed grain s iz e  approaches 

4 mm. Because th is  s ize  in terval corresponds to an abundant m ineral 

s ize  ra n g e , the p h e n o c ry s ts , it can be concluded th a t th is  pore volume 

is  located  around the phenocrysts . Furthermore , the size  in terval (4 to  

1 /mm) where there is a sm all increase  in pore volume roughly corre­

sponds to where there is a sm all abundance of m inerals of th is  s iz e .

The im perfect corre lation  in th is  in terval can be in terp reted  to mean tha t 

there is  very little  pore volume located  around the m inerals in th is  size  

in te rv a l. F in a lly , the increase  in pore volume in mode II roughly mimics 

the abundance of m inerals in th is  s ize  range , again  ind icating  that th ese

pores are located  around th ese  m inerals.
" - .

The suggested  in tergranular nature of the pores im plies tha t the 

pores have a maximum dim ension le s s  than  or equal to th e ir  a sso c ia ted  

m ineral dim ension; that, is  to sa y , the more continuous pores are located  

around the larger m ineral s iz e s .  The porosity  and m ineral s ize  d is trib u ­

tion  curves in mode I a lso  indicate tha t 30 percen t of the pore volume is 

located  around the larger m in e ra ls , w hich comprise only 50 percent of the 

rock surface a re a . This tendency  for a g rea ter pore volume to be d is tr ib ­

u ted  around the sm aller grains is  expected  for in tergranular p o re s , since  

the sm aller m inerals have a g reater surface a rea—volume ra tio  than do 

the larger m in e ra ls .
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C ontinuity  of Pores in a Porphyrltlc Granite

The continu ity  of the in tergranular pores in the porphyrltlc 

Schultze Granite can be determ ined from ĵ qa/T  values for sam ples of 

varying th ic k n esse s  ( f ig .-11). These da ta  ind icate  a d iscon tinu ity  at 

about 8 mm on the x - a x i s , w hich is  a lso  suggested  by correlative  

changes of porosity  and m ineral abundance d istribu tion  curves in mode 

I (fig. 10). This d iscon tinu ity  in d ica te s  th a t there is  a large quantity  of 

pores w ith a maximum dim ension of about 8 mm. Furtherm ore, the co rre­

lative  change in figure 10 ind ica tes th a t th ese  more continuous pores are 

loca ted  around the p h e n d c ry s ts .

The percen tage of pore volume around the phenocrysts th a t is 

composed of th ese  pores is ca lcu la ted  by dividing the to ta l porosity  by 

/ da/ t  » both va lues being for the same m ineral s ize  ra n g e . It is shown 

in figure 12 th a t 6 percen t of the pore volume is  com posed of th ese  larger 

p o res . A lso , the leve l slope in figure 12 shows th a t there are e s se n tia lly  

no pores w ith a maximum dim ension betw een 2 and 7 mm. This requires 

th a t 94 percen t of the pore volume be composed of pores w ith a maximum 

dim ension of le s s  than  2 mm. The cum ulative nature of ^ da / t does not 

however perm it a determ ination of the pore size  d istribu tion  around the 

sm aller grain s i z e s .

F in a lly , the asym ptotic nature of the sam ple th ickness

curve (fig . 11) sug g ests  t h a t v a l u e s  m easured for sam ples about 

1 cm th ick  or g rea te r, approxim ately 0.01 can be ex trapo la ted  and 

u sed  for sam ples of much g reater th ic k n e s se s . This m eans th a t the ax ia l 

d iffusion  porosity  va lues can be u sed  for analyzing na tu ra l system s in
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which the diffusion blocks betw een flow channels are on the order of 

m eters in length

It has been shown in the above d iscu ss io n  th a t the porosity  in 

the porphyritic Schultze Granite is com posed of in terg ranu lar pores tha t 

can be divided into two modes . Mode I is  composed of the more con­

tinuous p o res , g rea ter than  4 mm in maximum dim ension and located  

around p h en o cry sts . Mode II is  composed of pores w ith maximum dim en- 

sions le s s  than  1 mm located  around both the sm aller m ineral s iz e s  and 

p h e n o cry s ts . It w as a lso  shown th a t the pores w ithin mode II constitu te  

70 percen t of the to ta l pore volume and the m inerals in mode II constitu te  

only 20 percent of the to ta l m ineral surface area in the rock . This con­

cen tration  of porosity  around the sm aller grains is to ta lly  co n sis ten t w ith 

in tergranular p o res .

Diffusion porosity  data in conjunction with the porosity  and 

m ineral size  d istribu tions suggest that only 6 percent of the pore volume 

around the phenocrysts is due to the more continuous pores (7-9 mm 

long). This re su lts  in .94 percent of the pore volume around the pheno­

c ry sts  and 98 percen t of the to ta l pore volume being located  in  the 

sm aller p o re s . Values for obtained for diffusion sam ples about

1 cm th ick  (about 0.01 jz^) can be ex trapo lated  to sam ples of much g rea t­

er th ic k n e ss . The data  strongly favor the conclusion  th a t the d iffusional 

pathw ays are composed of networks of in tergranular p o re s .

C ontinuity and Nature of Pores of : 
an Equigranular Granite

The porosity  d istribu tion  for the equigranular Schultze Granite 

shows th a t, like the porphyritic g ra n ite , there are two dom ains of
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porosity  ( f ig .-.8). Mode I is  composed alm ost wholly of pores with a 

maximum dim ension betw een 2 and 8 mnu Mode II, on the o ther hand, is  

composed of pores w ith a maximum dim ension le s s  than  0 .50  mm. The 

sim ilarity  of the porosity  and m ineral abundance d istribu tion  curves in 

mode I. ind ica tes th a t th ese  sm aller pores are in tergranularly  located  and 

have a maximum dim ension le s s  than  or equal to the  re sp ec tiv e  grain . 

s iz e .  These sm aller pores constitu te  .70 percen t of the to ta l pore volume 

but surround only 30 percen t of the m inera ls , again  showing th a t the 

sm aller s ize  m inerals concentrate  p o rosity .

The d issim ila rity  of the curves in m odeII, how ever, perm its two 

conclusions about pore location  and con tinu ity . If th e se  larger pores are 

in tergranular and le s s  than  or equal to  the m ineral d im ensions, then 

there is  an unusually  large amount of the to ta l pore volume (30 percent) 

located  around the larger m ineral s i z e s , which constitu te  about 2 per­

cent of the to ta l surface a re a . The data  are a lso  c o n s is ten t for pores 

tha t extend up to severa l m ineral dim ensions in leng th . These elongate 

pores could be wholly in tergranular or a lso  c ro sscu t m ineral boundaries. 

This s itua tion  can be reso lved  only by v isu a l observation  of the rock to 

d iscern  pore geom etry.

Geometry and D istribu tion  of Pores 
in Fractured Igneous Rocks

Schultze Granite

The suggested  intergranular d istribu tion  of the pores is  con- • 

firmed by scanning electron  micrographs (8EM) of finely  ground sp e c i­

mens of porphyritic and equigranular Schultze Granite (figs . 7 , 9 , 13,
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Figure 13. Scanning electron micrograph of an intergranular 
equidim ensional pore in the equigranular Schultze Granite

Figure 14. Scanning electron micrograph of intergranular equi­
dimensional pores and microcracks in the equigranular Schultze Granite
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and 14). In the follow ing d isc u ss io n , the term "equidim ensional pore" 

is  used  to  describe  pores th a t have three dim ensions of the same order 

and c o n s is t , in p a rt, of p rism a tic , p en n y -sh ap ed , and e llip so id a l cav ­

itie s  (fig s . 9 , 13, and 14). M icrocracks (f ig s . 7 and 14), on the other 

hand , are elongate pores w ith one dim ension orders of magnitude grea ter 

than  the o thers (modified from Brace , 1972).

The porosity  .d istribution suggested  in the previous d iscu ss io n  

is  a lso  p artia lly  confirm ed, since the equidim ensional pores have a 

maximum dim ension of le s s  than  about 0.5- mm, which co inc ides quite 

n ice ly  w ith the change in slope in the curves shown on figures 8 and 10. 

A lso, the sm all aperture of the m icrocracks, 0 .25  jum (fig. 7), v irtua lly  

requires tha t the to ta l pore volume contained  w ithin the m icrocracks be 

very sm all. This leaves the bulk of the pore volume in the equidim en­

sional pores and a lso  serves as a confirm ation of the po rosity  d is tr ib u ­

tion  c u rv e s . '

F igures 8 and 10 suggest the p resence  of pores in the equ igran- 

u lar and porphyritic  Schultze Granite w ith dim ensions g rea te r than  4 mm. 

The longest m icrocrack observed in e ith e r rock types has a maximum 

linear ex ten t of 2 mm. Although an ex tension  of th ese  m icrocracks into 

the third dim ension could re su lt in the n e ce ssa ry  d im en sio n s , a com­

p lete  confirm ation of the pore geom etries suggested  by figures 8 and 10 

is  not possib le  a t th is  tim e . . .

SEM stud ies on the porphyritic and equigranular Schultze 

G ranite have a lso  shown th a t the equidim ensional pores and m icrocracks 

are located  together in randomly d istribu ted  c lu s te rs . These c lu s te rs  of 

high pore concentration  are separa ted  by re la tiv e ly  large expanses of
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nonporous rock e s se n tia lly  devoid of equidim ensional pores or m icro-  

c ra c k s . These observations could e a s ily  exp lain  the sm all value for
t

d iffusion  po rosity , since any ion transport betw een areas of high pore 

concentra tion  would be through these  infrequent pores . .

Oracle Quartz Monzonite-

The geom etry, in tergranular d is trib u tio n , and grouping of the 

equidim ensional pores in the O racle quartz monzonite (fig s. 15 and 16) 

are very sim ilar to th a t in the Schultze G ran ite . Figure 17, a sequence 

of m icrographs of a single micro c ra c k , shows th a t, unlike in the Schultze 

G ran ite , m icrocracks in the Oracle quartz m onzonite are d istribu ted  in a 

d isc re te  z o n e . The developm ent of the m icrocrack can be follow ed from 

a single m icrocrack (fig. 17A) through b ifurcations (f ig s . 17B and 170) 

and finally  into a very porous zone (fig . 17D). The to ta l ex ten t of th is  

m icrocrack is 2 mm , and the m icrbcrack is  longer and more complex than  

those  u su a lly  observed . Again, it is fairly  obvious th a t the equidim en­

sional pores comprise the bulk of the to ta l pore volum e.

Laramie G ran ite .

As in the Schultze Granite and Oracle quartz monzonite , the 

pores in the Laramie granite have an in tergranular d istribu tion  (figs. 18 

through 22). However, the equidim ensional pores are a lm ost wholly 

p rism atic  and more hom ogeneously d istribu ted  than in the Schultze Gran­

ite  and Oracle quartz monzonite (figs. 18 -21). Since m icrocracks in the 

Laramie granite are rare (fig. 22), it can again  be concluded th a t the 

equidim ensional pores compose the bulk of the to ta l pore volum e.
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Figure 15. Scanning electron  micrograph of intergranular equ i- 
dim ensional pores in the Oracle quartz monzonite

Figure 16. Scanning electron micrograph of some intergranular
equidimensional pores and microcracks in the Oracle quartz monzonite
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MO A C

Figure 17. Sequence of scanning electron micrographs of a 
single m icrocrack in Oracle quartz monzonite

A. A single m icrocrack with discontinuous m icrocracks ex tend­
ing away from i t .  This m icrocrack d iss ip a te s  into a porous zone about 
1 mm to the left of th is m icrograph.

B. A single m icrocrack is now two interconnected m icrocracks. 
B is about 3 mm from the upper right-hand side of A.
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Figure 17. Sequence of scanning e lectron  micrographs — 
Continued

C. The se ries  of bifurcating m icrocracks in th is figure are 
about 2 mm from the upper right-hand corner of B.

D . The se ries  of bifurcating m icrocracks has become a single 
large p o re , which may be the resu lt of m echanical p lucking.
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Figure 18. Scanning electron micrograph of an intergranular 
prism atic pore in the Laramie granite

Figure 19. Enlarged view down the long axis of an intergranular 
prism atic pore in the Laramie granite

This is not the same pore as in figure 18.
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Figure 20. Scanning electron  micrograph of an aligned series of 
prism atic pores in the Laramie granite

Figure 21. Scanning electron micrograph of intergranular p r is ­
matic pores and microcracks in the Laramie granite
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Figure 22. Scanning electron micrograph of a microcrack in the 
Laramie granite



' 54

It has been shown in th is  d isc u ss io n  th a t the pores in the 

Schultze G ran ite , the Oracle quartz m onzonite , and the Laramie granite 

and quite po ss ib ly  in a ll fractured p lu tonic rocks have an in tergranular 

d is tr ib u tio n . A lso, equidim ensional pores and m icrocracks seem to be 

the two b a s ic  pore geom etries w ith the bulk of the to ta l pore volume ly ­

ing w ithin the equidim ensional p o re s . It has a lso  been  shown th a t the 

sp a tia l d istribu tion  of the pores va ries  from c lu s te rs  in the Schultze 

G ranite to a more homogeneous d istribu tion  in the Laramie granite „ It 

is  not p o ss ib le  to determ ine from the micrographs the geom etry of the 

d iffusional p o res . It seem s reasonab le  though tha t a system  of in te r­

g ranu lar, equidim ensional pores and micro cracks serves as the diffu­

sional p a th w ay s.

Nature of Porosity  in A nisotropic Rocks

Value of g jp V r for O riented Samples

j^DA/V'measured for sam ples oriented  p a ra lle l to  bedding or 

fo lia tion  is two to seven tim es g rea ter than  the value for sam ples of the 

same rock oriented  perpendicular to fo lia tion  (Table 5).

Table 5 . Values for by orien tation  of sample

. Sample P aralle l Perpendicular

AL007 5.40  x 10“4 1.48  x 10~4
AM005 13.9 2.01
P S -l-JC 8.86 4 .92
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Although only one sam ple oriented  perpendicu lar or p a ra lle l to 

fo lia tion  w as m easured per rock , ^’da/ '7' ôr metamorphic rocks from 

Ronda, Spain (Table 1) a lso  show a generally  larger value for the sam ple 

oriented p a ra lle l to fo lia tio n . These considera tions ind icate  th a t fo lia ­

tion  and bedding re su lt in an anlsotropism  of pore geom etry with the more 

continuous pores p a ra lle l to fo lia tio n . This requires th a t the bulk of 

m ass tran sfe r in an iso trop ic  rocks be p a ra lle l to fo lia tion  or bedding.

Geometry and D istribu tion  of Pores. .

O bservations w ith the SEM explain  the above phenomena as 

sam ples perpendicular to  fo lia tion  are charac terized  by broad expanses 

th a t are nearly  devoid of p o res . This is  in con trast to the irregularly  

shaped equidim ensional pore's th a t charac terize  the porosity  p a ra lle l to 

fo lia tion  (f ig s . 23 through 25). The. equidim ensional pores alm ost wholly 

compose the to ta l pore volume as m icrocracks (fig. 25) are very r a r e . 

There is  some su g g estio n , though, th a t the equidim ensional pores are 

aligned  in d iscontinuous linear zones lying in the linear ex tension  of the 

m icrocracks, p o ss ib ly  reflec ting  the controlling nature of the fo lia tion .

It should be.noted  th a t prelim inary s tu d ies  ind icate  pore geometry in 

skarns is sim ilar to pore geometry in an iso trop ic  ro c k s .

A com parison of figures 18 and 23 shows the irregu lar equ id i­

m ensional pores th a t charac terize  the an iso trop ic  rocks are quite different 

from the more prism atic  and continuous equidim ensional pores in the 

fractured p lutonic ro ck s . These d ifferences most like ly  re flec t a funda­

m ental d ifference in the mode of pore form ation.



56

Figure 23. Scanning electron micrograph of an irregularly 
shaped equidimensional pore in a metamorphic rock

This view is paralle l to the foliation in sample HI25.

Figure 24. Scanning electron micrograph of an elongate zone of
equidimensional pores in sample R125
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Figure 25. Scanning electron micrograph of a microcrack in 
sample R81

M 
•
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Total D iffusion Porosity  and Tortuosity 

The to ta l d iffusion p o ro s ity , , can be ca lcu la ted  by solving

t = D i ^ V 2 M i (6)

for jzf, and since and can be m easured experim en­

ta lly  , then

/ _ ^DA
DT ~ TW”  °

Equation (6) can be so lved  num erically  to  y ie ld  jzf „ The follow ­

ing so lu tion  is from Norton (1975).

The firs t step  in the num erical an a ly sis  is to reduce equation 

(6) by defining severa l d im ension less coeffic ien ts  and dividing the 

region of in te res t into a fin ite  d ifference g rid . A t can be defined such 

tha t

At = -A tP lg . (10)

2The use of jfi from the denominator in X7 implicitly assumes only axial 

diffusion. A dimensionless Ax is defined by

Ax = -A-.x, , (11)
JL

w ith Ax the d istance  betw een poin ts on the fin ite d ifference grid and /  

the system  ch a rac te ris tic  leng th . F ina lly , is defined as

—  Mi , ’
Mi “ "AM* A (12)

where Mj is the in itia l concentration  of the i^h ion at one boundary and

AM* the in itia l d ifference in  concen tra tion  of the ion ac ro ss  / .
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Substitu ting equations (10), (11), and (12) into equation (6)

yields

(13)

Equation (13) can now be approxim ated by a Taylor se r ie s  expansion 

which produces the following difference equation .

where the subscrip ts  n and n+1 refer to  the nodal p o sitio n s of the in te r­

v a ls .  This equation  can be rearranged to

where A equals A t/A x %. Since At = (At and = Ax /̂% ,̂

then by substitution.

and by rearranging equation (15),

If convergence c rite ria  are m et, A is unique for each se t of in itia l and 

boundary conditions and for each d iffusion  s te p . The in itia l conditions 

u sed  in th is  study are (1) = IN , (2) AM* = IN , and (3) M in itia lly

is  zero w ith in  the porous m edia. The boundary conditions u sed  are (1) 

top and bottom of the system  are c lo sed  to chem ical m ass tran sfe r and 

(2) Mi and AM* are c o n s tan t. These c lo se ly  approximate, the conditions

A = AtDjff  
Ax2

(15)
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of th ese  diffusion porosity  experim en ts. A evaluated  for the f irs t s te ad y - 

s ta te  d iffusion  step  is  u sed  in equation (16) along w ith the experim ental­

ly m easured time to steady  s ta te » A t, to ca lcu la te  jzL Ax% in equation 

(16) is sim ply the sample th ick n ess , 0 . 1  1.

Two experim entally  m easured tim es to  steady  s ta te  along w ith 

the ca lcu la ted  va lues of 'ft and are g iven in Table 6 „

Table 6 . Values for to ta l d iffusion porosity  and to rtu o sity  calcu la ted  
using  two experim entally  m easured tim es to steady  s ta te

Sample
N o. ^ da/ t $ j^DT r a ^•steady-state

(sec)

SM7 1 .1 4 x 1 0 -3 2 .8 8 x 1 0 -1 3 .9 6 x l 0 - 3 3 .47 2.37  x 1 0 4

80 1.05 4 .5 0 3 .67 2.22 2.25

a . Assuming

1II

By assum ing th a t , a maximum value for. T  can be c a l­

c u la te d , since

= —6 ^ .4  = _ ^ D T_ = _1_
TPDT ^ d t  t

or

A value o f 3 .47 arid 2 .22 was ca lcu la ted  for the to rtu o s itie s  of sam ples 

SM7 and 80, re sp ec tiv e ly . A num erical approxim ation of the linear 

length of an arbitrary  function , in th is  case  y = Asin&ax, where A and co 

are c o n s tan ts , g ives a general picture of the magnitude of the calcu la ted



to rtu o s itie s  (fig. 26). It can  be seen  th a t even th ese  seem ingly sm all 

va lues y ie ld  a d iffusion  path  that is  quite dev ious.



Figure 26 . T ortuosities rep resen ted  by A sincoL curves

T is  ca lcu la ted  by dividing the arc length of A sinwL by the d is ­
tance betw een the beginning and end of th a t curve, which in these  

. exam ples is one . >

(a) A sintoL = 0 .375 sin  2 L and T =  2 .3 7 , the approxim ate value 
for an an iso trop ic  p e lite .

(b) A sinioL = 0 .25  s in 4 L and T =  3 .7 7 , the approxim ate value 
for an a ltered  quartz  m onzonite .
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Figure 26. Tortuosities represen ted  by A sincoL curves



THEORETICAL RESULTS

C oncentration Profiles 

The num erical so lu tion  to the tran s ie n t flux equation , equation 

(13), perm its th eo re tica l ca lcu la tion  of the concentra tion  a t each grid 

point w ithin the sam ple a t some time A t.. Since the th eo re tica l condi^ 

tions c lo se ly  model the experim ental cond itions, a graph of concen tra­

tion  versus its  location  w ill rep resen t the concentra tion  profile w ithin 

the d iffusion sam p le . Figure 27 is such a graph drawn w ith the re su lts  

of the computer m odeling.

In itia lly , the profile is  a v e rtica l line at the IN so lu tion , 

porous media in te rface . As time in c reases  the aqueous sp ec ie s  diffuse 

through the pores from the IN reservo ir toward the ce ll cham ber with the 

slope of the concentra tion  profile becoming le ss  n eg a tiv e . The curve 

labeled  "firs t breakthrough" rep resen ts  the concentration  profile at the 

in stan t an ion th a t has d iffused the length of the sam ple reaches the 

c e ll  cham ber. After f irs t breakthrough, the concentration  w ithin the 

sample continues to increase  un til steady  s ta te  is reach ed . At th is  po in t, 

the concentra tion  profile w ithin the porous medium has developed fully  

and w ill no longer change with tim e . Equation (7) is the m athem atical 

rep resen ta tion  of th is  condition .

M easured versu s T heoretical Values 

A knowledge of at each  grid point a lso  perm its a ca lcu la tion  

of the flux a t any point w ithin  the system  at some tim e A t. The

63
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1.0 N

D IF F U S IO N

Cl
,F IR S T  BREAKTHROUGH

<z>
o

-STEADY STATE

>  0 .5  N

0 .0  N
ROCK SAM PLE

FACE iNl CONTACT 
W ITH IO N  KCL 
SOLUTION

FACE IN CONTACT 
WITH CELL CHAMBER 

AND 10 4 N KCL SOLUTION

Figure 27. Theoretical profiles of concentration of solutions 
within rock samples

Each curve is a "snapshot" of an instan t in tim e.



appropriate equation is

q = Di j^ a aE ul

where D^, f6jyp/T> A x, and A, the c ro s s -s e c t io n a l  area of the sample, are 

arbitrarily defined to b es t  fit the desired  conditions.

C alculations of the theore tical flux using the experimental 

value for were made for severa l sam ples (Table 7), Since the

same values for the same parameters were used  in equations (17) and 

(10), the theore tica l and experimental va lues  should agree very c lo se ly .  

It can be seen  in Table 7 tha t they differ by le s s  than one percent in a ll 

c a s e s ,

A similar comparison is made between experimental and theo ­

re tica l  final concentrations (Table 7), The appropriate equation for c a l -
l

culation of the theo re tica l concentrations is

C 2 = A t  Qn ,T + c 1 
K

where C 2 and 0% the concentrations at t 2 and t j ,  re sp ec t iv e ly , 

the theore tica l s te ad y -s ta te  flux and K a constant to convert from grams 

to concentra tion , Gj and At are experimentally  determined after s teady 

s ta te  has been reached , hence the use  of the s te a d y -s ta te  flux . As with 

the flux comparison, the concentrations should compare favorably and, 

a s  seen  in Table 7, they a lso  differ by le s s  than one pe rcen t.  Both the 

flux and concentration comparison show that there is in ternal c o n s is ­

tency between theory and experiment.



Table 7 . Comparison of theo re tica l and experim ental resu lts

Sample
No.

Measured
Flux

(g/sec)

Theoretical
Flux

(g/sec).

Measured
Initial

Concentration

Measured
Final

Concentration

Theoretical
Final

Concentration
At

(sec)

71 2 .3 7 x 1 0 -9 2 .3 6 x 1 0 -9 1 .7 1 x 1 0 -4 1 . 6 9 x l 0 - 4 1 .7 1 x 1 0 -4 3 .7 5 x 1 0 -3
80 8.22 8.20 2.33 2.29 2.33 2.25
81 2.41 2.41 6.21 5.92 6.19 4.50

125 5.56 5.56 10.1 10.1 10.1 3.75
217 1.90 1.90 2.09 2.07 2.09 '3 . 7 5
245 2.25 2.24 3.04 3.02 3.04 3.00
278 1.69 1.68 ' 1.24 , 1.22 1.24 4 .50

CS-1 3.63 3.62 i .3 5  : 1.39 1.39 4.58
2 10.1 10.1 2.73 2.84 2.84 4 .58
3 5.00 5.00 3.45 3.51 3.52 5.25
5 162 162 27.3 28.2 28.2 2.29
6 19.7 19.7 18.9 19.0 19.0 3.05
8 3.12 3.12 1.20 1.24 1.24 6.10
9 5.53 5.53 3.21 3.29 3.29 6.10

10 8.77 8.76 2.11 2.15 2.16 2.29
11 10.9 10.9 3 .50 3.57 3.57 ' 3 .05
12 1.92 1.92 36.1 36.1 36.1 2.29

SM-1 2.78 2.77 1.43 1.45 1.44 2.29
2 5.80 5.78 14.7 14.7 14.8 3.81
3 10.8 10.8 4 .68 4.78 4.78 3.81
5 1.30 1.29 6.19 6.20 6.20 3.81
7 30.9 30.9 11.5 12.3 12.3 10.3
6 24.8 24.7 9.61 9.61 3.81
9 15.0 15.0 11.6 11.7 11.7 3.05

<T>
CD
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Experimental Precision 

In an attempt to obtain a value for the experimental reproduc­

ib ili ty , several samples were run tw ic e . In all but two c a s e s , samples 

BQZ-5 and SPVZI, the second values were several orders of magnitude 

greater than the in itia l v a lu e s . For samples BQZ-5 and SPVZI, the per­

cent difference between the two va lues is  70.2 and 109, re spec tive ly , 

with the second value s t i l l  greater than the in itia l value (Table 1).

An examination of sample h istory  reveals  probable answers for 

th is  con sis ten t increase  i n y ^ ^ / T .  After the samples were run the firs t 

time they  were allowed to remain in open a ir ,  some up to severa l w e e k s . 

This probably resu lted  in evaporation of water and deposition  of KC1 w ith ­

in the sam p le . Before being re saturated  with 10“4 and run again ,

the samples were flushed for about 5 d a y s . The standard procedure ou t­

lined previously  was then followed to obtain a second value for 

It seems reasonable  to conclude th a t  the flushing with d is t i l led  water 

failed  to red isso lve  the KC1 deposited  within the sam p le . This would 

resu lt  in greatly  increased  fluxes into the diffusion c e l l ,  as  KC1 would 

continue to red isso lve  as diffusion was occurring and hence would resu lt  

in the larger and unreliable values of

An indication of experimental error can be obtained though by 

comparisons of values for ad jacen t samples (Table 8) . It can be

seen  that a ll  percent differences in values for ad jacen t samples

group around 50 percen t. How much of th is  value is a natural spa tia l 

variation in the ratio  is not known, but due to the.homogeneous and ap ­

parent isotopic  nature of these  sa m p le s , natural varia tions are expected 

to be near minimum values .
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Table 8. Experimental re su l ts  for ad jacent samples

Sample No „ ^ da / t % Difference

LG-1 3 .1 0 x 1 0 - 4
-3 7 .1 0

LG-2 1.95 x 10-4

SPVZ5 4 . 7 7 x 1 0 - 4
- . -5 5 .7 7

SPVZ6 2 . 1 1 x 1 0 - 4

SPVZ8 2.99 x l O -4

SPVZ9 1.94 x  10"4
-3 5 .1 2

S5D 2 2.08 x 10"4

S5D 3 3.38  x  10~4
+62.50

—4 -2 6 .8 4
S5D 4 4 . 6 2 x 1 0

Finally , it is shown in Appendix E that reaction  betw een so lu ­

tion  and sample could resu lt  in the measured values being up to 3 per­

cent le s s  than the ac tual values „ Based on these  considerations and 

personal ex p e r ien ce , it is  the au thor 's  opinion that the experimental 

error is  between 10 and 30 percent „ The smaller value is based  in part

on the error due to not considering solution-sam ple in teraction  and the
/

error in equation (8). The larger value is based  in part on the data in 

Table 8 .

Experimental Limits 

Because of s ignificantly  increased  e lec tr ica l  coupling between 

c e ll  and the tank so lu tions , there is a lower limit in the sample
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th ick ness  (about 1 mm) and an upper limit in the value of of a

sample (about 10~2) that can be used  with the experimental equipment.

As these  limits are approached , the voltage reading in the ce ll  becomes 

some complex combination of the conductivity of the solution in the ce ll  

and the conductivity of the 1 N tank so lu tion . This could e a s i ly  lead to 

erroneous values for the voltage and hence for » The same prob­

lem could be posed with a sample that contains a large proportion of 

conductive m in era ls , but th is  did not appear to be a problem in this 

study. The porosity  limit does not appear to be significant in the study 

of most plutonic and metamorphic rocks but may become so with the more 

porous volcanic and sedimentary ro c k s .



CONCLUSIONS

It has been shown that the values for to ta l  porosity  measured 

for a wide varie ty  of p lu ton ic , metamorphic, and sedimentary rocks are 

in general le s s  than 0 .0 5 .  In con tras t ,  the values for to ta l  porosity  for 

vo lcan ics and hydrothermally a ltered volcanic  and sedimentary rocks are 

greater than 0 .0 5 ,  with some values as large as 0 .2 2 .

M easurements of ^Qr th ese  same rocks show that in

general is between 10- ^ and 10” ^, which usua lly  amounts to 2

percent of the to ta l  porosity . T  was shown to have a maximum value of 

about 3 and when used  in y ie lds  a value of 0.06jz£p for the to ta l

diffusion porosity . This value requires tha t 94 percent of the to ta l pore 

volume be located in the d iscontinuous and iso la ted  pores as res idual 

porosity .

It is a lso  shown that values for the constituen t porosit ies  for 

many hydrothermally a ltered  rocks are significantly  larger than  those of 

their unaltered  equivalents and that the bulk of th is  increase  is in 

res idual porosity . It was a lso  shown tha t the increase  in res idual poros­

ity  cannot be accounted for by irreversible  mass transfer between the 

solutions within the res idual porosity  and the surrounding rock . This 

leaves two possib le  conclusions: (1) there was an in it ia l ly  larger poros­

ity or (2) the increase  in res idual porosity  is due to an increase  in d if­

fusion porosity  or flow porosity  or both and their subsequent closure to 

form new res idual porosity . The la tte r  case  is favored by theore tica l 

c o n s id e ra tio n s . It is a lso  shown that the change in porosity  of a rock

70
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due to mass transfer in a hydrothermal system  is a function of the lo ca ­

tion in the system . From th is  we would expect spa tia l  differences in 

porosity  within a given system . The data  strongly suggest tha t the cy lin ­

drical wormhole model of porosity  bes t  fits  the observed data  for matrix 

block porosity .

An analysis  of porosity  and g ra in -s ize  d istributions indicates 

that the constituent porosities  are composed of intergranular p o re s . 

Furthermore, these  pores have dimensions tha t are le s s  than  the a s s o ­

cia ted  mineral d im ensions. There is a lso  a tendency for these  pores to 

be concentrated around the smaller mineral s i z e s , which is probably a 

resu lt  of the smaller minerals having a grea ter boundary length-surface  

area ra t io .  A measure of the continuity of the intergranular p o re s , /

ind icates  that diffusion porosity  is composed of networks of these  in te r­

granular p o re s . These measurements a lso  suggest tha t va lues for 

for samples greater than 1 cm thick can be extrapolated and u sed  for 

blocks tha t are orders of magnitude larger.

, The suggested  intergranular d istribution of pores in fractured 

plutonic rocks is further supported by scanning electron m icrographs.

The SEM studies a lso  show that there are e s se n t ia l ly  two types of pore 

geometries in these  ro c k s , equidim ensional pores and m icrocracks . The 

equidimensional pores are characterized  by prism atic to more irregular 

s h a p e s , while the microcracks are characterized  by having an aperture 

that is often le s s  than 1 jam. This small dimension requires that the . 

bulk of the pore volume be contained within the equidim ensional p o re s . 

The distribution of these  two pore geometries varies from areas of large

y
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pore concentration separa ted  by large expanses of very low porosity  rock 

to  a more, homogeneous d is tr ibu tion .

Studies on anisotropic rocks reveal that is two to seven

times grea ter para lle l  to sch is to s i ty  or bedding than perpendicular to i t .  

The reason for th is  porosity  anisotropism  is revealed  by scanning e le c ­

tron micrographs that i llustra te  the very low porosity  of samples oriented 

perpendicular to fo lia tion . In con tras t ,  the porosity  of sam ples oriented 

para lle l  to foliation is charac terized  by irregularly sh a p e d , equidimen- 

sional pores with microcracks being very r a r e . There is some suggestion  

tha t these  pores are aligned in linear a r ra y s , p oss ib ly  reflecting  the con­

trolling nature of the fo lia tion . It should be noted that the irregular 

shape of these  pores is in contrast to the more p r ism a tic , equidimen- 

sional pores that characterize  fractured plutonic ro ck s . This may be a 

reflection of the different modes of pore formation in the two rocks .



APPENDIX A

SCHEMATIC CIRCUIT DIAGRAM OF EXPERIMENTAL 
DIFFUSION POROSITY APPARATUS
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B = 2.84 x
6=352 
A/D _

f = 475 Hz

The res is tance  of the solution within the diffusion c e l l , Rs , is described by Rs = Rj (

>>44̂

W
|>



APPENDIX B

. THEORETICAL PREDICTION OF THE 
TIME TO STEADY STATE

The elapsed time to steady state At is  calculated from

At = — —D i # 1 0

with y t h e  length of the diffusion sam ple, Di the diffusion coefficient 

/  = $ ■ £ > & / ♦  See the section  on "Total Diffusion Porosity and Tor­

tuosity"  for a definition of A and a more complete de riva tion . It can be 

seen that the controlling parameter in th is  equation is £%, so even 

smaller va lues of #  would not have a great effect on A t .  Figure B-l is 

a graph of A* for various A s  and shows tha t 24 hours, is ample time to 

a tta in  a s te ad y -s ta te  flux. ,
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24 hrs

with^>= 1/3
Dj = 1.9 x IO~5 "

0.2 0.4 0.6 0 8  10 1.2
LENGTH OF POROUS MEDIUM (cm)

1.4

Figure B - l . Relationship between length of porous medium and 
time to s teady sta te



APPENDIX C

DIFFUSION COEFFICIENT AS A FUNCTION 
OF CONCENTRATION
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2.2

2.0

MEAN VALUE 
USED IN 
EXPERIMENTS

x-4 5 x ic r 3 io -2 5 x ic r 2 io' 1
CONCENTRATION (N KCL)

5x10" I0( 5x10

The range in concentrations during the experiments were from 
10-4 to 1 . Data are from Robinson and Stokes (1968).



APPENDIX D

ESTIMATION. OF CHANGE IN RESIDUAL POROSITY 
DUE TO IRREVERSIBLE MASS TRANSFER

The following is an estim ate  of the change in res idua l porosity  

due to  irreversible mass transfer between the solution within res idual 

porosity  and the surrounding m ine ra ls . The in itia l condition is a quartz -  

m icrocline-a lb ite-ann ite  aggregate with jzfj = 0.01 and = 0 .0094 . The 

to ta l  pore volume in 1 m^ of th is  rock is 10^ cm^ and the pore volume in 

res idual porosity  is 9 .4 x 103 cm 3. The res idual porosity  pores are a s ­

sumed to be in itia lly  filled with an acid ch loride-rich  solution that is 

out of equilibrium with the rock.

Helgeson (1970) has theore tica lly  calcu la ted  the irreversible 

mass transfer at 100°G for th is  c losed  sys tem . Table D - l  includes a 

compilation of the grams of mineral produced or destroyed as ca lcu lated  

by H elgeson. To ca lcu la te  the change in volum e, the grams produced or 

destroyed are divided by the density  of the m ineral. For minerals de ­

stroyed, a hypothetical bulk rock density  of 2.50 g/cm^. is assumed; 

the density  of the specific  mineral is used  for product m inera ls . This 

procedure resu lts  in a maximum value for the increase  in pore volume 

due to irreversible mass transfe r . The changes in volume are given in 

the la s t  column of Table D - l .  The increase  in pore vo lum e, 9 .27  cm^ , is 

le s s  than 0.1  percent of the to ta l pore vo lum e, 10^ cm ^ . From th is  it is 

e asy  to see that the increase  in porosity  due to irreversible  mass 
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transfer with res idual porosity  at 100°C can hardly account for the larger 

value of to ta l  porosity in a ltered rocks .

Table D - l . Change in pore volume due to irreversible m ass transfer

M ineral

Mineral Destroyed 
or Produced a 

(grams)

Mineral
D ensity
(g /cm 3 )

Change 
in Volume b 

(cm3)

albite - 9 .4  x lO^ 2.50 +3.76 x 102

microcline -2 .9 7  x 1 0 -1 
+9.4  x 10 2

2 .50
2.57

+1.79 x 10-1 
-3 .6 6  x 102

annite -2 .9 7  x lO-1 
+2.97  x lO-1

2.50
3.30

+1.79 x 10-1 
- 9 .0  x lO-2

quartz +1.88 x 10-1 -7 .0 7  x 10"2

Na-montmorlllonite +1.49 2.60 -5 .7 3  x 10-1

chalcocite +4.71 x 10-4 5 .80 -8 .1 2  x 10-5

+9.27

a .  -  = destroyed; + = produced.

b . -  = volume decreased ; + = volume increased .

The mass transfer in the above system  can be expected  to change 

at higher tem p era tu res . The equilibrium constan ts  for the  hydrolysis 

reactions of a lum inosilicates  d ecrease s  with increasing  tem pera tu re .

This re su l ts  in th ese  major rock-forming minerals becoming le s s  soluble 

(more stable) with increasing  tem pera tu re . A complementary effect is 

increasing  s tab il i ty  of the HC1 complex with increasing  tem perature, 

which would resu lt  in a decrease  in the amount of H+ ion available  for 

reac tion . Both effects  would cause a net decrease  in the amount of
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reac tan t minerals consumed at higher temperatures „ Opposing th is  trend 

is the increasing  s tab il i ty  of the major element chloride com plexes, such 

as G aC lg , with increasing  tem perature. This would contribute to a d e ­

crease  in major element ac tiv ity  which would decrease  the s tab ili ty  of 

the major rock-forming m inerals . Helgeson (1970) has ca lcu la ted  the 

m ass transfer at 200°C and 300°C for the same system  and has de te r­

mined that there is sign ifican tly  le s s  mass transfer at these  higher tem ­

p e ra tu res .  Spec ifica lly , the mass of reactan t minerals consumed at 

100°C is  twice that at 200°C . Even though any exac t ca lcu la tion  of the 

to ta l  volume change due to so lu tion-rock  in teraction  would have to be 

integrated over the entire thermal h istory  of the rock , th e se  calcu la tions 

a t  100° can be considered near maximum. As such the larger res idual 

porosity  of the a ltered rocks is not due to irreversible  m ass transfer 

w ithin res idual porosity .



APPENDIX E

SOLUTION-SAMPLE INTERACTION

The following is an estim ate  of the effect of so lu tion-sam ple 

in teraction on the measured v a lu e s . A general equation showing

the rela tionship  between and the conductivity , k , is derived firs t  „

Then the effect that irreversible  mass transfer has on the concen tra tion ,

and hence k, is estim ated . The resu lts  are substitu ted  into the govern­

ing equation and A ĵ da/ t  is ca lcu la ted . Comparisons are made with data 

from an arbitrarily chosen sam p le .

The rela tionship  between ^ daA-' and conductivity  k can be d e ­

rived as  follow s. The res is tan ce  of the solution in the diffusion cell  

can be expressed  as

Rg = L /k  (E-L)

where L is the ce ll  constan t (cm- *) and k the conductivity  of the so lu­

tion in ohm- l cm- -*- (Robinson and S to k es , 1968). It has been shown in 

Appendix A that the c ircuit equation for the diffusion experiments is

Rg = Rl (E/V-l) (E-2)

and a substitu tion  of equation (E-l) into equation (E-2) y ie lds

V = dk (E-3)

where d = ERj/L . The above equation assum es tha t Rg is much greater 

than Rj . It is shown in the tex t that the concentration in the cell is a 

polynomial function of the measured voltage V and can be expressed  as

C = X + YV + ZV2 . (E-4)
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Since the change in the value of ^ D i \ / r  is  needed , a concentration Cj  is 

chosen . The change in concentration due to so lu tion-sam ple  interaction 

can be found by substitu ting  equation (E-3) into equation (E-4) to give 

A C =  C 2 ~ C i = X  + Ydk2 + 2Zd2k22 -  C j (E-5)

where k-2 the conductivity  of the final so lu tion . It is a lso  shown in the 

tex t that

On = (E-6)

where Qn is the ionic flux ( g / s e c  • c m 2 ) , a is a conversion factor 

to change normality into molality, and At is the change in time (sec). 

Substituting equation (E-5) into equation (E-6) y ie lds

O = —  + aydk2 a zd 2k 22 _ a c i   ̂ ( e - 7)
n At At At At

The value of can be ca lcu la ted  from

T DiA y Mj
(E-8)

with Di the diffusion coefficient of the i^h sp e c ie s ,  A the c ro s s -  

sectional area of the sample and TZMj. the concentration grad ien t. Let­

ting b = A tD iA ^M i and substitu ting equation (E-7) into equation (E-8) 

y ie lds

/DA = ax + aydk2 + azd 2k22 _ a c j
(E-9)

Differentiating with respec t to k2 gives

dfefDA/r) _ ayd 2azd2k2
dk2 —  + b-  ' (b I0 '
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AfcW r) = + -SSdMki (E-ll)

Equation (E -l l )  is the governing equation of AGẑqa/V) with respec t to 

changes i n k .

An estim ate of the effect of irreversible  mass transfe r  between 

solution and sample can be obtained from

.M i . j  = M? + ■ A t ^ / 2  (E-12)
WH20

where = molality of i^h sp ec ies  at the end of the time step

= in itia l molality of i1-^ spec ie s

A = surface area of reactant phase, cm^

j -  reaction  rate constan t of the spec ies  at the end of 
the jth  time s tep , moles - day 1 / 2 /  cm2 0f surface area

A tj1//2 = elapsed square root of time, d a y l/2  

Wh 20  = mass of water , kg .

The irreversible mass transfer between solution and sample can 

be estim ated by consideration of fe ldspar hydrolysis < An example is

NaAlSi3Og + 4H+ + 4H20  Na+ + Al+3 + 3H4Si0 4 . (E-13)

Using the value of k i j  for feldspars at 25°C and 1 atm (10~10 moles ° 

day 1 / 2 /c m 2  of surface a re a ) , = 0, f l / 2  = 1 and assum ing A/Wj j20

= 10^ , a value of 2 x 10~3 moles Na^/kgHgO is obtained for the in­

crease  in Na+ after 1 day . This value can a lso  be used  for K+ . Since 

equation (E-13) involves the consumption of H+ (4 moles H+ consumed 

for every mole of Na+ or K+ produced), the change in H+ (1 .6  x 10~3



I

85

moies H^/kgHgO) is a lso  needed for an estim ation  of the to ta l  A k . It 

should be noted tha t th is  is an extreme sim plifica tion , since possib le  

equilibration between solution and reactan t mineral is not considered . 

Also the irreversible mass transfer due to hydrolysis of other rock- 

forming m inerals , the complexing of the ions in so lu tion , the effect of 

. ions other than Na+ and K+ , and the effect of product minerals are not 

considered . Another idea liza tion  used  in the following calcu la tion  is 

that a ll  of the ions produced as a resu lt  of the irreversible mass transfer 

end up in the diffusion ce ll  chamber.

The change in conductivity as a re su lt  of the irreversib le  mass 

transfer between solution and sample (at very dilute concentrations) can 

be expressed  as

k = 5  Ci*? (E-14)
1=1

where Cp is the concentration of the fth ion (normality) and the lim it­

ing ionic conductance of the i ^  ion (cm^ • mho / e q ) .

In the following ca lcu la tion , data  for sample S5D3 w ill be used  

for the standard s ta te .  In particu lar, we w ill use  = 3 .28  x 10*"^

and C j = 1.9 x 10—4 ]\j (the final measured concentra tion), which cor­

responds to a KC1 solution conductivity of 2 .75 x 10"5 mho/cm . 

Expanding equation (E-14) and substitu ting  the appropriate values for Cp 

and A? gives
4

k 2 = X  c i Xi = c k+ a k+ + c Na+ANa+ + c h +Ah + + c c l - /Jc l -
i=l

= (1.92 x 10-7) (7.35 x 10) + (2 x 10~9)(5.01 x 10) +
( -1 .6  x H P 8) (3.5 x 10--2) + (1.9 x i q - 7)(7.64 x 410)

= 2.31 x lO-8  ohm-^cm- ^.
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Also k 2 -  k j = -4„37 x 10 6 

and k22 -  k ! 2 = - 2 . 2 3  x 10"10

because  (kg2 -  k j 2)is  much le s s  than (kg -  k j ) ,  equation (E -l l )  reduces 

to

A y M A )  = .S X A f e - z M  . (E-15)

For sample S5D3

a = 3 .95  

Y = 1.7  x 10~3 

b = 7 .4 x 10-1 

d = 2 .84 x 102 .

Substituting Ak and the above values into equation (E-15) y ields

A(^da/ t ) = -1 .1 3  x 10-5, 

which with jẑda/ t  -  3 .2 8  x 10"^ gives

= -3 .4 3  x lO- 2 .
p d a / t*

So not considering reaction  between solution and sample could resu lt  in 

the measured values being about 97 .6  percent of the ac tua l v a lu es .
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