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ABSTRACT

The total porosity oi a fractlired medium is défined"for purposes
of heat and mass transfer calculations in térms of its conétitﬁents, flow
porosity, diffusiori poi'osity, and residual porosity. "I;otal p.ofosity de-
terniinations for a wide‘r'c'mge,of crystalline rocks ‘show that in general
volcanic rocks havé .significa-ntly iarger total poroSity_values , up to
0.;22, than do metamqrphic and plutonic rocks, whose values are oiten
- less than 0.01. The total diffusion porosity for these same rocks is
usually less than 0.06 times the value for their total porosity; requiring
up to 94 percent of the total pore volume to be located in the residual
pores. Similar studie s.indicate that the diffusional paths have a tortu-
-osity less than 3 and that the diffusion porosity be an'is'otropic in an-
isotropic rocks.

Porosity and -miyn_er_éi—size. distribution data i.hdicate that the
pores are intergranular, have a maxiinum dimension less than the size.
of their associated miner'ai_s ' and._-are concentrated around the smaller
mineral graiirls . Scanning eiectrori microsciope studies ’-show that there
'are»two pofe geometries, micirocracks and equidimensional pores ,vwith

the eqliidime‘nsional pores making up the bulk of the total pore volume.



. INTRODUCTION

Mathematical formulations of solution—rock interactions in
porous media suggest the need to quantitatively define the interface of
this‘interacti_on, the rock porosity (Nigrioi, -1969; Helgesoh,_ 1971:;
Noftori, 1975) ,r The'totali porosity, o’T, is the total void space in Va rock
"and can be defined in terms of.its constituent porosities (Norton, 1975):

gt = 4f + 4DT + BR- . Q)

Flow porosity, 4r, is defined as the void space within Which'fluid flow
is the predominant aqﬁeous component transport mechanism. Thes"e voids
aré either throughgoing or form a network that is throughgoing with re-
spect to the flow systerh under considération.v Crack segment AB (fig. 1)
is an example o_f a fluid flow channel whose pore vol}lme contributes to
the flow porosity, This definition is basedAsolely -on the crack's con-
tinuity with respect to the exposure. Asusuch, it is somewhét arbitrary,
since it is not feAasb'ible to discern the continuity of tﬁe crack on a plu-
tonic scale. |

Total diffusion porosity, gpT. is defined as the porosity within
which ionio transport through the aquéouo phase is the predominant trans~
port mechanism. 'i‘his includes discori;cinuous cracks and h_etworks of.
pores th_ot lie in the matrix blocks between‘;zfp (segment CD,V fig. 1) as
well as oontinuous cracks with én‘ extrefnél’y smail aperture,‘,’

F_inaliy, 't1:1e residual porosity, dR, comprises the'isrolrate‘d pores

that are connected to neither 4 nor #pr. These are most commonly

1



Figure 1. An exposure of porphyritic Schultze Granite, illustrat-
ing the constituent porosities in a fractured medium

Crack segment AB, about 27 m long, is continuous over this 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 pore.



'c.ompos.ed of microscobié pores'bu_t-nday'bé much larger, Asué.h..as some
'caviﬁes in volcanic rocks',' | | |
7 Considerable effort has been spent by the petrolé_u;n ihdustry in

‘collecting gt data because of the importénce of sﬁch dai;a-iir; reservoir
technology. Although early workers recrz.ognizedr the importance ofl porosity
'.in diffusional processes (Duffell, 1937: Whitman, A1928)', it is lonly re-.

- cently through ihterest in the e‘ffe-ct of porosity on elastic, inela‘sti'c,
- ‘and transport properties of rock that similar data have been collected for
Crystélline roéks (Brace, 1965; Walsh, 1965a, 1965b, 1965c; among
~ others). Als-o.therebseems to have been no adfive study of diffusion
_ porosity since Garréls' pioneer work (Garrels, Dreyer, and Howland,
1949), though Brace (\1965) has méeasured similar quantities. Similarly,
- data concerning #p seem to be confined 6 p'apers by Snow (1965, 1968,
1969, 1970), Bianchi and SnoW (1969), and Villas (1975). The purpose ’
Qf this study is to determine specific and relative values for 1. DT
and ;sz for a vériety of ignebus a‘nd- metamorphic rocks. Furthermore ’
_."these rocks will be examinéd by various meané to determine a geometric
and- distributional model of porosit’y.in hydrothermally altered, metamor-—

phic and fractured plutonic rocks.



TOTAL POROSITY

Bulk Density

The total porosity of a sample is calculated by obfaining é
measurement of the density of the bulk rock, PR and the density of |
grains from the crushed rock, pPc- The bulk density, PB' is calcﬁlated-
from | ’

_ Fa | '
PB = Fa - Foy , (2)

with Fp the weight of the sample in air and Fw the Weight of the sampIe
immersed in distilled water. This calbuletioh assumes ‘that.t-he rock is

completely unsaturated and that water penetration ihto the pores during
the measurement of Fyy is negligible. The presence of a solution in the

pores would result in a greater value for pp than in the unsaturated case.

~

Grain Densitv

The grain density, PG of a representative Asa‘mpjleofethe crushed -
rock'is detefmined by means of a py'cno'metero The weight of the pyc-
nometer, Fp, is first measure’d..‘ Then a small quantity of ‘ci‘ushed rock
with a graink size less than the smallest mineral grain in the reck is in¥
troduced into the pycnometer and the combined weight, FP-!-G' is meas-
ured The pycnometer is then filled w1th dlStllled water,- placed in a
~vacuum desiccator where the water is boiled for several minutes to purge
ahy air bubbles tha ‘m.ay 'be trapped between the grains. The pycnometer,

filled with the crushed rock and water, is then W’eighed to obtain

4



AI-‘P_,_G_,_WO Finally, the pycnometer is emptied, cleaned, vref‘illed with
distilled water alone and weighed to obtain Fpyy . The density of the
grains is then calculated from |

Fpeg-Fp @)
(Fp+g - Fp) - Fprg+w ~Fw)

PG =

Calculation of Tdtal Porosity

‘"The measured bulk and grain densities .are then used in

PB o
=1 - 4
#1 e , (4)

to calculate the total porosity. The errofs in the above measurements. '
result in about a 5 :percent error in dT for typical values of pp and PG
| By necessity;: samples were taken in matrix bl_ocks between dF; As such,
gt is-actually equal to g + 4p.. |
The above methods We're used to obtaih‘the bulk densityl of
silicon metal, 2.34, and the" grain density. of crushed Quaﬁz, 2.64.
When compared with their true values, 2.32 and 2.65-2.66, réspective-
ly, (Deer, Howie, and Zussman, 1966), a precision of 0.53 and 0.40 per-
cent is obtained. The most significant source of error in the measure-
ment of grain density’is the difficulty in obtaining a representative
crushed sample of the bulk rock. This erro‘r .is' the most likely cause of

" the negativé @ value for sample CS 3 (Tables 1 and 2).



- Table 1. Density and porosity data

Bulk Grain

'~ R-81 - 2.85 2.89

: : Total Sample
Sample Density Density Porosity : - Thickness
' No. op (g/cm3) pc (g/cm3) T gpa/r Orientation 1 (cm)
Johnson Camp, Arizona
BQz-5 . 2.61 - 2,72 4.11x10"2 8,05x1074 _ 1.04
S ' : . 13.7 — 1.04
Al-007 2.68 2.74 2.12 - 5.49 _ .424
S ‘ ' . ~1.48 _- .988
IAS 2.55 -3.00 14.7 . 10 ' ' .90
AM-005 2.71 . 2.79 2.72 : 13.9 - .843

: 2.01 _ 800
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
ESGC-3 2.64 2.71 2.62 -
BP-4 2.60 2.70 3.85 o :

.PS-1-]C 2:69 2.73 1.54 8.86 - .925

- 4,92 .964
Globe-Miami, Arizona
PS~-1-GM 2.74 - 2.78 1.30,

Ronda, Spain
. R-71 2.74 - 2,76 .73 2.44 _ .386
R-80 2.77 2.80 1.07 3.27 . 1.224

1,38 58.8 1.29



Table 1. Density and porosity data--Continued

Sample -

5.34 - 2.94

857

Bulk Grain Total
Sample Density Density Porosity . Thickness
No. pB (g/cm3) oC (g/cm3) o7 - dpas Orientation 1 (cm)
R-125 2.72 - 2.97 . 8,42%x10"2 7,08x10-4 _ 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
GS-3 . 3.13° 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 ‘ i
- 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
CS-12 C 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
Cont. pit 2.91 3.03 3.96 .543 - ,.949
150 pit 3.62 3.82 5.24 , 1.95 1.04
Gopper Flat v
Pluton 2.48 2.62



Table 1. Density and porosity data——Continued

Sample

. Bulk Grain Total
Sample Density Density Porosity Thickness
No., pp (g/cm3) PC (g/cm3) gr gpp/T Orientation 1 (cm)
San Manuel, Arizona '
SM-1 2.71 2.75 1.46x1072 1.075{10"4 1.04
SM=-2 . 2.70 - 2.75 1.82 2,08 .968
SM~-3 2.71 2.87 5.58 ‘ 4,11 1.02
SM~5 2.63 2,70 2,59 424 - .881
SM~7 2.45 2.63 6.84 11.4 - .999
SM-8 2.57 2.70 4.82 .- 8.80 . .958
SM-9 2,58 2.73 5,50 -5.84 1,05
Butte, Montana
8 2.73 2.91 6.35 6l1.4 1.03
9A - 3,04 3.22 5.41 o
9B - 2.75 2.81 1,99 T
10282-2 2.60 2.71 3.77 - 8,35 1.18
10282-1 2.65 .2.66 «0753 © 8.03 1,52
1024-1 2.74 - 2.77 1,55 = :
10280-2 2.71 2.71 0221
10283~-1 2.73 2.76 1.01 . 2,42 1.12
7 2.68 2.73 1.91 '
Sierrita~-Esperanza, Arizona
" E-1 2.53 2.60 2,96
CE-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 - 3.42 .807
‘ 1.14

1.27



Tabie 1. Density and porosity data--Continued

| Bulk Grain Total ' ~ Sample
- Sample Density Density Porosity : Thickness .

No. pp (g/cm3) - pg (g/cm3) T #pa/- - Orientation 1 (cm)

Schultze Pluton, Globe-Miami, Arizona

S1 BB 2.51 2.65 5.35%x1072 3.9 x1074 . | 0.840
'SPV 2.61 2,66 1.77 4.88 | _ 1.0
* 2.19 : 1.0
8.31 | -

.507

Eqﬁigranular Schultze Gfanite, Globe—l\/Iiami, Arizona

SPV-Z1 1.77 3.91 - 1.10
N o » o | 1.00
2 2.90 - 1.0
3 8.31 ‘ ' .507
4 6.22 - .659
5 - 4,77 ~ ' , .952
2.11. ' .942
6 4,63 - ‘ S 1.03
7 2,99 1.00
1.94 1.03
8 3.90 | 2995
9 10.4 : . 7,952
- 10 6.90 .939
- 5.60 | | -906



Table 1. Density and porosity data--Continued

' " Bulk Grain Total Sample
Sample Density Density Porosity . Thickness
- No, oB (g/cm3) pc (g/cm3) g7 Bpp/T Orientation 1 (cm)
'Porphyritic Schultze Granite, Globe-Miami, Arizona y :

SD5 15.6 x1074 0.144

‘ 5.79 0222

6.07 .280

SCM 5.23 .481

3A ‘ 5.38 .643

7CM 5.05 - .708

2 - 2.08 911

L 3.38. :

3 6.38 ©.987
10 : 1.016

4 . 4.62 1.107
Bingham, Utah , ) _ o

BGP 2.46 2.62 6.11x1072 3.0 1.19

BQLP 2.58 2.65 2.64

BWR 2.44 2.79 12,5 3.19 1.17
Miscellaneous ' - ‘

SG-1 2.52 + 2,62 4,12 o

1G-1 2.65 2.68 1.08 3.10 1.0
, o 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-§ . 2.46 2.66 7.52 9.87 1.09
TR-6 - 2,68 2.76 - 3.08 ‘
2.61 15.7

DAC

2.20

o1




- Table 2,

Mineralogy of samples

Samplé No.

Rock Name

f

Mineralogy

Johnson Camp, Arizona

BQZ-5
AL-007
LAS
AM-005
ATU-003
AU-004
AU-006
ML-002
MM-6
MU-001
ESC-3
BP-4
PS-1-JC

Globe- Miami

Bolsa quartzite

Lower Abrigo shale
Lower Abrigo skarn
Middle Abrigo limestone

‘Upper Abrigo quartzite
Upper Abrigo quartzite

Upper Abrigo limestone
Lower Martin limestone
Middle Martin limestone
Upper Martin quartzite
Escabrosa marble

Black Prince limestone
Pinal Schist

Arizona

PSfl—GM

Ronda, Spain

R-71
-R-80

R-81

R-125

R-217
R-245

R-278

Plnal Schist

slate

biotite~garnet metapelite
quartzite

pelitic schist

hornfels
granulite~grade gneiss

hdrnfe Is

quarfz

clay, calcite |

tremolite, muscovite, quartz magnetlte hemat1te
calcite, chert :

quartz

guartz

calcite, chert -

calcite '

calcite

quartz

-calcite

calcite

andalusite, quartz, sericite, biotite, magnetite

quartz, diopside, biotite, sphene, plagioclase, chlorite

muscovite, tourmaline, andalusite, staurolite, quartz,
biotite, garnet, plagioclase

quartz, biotite, plagioclase, perthite, cordierite

quartz, garnet, mlcroperthlte plagioclase, s1llimanite,
biotite

quartz, perthite, cordierite, plagioclase, biotite,
sillimanite

11



Table 2.

Mineralogy of samples ~~Continued

Sampie No.

Rock Name

Mineralogy

Chino, New Mexico

Gs-1
CS-~2

CS-3
CS-4
CS=-5
CS-6
“GS-7
CsS-8
CS-9
CsS-10
GS-11
CS-12
CS-13
- Ghino
pluton

skarn
skarn

skarn

skarn -

skarn

skarn

marble

skarn

skarn

Syrena limestone
Upper Oswaldo limestone
Lower Syrena limestone
rhyolite subvolcanic

altered quartz monzonite

porphyry

Silver City, New Mexico

Chino pc
Cont. pit

150 pit
"Copper Flat
‘pluton

greenstone
skarn

skarn

quartz latite porphyry .

quartz magnetite, pyrite, chalcopyrite .

quartz, sericite(?), biotite, magnetite, chlorite pyrite,
chalcopyrite '

quartz, andradite, magnetite, calcite, pyrite, chalcopyrite

quartz, termolite, magnetite, pyrite

magnetite, quartz, pyrite, calcite

amorphous silica, hematlte magnetite.-

calcite

diopside, quartz, amorphous 51llca('?) calcite, magnetite:

quartz, calcite, d10ps1de (?)
calcite
calcite, quartz

" -calcite, quartz

quartz, andradite, magnetite “talc, sericrte(’?) pyrlte,_
chalcopyrite, ca101te ‘

71



Table 2. Mineralogy of samples--Continued

Sample No.,

Rock Name _

Mineralogy

San Manuel, Arizona

SM-1
SM-~-2
SM-3
SM-5 -
SM-7
SM-8

- 8M-9

porphyritic Oracle gquartz

monzonite, altered.
porphyritic Oracle quartz
monzonite, altered
porphyritic Oracle quartz
monzonite, altered
porphyritic Oracle quartz
monzonite, altered

quartz, microcline, chlorite, biotite, plagioclase, horn-
blende , montmorillonite, epidote, hematite

quartz, K- feldspar, plagloclase chlorite, biotite,
kaolinite, montmorillonite

quartz K- feldspar sericite, kaolinite, biotite, plagioclase,
pyrite, chalcopyrite, hematite

quartz, K-feldspar, chlorite, plagioclase, sericite, pyrite,
hematite, epidote

quartz monzonite porphyry, quartz, K- feldspar plagloclase chlorlte biotite, sericite,v

altered

pyrite

guartz monzonite porphyry quartz, sericite, chlorite, K- feldspar

altered

" porphyritic Oracle quartz

monzonite, altered

Butte , Montana |

.
on

9B

. 10282-2
_1ozazQi
1024-1

serlcltlzed Butte quartz

monzonite
sericitized Butte quartz
monzonite

_sericitized Butte quartz

mongzonite ‘
argillized (white). Butte
- quartz monzonite
argillized (green) Butte
~quartz monzonite
altered Butte quartz
monzonite

guartz, sericite, clay, plagloclase, microcline

with pyrite, chalcocite, enargite in vein

quartz, potassium feldspar, plagioclase ‘biotite, horn-
blende anhydrite :

el



Table 2.

' .Mineralogy of samples--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-1 altered Esperanza quartz
L - monzonite porphyry
E-2 - altered Esperanza quartz
monzonite porphyry
E-5 altered rhyolite
ST-1 altered quartz monzonite
- porphyry
- ST-3 altered biotite quartz
diorite
ST-6 altered Harris Ranch

guartz monzonite

Schultze Pluton, Globe—l\/[i‘ami:, Afizo‘na

S1 BB altered porphyritic
Schultze Granite

- SPV. equigranular Schultze
SR Granite o

quartz, plagioclase, K~feldspar, blotite, sericite rutile,
molybdenite, chalcopyrite

guartz, plagioclase, K-feldspar, biotite, montmorillonite,
pyrite, chalcopyrite, molybdenite

with quartz, hematite, sericite, pyrite

quartz, K-feldspar, kaolinite, biotite, pyrite, chalcopyrite

plagioclase, biotite, montmorlllonlte('?), chlorlte,
sericite, epidote, quartz

quartz, plagioclase, K-feldspar, hornblende kaolinite,
chlorite, biotite, calcite, pyrite, hematlte

guartz, K-feldspar, plagloclase biotite, clays, muscovite,
calcite, Cu oxides

quartz, K~feldspar, plagloclase biotite, kaolinite, musco-
vite, clays - ‘
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Table 2. ,Minéralogy of samples--Continued

- Sample No.

-_ Rock Name

Mineralogy

Equigranular Schultze Granite,

SPV-Z1

QOO UTWN

wm
by

‘ <

RO

LR
cCo-HN

equigranular granite

equigranular granite
equigranular granite
equigranular granite
equigranular granite
equigranular granite
equigranular granite
equigranular granite
equigranular granite
equigranular granite

equigranular-granite -

equigranular granite
equigranular granite
equigranular granite

Globe-Miami, Arizona
© with muscovite,

with muscovite,

with muscovite,

. with muscovite,
with muscovite,
with muscovite,

Porphyritic Schultze Granite , Globe-Miami, Arizona

. .SD5
- SD5§
SD5

- 5CM

- 3A

7CM

2
3
10
4

porphyritic granite

~ porphyritic granite

porphyritic granite

. porphyritic granite

porphyritic granite
porphyritic granite
porphyritic granite
porphyritic granite
porphyritic granite
porphyritic granite

clays

clays

clays

clays
clays
clays

S



Table 2. Mineralogy o»f samples--Continued

Sample No.

Rock Name

- 'Mineralogy

Bingham, Utah

Bingham granite porphyry

(Superior, Arizona)

quértz,, K-feldspar, plagiodlase; biotite, muscovite'

BGP
- BQLP ~ Bingham quartz latite porphyry
BWR Bingham latite dike
Miscellaneous
SG-1 Stronghold granite
o (Cochise's Stronghold, Arizona)
1LG~1 Laramie granite
(Laramie, Wyoming)
RM-1 altered tuff _ :
(Red Mountain, Arizona)
TC-1 Texas Canyon granite
, (Texas Canyon, .Arizona)
AG-1 Amole granite . .
» , (Tucson, Arizona)
- TR-3 Troy granite
(Troy, Arizona)
.TR-5 " rhyodacite dike
- (Troy, Arizona)
TR-6 dacite dike
(Troy, Arizona)
DAC dacite flow

91



DIFFUSION POROSITY.

As deflned prev1ous1y, dlffusmn por031ty, ¢D' is the discon-
) tinuous pores w1th1n which aqueous diffusion is the predommant trans-
'port mechanlsm,' For purposes of»deflnl_tlon and clarlty, a 51mp11f1ed
tracing of cracks from a hand sample will be u,sedf in the following dis-
cussion (fig. 2). The cracks labeled gy in figure 2 have been afbitrarily
defined. |

Consider a hydrothermal solution, initially out of equilibrium
with its surroundings , flowing thl_*cugh ;sz and saturating the enclosed
matrix block. Due to this initial disequilibrium condition there will be
reaction and hence irreversible chemical mass transfer between rock and
solution. Since the flowing solution in Q(F resulte in a difterent solution
composition than'in the adjacent matrix, a chemical potential gradient
- will be established between g(P and the surrounding rock. This chemi-cal
potential gradient will serve as the driving force of diffusion into and
out of the matrix block. All pores in the matrix-block that are in some
manner connect_ed to ;5}1 will serve as paths for the diffusional mass flux
and the sum total of these is defined as the total ldiffusion porosity, dDT.,
This includes crack segments Ad BD, and EF (fig -2) . That portion of
’Z{DT that is continuous between the flow channels under consideration 1s'
defined as-the ‘axial diffusion porosity, dDA Th1s includes crack seg-

ments AG and BD (fig. 2).

17-



18

<£DA

cm

* « Figure 2. Simplified tracing of cracks, illustrating the various
diffusion porosities

The flow porosity has been arbitrarily defined, and all other
cracks shown constitute the total diffusion porosity. The pores in seg-
ments AC and BD constitute axial diffusion porosity on the scale of the
hand sample.
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Theory
The governing equation for diffusion in aquébﬁs solutions con-
fined in porous media may be expressed as: | | |

DN(_QLéIQiALI\’Ii) _ B(fszDtTMi) o | 5)

where DIV is an opefator of the form d + 2 + 2 -, Dj the diffusion
‘ l dx dy oz '
coefficient of the ith species, and M; the molality of the ith species _
(Norton, 1975), T, tortuosity, .is defined as the ratio of the length of the
actual path followed to the length of the straight line"betwéen the end.
‘points of the actual path. Assuming that Dj, dDA' and'T are independent .

of spatial cbordinates and also that QfDT is not a function of time, we

can then rewrite equation (5) as :

Digszi = - —%l— ] : » (6)
A g
with ﬁ = T B"]’;‘ AT °

Similarly, the steady-state flux due to diffusion is:

s

. Qp,i = ~Difpa vV M/ o ' )
with (_ini the flux of the ith ion normal to the concentration g;‘adient.

Méthod
Experimental apparatus modified frbm Garrels et al. (1949) was
used to obtain the data necessaryto solve equations (6) ahd (7) for 3 and
| 'ngA'(ﬁg, 3 and Appendix B) Rock Wafers,';l ;,_0 to >2 .5 cm in radius aﬁd |

from 0.5 to about 1.0 cm thick, are embedded with epoxy in Plexiglas



10"4 NKCI

SOLUTION
SOLUTION DIFFUSION CELL
5 cm
DIAMETER
ROCK A.ELECTRODES
SAMPLE

MAGNETIC STIRRER

Figure 3. Diagram of experimental diffusion porosity apparatus
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plugs so that only the circﬁlar surfaces Vare ‘éxposedﬁ Thé samples are
then saturated by drawing 104 N KC! solution through the wafer With a
\}acuum for at _leasf 24 houfs . This me'thod also serves as a check 'c.m‘ the
epoxy seal as any leakage nis easily discernible. It is ofteﬁ difficult to
.sétﬁrate a rock mechanicanl‘ly (Brac.e,, 1972), but this method would seem .
to assure that most of the throughgoing pores in the sample were satu-
rated. It is difficult to rr;ake a similar statement for the discontinuoﬁs
pores.

The plug with the'-'saturafed rock 1s next placed in a Plexiglas
diffusion cell; the cell is filled with a meaéured amount (usually 60 ml) .
of 104 N KC! solution and bthe electrodes inserted into the cell. The
~entire assémblage is placed in a tank containing about 10 litres of 1 N
KC1 solution, which sets up an activity gradient between the tank and
cell and thus initiates diffusion. Care is taken to minimize fluid poten-
tial»éradient due to density differences between fluid in the cell ahd‘_ that in
in the tank to a negligible value. | |

The céncenfration éhange‘in the cell is méasured co_nductorﬁ_et—
rically and calculated from

G = X +YV +2v2 : - (8)
with G the concentration in normality and V the voltage in volts. The |
qoefficients‘in equation ,(8) are obtained by calibrating the cell with o
solutions of known concentration and regressing the data by a leastF
squares methbd. VTh'e ‘maximum dlffferenc*;e between calculated and me.as;
ured concentrations is 7 percent at the center portion of the curve, while
greater and lesser .croncentratvions have.an error of about 2 percent. .

Voltage measurements and hence concentrations used in solving the
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steady-state flux equation (7) were taken at least 24"hoi1rs after the
“initiation of diffusion. It is shown in-Appendix_B that this should be

ample time to attain a steady-state flux.

Sample Gélculation

The following is a sample éalculation.'of the ratio ;D’DA/'F, The
data used are for sample S5D3 (Table 1).

Data: .~

{ = sample thickness = 9.87 x 10~} cm
sample radius = 2.46 cm

Vol = volume of solution in cell = 53 ml
to = 0.‘.0‘ sec

t1=7.5x 103 sec

Vo =1.34x 1071 volt

Vi=1.44 x 107! volt,
Calculat_io_n:

G =(-6.2x1075) + (1.7 x 1073)V + (3.72 x 10-4) V2

Co=1.73 x 1074N
Gy =1.90 x 107*N
AG = 1,70 x 10™°N

AM = AC x (7.46 x 107%) = 1.27 x 1076 g/cm3
Ql = (AM/At) x Vol = 8.96 x.10-% g/sec
VxM =1 Ngqp X (1/2) =7.,56 % 10'2'g,/rcm4

Bpa/T = Qn/(D x A xVxM) =3.28 x 1074,
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Sincé'_the diffusion coefficient, .D, is a function of concentra- |
tion (Appvendix_ C), a simpLe mean of this yériable,"l 9 x 10'f5 cmz_/sec,»
- was-used for the. steady-state calculation. .

Since thel init‘ial concentration in the cell is 10‘.‘_1 N KCI and in-
crééses With time, VXM is not exactly 1N per'sample length at ste'ad-y
state, this value is a goodrapproximatiorrl, sinbé the greatest concentré-—
tion measured W&;s less ti'lan 10-2 N, i'esulting iri an error ofv_less than

one percent in VxyM.



ANALYSIS AND SIGNIFICANGE OF RESULTS

Individual and Relative Values 'of
the Constituent Porosities

Values of ;é.vrrfor rocks measured in this study are in general
less than 0.05 (Table 1 and figure 4). Those rocks with greater values
are either hydrotﬁermally altered or metamorphoéed rocks , with values
for gy up to 0.15 (sample LAS). | |

‘Measurements of gpp/~ for thes-ame rocks in general range
between 103 and 1074 (Table 1 and figure 5). Thesevalues arein |
Jgeneral less than 0.02 times the respective value of ;D’T (fic. 6). Ten-
“tatively assuming that gp ==.-V3¢§DA/1', then gp is approximately 0.06 &g, )

which requires that up to 0.94 dT is located in the residllal porosity,
ZR- ) |
Villas (1975) measured aperturesband spacings of continuous
fractures. in' the Mayflower pluton, Utah. Using a parallel plate porosity
-mode! (Snow, 1965), values for ;sz- between 3 x lO—fL3 and 3.68 x 1073
were calculated which on the average were about 0.10 ;sz Therefore,
these data suggest that @ of rocks is predominantly composed of 3R |
since gy and g7 are small fractions of dp. |
It Gan be seen in Table 1 that for many of the ‘hydrothermally
altered rocks from Chino, New Mexico, and Butte, Montana the values
of gy and 2pT/T are significantly greater than for the unaltered equiva-
Alents . A similar comparison for the altered rocks from SanMa-nuel and'
Sierrita—_Esperanza, Arizona, with the unaltered rocks from the Laramie,

24
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Figure 4. Mean total porosity for various rock types studied

Dashed lines represent range in values and numerals the number
of measurements for each rock type.
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Wyoming ‘ and Troy, Arizona, plutons su'g'ges’.cs_ a similar reéult° _How—
ever, it is significant_ to nofe that there are .’marke'd exceptions to thirs
observation. Specifical.ly, samples 10282-1 (Butte, Montana), SM~-1 and
SM-2 (San Manuel, Arizona), and CS-7 and Gs-3 (Chino, New Mexico)
. deviate -significéntly from this trendr., ' 4
| Clearly, these present-day values refiect the initial pordsities
and subsequent geologic_'-history of the rocks. It is certain that rocks
from diffe’rent loqatiqns in the same system could display sighificantly
differeht porosities. These variations in rock p'orosity are in part a func- -
" tion of (1) rdck composition, (2) .soblutrion_ composition, (3),porosity, (4) B
permeability, (5) temperature, (6) preséﬁré, {7) spatialr ahd temporal de-
rivatives of thesé parameters, and (8) exte.nt of reaction'; The change in
pore volume due to irreversible mass transfer befween thé solutibn in re-
sidual porosity and the surrounding rock was estima’tedr(Appendix D) . A
closed chemical :s'ystem was chosen to examine in Whafconstituent'
porosity the changes in pore volume‘ occur. Déta for the irreversible
chemical mass tra_nsfer (given in grams of minéral produced or destroyed
A per. kilogram of Wéter) betWeen abgranite and an acid solution are taken
from Helgesbn (1970) . These*qulantities were reduced tb grams of miner-
al produced or destroyed by multiplying by 9.4 kg water, the amount of
water contéined in a 1-m3 block of rock with ,6R¥ 0.0094. To obtain the
increase in pore vohime_due to mineral destruVCtion-, the grams ofvminer— :
als destroyed were divided by the bulk density of a granite with 525.1.= 0.01
and gr=0.0094. Similarly, the deérease in pore volunj.e,due to,miﬁeral
~  production was obtained by dividing ihe grams of each minerai produced

by it_s.'r-nineral density. The net change in pore volume is obtained by

-
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subtracting the decrease in pore‘ voiume 'due, to. mineral productioh'from‘
the increase in pqre'volume due to min_eral destruction.’ This:: calculation
results in a maximum value for th-e hét changé of pore volume. The re-
sults show that there is a negligiblje'increase in pore Qolume in ;sz due
to the irreversible mass transfer in thi-s closed system. It should be
noted that although the data ﬁsed iﬁ the se calculations are only fbr
100°C the results probab’lly approach maximum values. This is Véug—v
gested by calcula.tions that show the mass transfer in this same system
is twice as great at 100°C as at 200°C (Helgeson, 1970; see AppendixE
for details). | |

The change in pore volume due to ir;reversible mass transfer
between solutions ﬂowing} through 4p and saturating gp and the sur-
rounding rock has the potential for being greater than in rthe above-
closed system. This is mainly due to the vastlyilar‘ger q»uantities.of
water in this open system and the linear re‘létionship be;tween the AamoUntA
of minerals produced and de stroyéd and the amount of water. However,
the location of the rock in the _hyd;othermal éystem is also critiéal, be-
cause if it is in regions of outflow over the top of a pluton whére the
temperatureé are higher and the mass fransfer less, i_'ncréase in pore
volume would Be less. Similarly, regions of inflow at the sides‘»of :
plutons are most likely regions of great mass transfer, Asince this is a
region of lower tem}:ieratu.‘re . Another important parametér is the perme-
ability of the locality. The greater t.he perme.ébility the greater the ratio
. of the mass of water to ma_s‘s, of rock- and the greater the poAteAntial for -

" significant mass transfer. Although this is not an exhaustive discussion



of rela.tionships between sample location in a hydrothérmal system and
present—day pbrosity, it does suggest spatial changes in fock- porosity
within a given system.f | | | | |

. Finally, it ié interesting tb note that the bulk of the increase
_in pore volume in hydrothermally altered rocks is due to an incirease in

residual porosity (Table 1). Since it has been shown _that the porosity
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increase due to irreversible mass transfer in residual porosity alone is

negligible, then this larger value must be a result either of initial great—v

er porosities or of an increase in total diffusion porosity or flow porosity

and their subsequent closure to form new residual porosity. In view of

the previous discussion, this latter case seems more reasonable.

, Models for Rock Porosity

Consider that the porosity is composed of subparallel planar
cracks which extend beyond the sample of interesto Thé leW porosity
of this idealized system may be deséribed b_y the apéfture , d-, and fre-
quenCy of cracks,»f (Snow, 1965); ;sz = nd where d is in cm and f is in
cr‘n"l’a Since in this case axial diffusion poi‘dsity and fl‘ow pbrosity are

analogous, the above expression can be changed to read dpp = d/f.

Total porosity can also be calculated from a similar equation by defining

a sample of unit length with other dimensions such that the pores are -
continuous with those dimensions. The appropriate equation will then

be d’I‘ = d/f. Pore apertures were determined from scanning electron

micrographs (fig. 7) to range from 10~° cm to less than 10~2 cm.. It is .

proposed later that total porosity is composed of intergranular pores,

which suggests that the mineral dimensions may be used as the crack



Figure 7. Scanning electron micrograph of a microcrack in the
equigranular Schultze Granite

The aperture is about 0.25 jum.

31
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frequency. A mean mineral size for the équigramilar 'Schultze-Graﬁite
was determined to be 5 x 10'2 cm (fig-. 8)v, which yields a poroéity range
of 2 x 1074 and 2 x 101 when used with the range of observed ‘apertures.
in 4 = d/f. The smaller value corresponds nicely with measﬁred DA/ T
values. for the equigranular granite of 4,x 104, whereas the larger value .
is an order of magnitude larger than the measured ;sz at about 2 x 107"2.
However, the aperture needed to reduce this value to approximate the
measured ;z{T,‘IO‘3 cm, is also Wifhin the obseﬁed.pore aperture I;ange.
A similar analysis with the porphyritic Schultze Granite, where d =4 x"
10-1 cm, yields lowér and upper limits of 2.5 x 10~5 and 2.5 x 102,
Again, one va_lue',' 2.5 x 10‘2; corresponds closely with a measured |
Vélu'e , p’T =1,75% 10'2, whereas the other is an order of magnitude too
small, 2.5 x 10~5 versus the measured 2.5 X 104, The ap'ertﬁre re-
quired to equal the measured value, 1'0'4,cm, is also well within the
obsefved range of apertures. The permeability due to the parallel pores
is calculated by K= dzsz/lz . Where K is the permeability in cm? (Snow, _
1965). A substitution of gpp for ZT vields K = d2¢pp/12. Using d = 1075
cm and dDA =2 X 104 for the equigranular Schultze Granite and d = 10-4
, cm-and .'dDA =2.5x 10‘4 for the porphyritic Sdhultze Cranite ,'then:a per-
meability of 1.07 x 10"1‘0 cm? and '2.,08'.x:10'9 cm? is calculated. Since
permeabilities of‘ma_fcrix blocks are often around 10-14 cmZ2, thes_e-values
are ﬁnreasonably large. This suAg‘ge'sts that the parallel plate .moaél is
not valid for matrix block porosities éven-though,the porosity values .
calculated are reasonable.

. ‘Another porosity model is one that assumes the pores to be

- cylindrical wormholes arranged orfhog_onally with respect to a random

cube. For pores with negligible tortuds_ity, the porosity may be
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caléulated by 4 = 3nmwR2, where n is the pore abundance in pores/cm?2-
and R is the pore radius in cm. Since n is not readily available by ob-

. servation, it is calculated for the two rock types by using the measured

values for gy and gpp/T and the range in.pore apertures. The appropriate

equatioh is then n = 4/(37wR2).
Table 3 is a compilation of n calculated for the measured QfT
‘and g{DA/’r values for the- porphyritic and equigranular Schultze Granite

and the observed range of poré apertures.

Table 3. Calculated poré abundances

Equigranular - Porphyritic
"Rlem) g1=2x10"2 #pa/r=4x10"% 4r=7.75x10"2 dgpa/Ar=2.5x10"%

1072 1.86x10 4.24x10"1  2.12x10 2.65x10"1
10-5 1.86x107 © 4.24x10° 2.17x107 2.65%105

A- physicai interpretétion of n can be vobtained by multiplying n by the
surface area of some mineral size. Two cases will be c,jc'm'éidered:‘ a
-mineral size of 8 x 10‘1‘ cm per side, which, corresponds to the pheno-
‘érysts in the porphyritic Schultze Granite, and a 'mineraAl size of .

-1.88 x 1072 cm per éide, The minerals will be assumed to be cubes.
Table 4 is a compilation of these calculations with the units in the
number of pores around a mineral of a certain size.

The cylindrical wormhole model can be fﬁrther tested by calculating
the number of pores' around a known min.eral size and thén comparing that

: with observations. Figure 9 ié a scanning electron micrograph of the



Figure 9. Scanning electron micrograph of intergranular and
equidimensional pores in porphyritic Schultze Granite
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Table 4. Calculated pore distribution

. Equigranular o ' Porphyritic-
R (cm) - 8x10~1 em  1.88x1072 cm .8x10~1 cm 1.88x102 cm
1072 © 0 1.,19x10 1.48x1074 1.36x10  9.28x107°
1075 - 1.19x107 1.48x102 1.36x107  9,28x10

porphyritic Schultze Granite With field dimensions of about 400 x 3”40 }lm.
The observed range in apertures is.él x10-3to 5 x 104 cm. A similar
calculation using these values and the AT and KZ{DA/"‘ values for the ‘por-
phyrltic Schultze Granite yields from l.59 x10-1 to0 1 .072 x 10 4T pores
and from 2.27 x .10'3 to 1.45 x 10~1 ”lDA pores. As carl be seen from
figore 9, the calculated range in the number of Q/T pores brackets 3, the
observed Value . The #pa caloulation further indicates that none of these
or at most a fraction eerves as a diffusion path. These data suggest that
the cal‘cﬁlated- \}alues in Table 4 closely approximate actual rock valoes.,
Furthermore, the data Sugge st that the cylindrical wormhole model is -
valid for calculating the constltuent porosities in matrix blocks. -
Thepermeability for the wormhole model can be ’calculated by
K= RzszA/Zél,. again assurrllno negligible tortuoslty, llslng the meas-
ured values of dpa/r for the equigranular (4 x 10~4) and porphyritic -
(2.5x 10‘4) granites and the observedrrange in pore apertures (10-5 to
10-2 cm) ylelds permeabilities from 1.67 x 10-9 to 1.07 x 10~ =17 and
from 1.0¢ x 10 -9 t0 1.09 x 10~17 cmz, respectively. The lower values

are s1m11ar to measured permeabilities of matrix blocks and suggest

along with the calculated pore abundances, n, that the wormhole poros— D

ity model more closely approx1mates the actual matrix porosity.
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Location, Relative Size Distribution,
and Continuity of Pores

Method

The location, relative s‘ize distribuii_on, and cbntinuity of the
' pores that constitute total porosity can be determined\ byan'analysis‘of;r .
’ porosity and mineral sizer distributions (figs. 10 and 171.) . The porosity
distribution is obtained ]c;y measuring the density for the bulk rock and
for the various grain sizes of the crushed rock. Porosity in the form of
intergranular pores requires that thé density of the crushed aggregafe
and hence total porosi;cy increase as the size of the crushed gféins de-
creases; for crushed\grain sizes equivalent to the mineral size“s, a
greater decrease is expected. The contribut_ions to total porosity'from
pores around grains of various sizes can be .calculated by using 'the den-
sity of the smallest grain in the interval as p in equation (1). The miri-‘
eral grain sizev distribution is obfained by Stéhdard point-counting
methods. Measurements o‘f this type were made on samples 'of equigran-
ulat_r and porphyritic Schultze Granite (figs. 10 and 11) and can be inter-
preted as follows. » |

.Intergranular Nature of Total Porosity
for a Porphyritic Granite

The poroéity distribution for the porphyritic Schultze Granite
(fig. 10) shows that pore size is bimodally distributed. Mode I is com-

posed almost wholly of pores with a maximum dimension greater than 4

. mm constituting 30 percent of the total pore volume. Mode II is com-

posed of pores that have a maximum dimension less than 1 mm consti-

_i:uting_ 70 percent of the pore volume.



OF
c

60

%

CUMULATIVE

MODE n

0.063 0.125  0.250  0.50 3.96

MINERAL AND GRAIN SIZES (mm) [PHENOCRYSTS

Figure 10. Porosity and mineral-size distribution for porphyritic Schultze Granite

Mineral sizes greater than 3.96 mm are phenocrysts. Vertical bars represent error
bars on the porosity distribution curve. w
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Figure 11. Continuity of intergranular pores in porphyritic
Schultze Granite for various sample thicknesses

Ratio was measured for samples of different thicknesses repre-
sented by the points.
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A comparison of the porosity andmineral distribution CUI;VGS
ihdicates that thé bulk of rthe total p‘ororsity is composed of intergranular
pores. Spec»ifically, it can be seen that in mode I fhere is a large in-
crease in pore volume (30 percent) as the crushed grain size approarcheAs
4 mm. Because this size interval corrésponds» to aﬁ abundant mineral
siée range, the phenocrysts, it can be concluded that this_pofe volume
is located around the phénocwsts_, Filrthermore, the size interval (4 to
1 .'mm) where there is a small increase in ,poré volume roughly_'cd_rre—
sponds to where there is: a small abundance of minerals of this size.
The imperfect correlation in this interval can be interpreted to mean that
there is very li"cbtle pore volume located‘afound the minera}ls in this size |
interval. Finally, the increase in pore volume in mode II roughly mimics
the abundance of rh_inerals in thié size range, again indicating t»hatrthese
pores are-located Jaround these minerals. |

The suggested intergranular nature of thé ppres i‘mplies that the
pores have a maximum dimension less than or equal to théir associated
mineral dimension; that is to say, the mére contiriuous pores are located
around the larger mineral sizes. The porosity and mineral size distribu-
tion curvers in mode I also indicate that 30 percent of the pore voiume ié
located around the larger minerals, which comprise only 50 percent of the
rock surface area. This tendency for a gréatef- pore volume to be distrib-
‘uted around the smaller grains is expected for intergranﬁlar pores, since

the smaller minerals have a greater surface area—volume ratio than do -

the larger minerals.
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G'on“tinuity of Pores in a Porphyritic Granite

The Continuity of 'the ‘Vim.:ergrahulax" pores in the porphyritic
SchultZe‘Granite can be determined from ;sz‘A/'r Values for samples of
varying thicknesses (fig. 11). These data indicate a discontinuity at
about 8 mm on the x-axis, which is also sugge sfed by cofrelative
.changes of porosity and mineral abundance distribution éurves in fnode
-1 (fig.10). This discontiﬁuity indicates that there is a large quantity of
pores with a maximum dimension of about 8 mm. Furthermore, _the corre-
lative change in figure 710>indi,cates that these more continuous pores are
located around the phenocrysts.

The percentagé of pore volume around the phenbcrysts that is
compésed of these pore.s' is calcﬁlated by dividing the total poroéity by
;szA/T , both values being for the same mineral size range. It is: shbwn
in figure 12 that 6 percent of the pore volume is composed of these la‘rger,A
pores. Also, the level slope in figure 12 shows thiatAther‘e are esse'ntially !
no po'rés with a maximum dimension between 2 and 7 mm. This requires.
that 94 percent of the pore volume be composed of pores with a maximum
dimension of less than 2 mm. The cumulative nature of dpa/7° does not
however perinit a determination .of the pore size distribution around the
smaller grain sizes. | v _

o Pinally, the as?mptotilc nature of the ;o'DA/T—sample thickness
curve (fig, 11) 'suggests fhat ;szA/’r values ‘me"c‘lsured for samples about
1 cm thick or greater, approximately 0 .,01 ;sz, can be extrépolated and
used for‘sampiles of much greater thicknesses. This means that the axial

diffusion pordsity values can be used for analyzing natural systems.in
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Figure 12. Relationship between percentage of continuous total
porosity and mineral size for porphyritic Schultze Granite
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.WhiCh the diffusion blocks between flow channels are on the order- of

meters in ‘lej'ngth

It has been shown in the above discussion that the porosity in
the porphyritic Schulize Granite .is composed of intergranular pores that
can be divided into two modes. Mode I is rcomposed of the more con-
tinﬁous pores, greater than 4 mm in maximum dimension ahd loceted -
around phenocrysts., Mode IT is composed of pores with maximum dimen-
sions less than 1 mm located arQund both the smaller mineral sizes and
phenocrysts. It was also shownithat the pores Within mode II const:‘gtute
70 percent of the total pdre volume and the minerals in mode II eonstitute ‘
oniy 20 percent of the total hiineral surface area in the rock.,‘ This con-
centration of porosity around the smaller grains is totally consistent with
i_ntergranular pores. |

| Diffusion porosity data iin conjuncfion with the porosity and

mineral size distributions.suggest thati only 6 percent of the pbre volume
around the pheno’crysts'is due to the more c'ontinuousr pores- (7-9 mm
' long). This results in .94 percent of the pore volume around the pheno-
crysts and 98 percent of the total pore vdlume being located in the
smaller pores. Values for #pa/v obtained for diffusion samples about

1 cm thick (about 0.01 ;sz) can be extrapolated to samples- of mu_ch great-
er thickness. The data strongly favor the conclusion that the diffusional o
pathways are composed of networks of intergranular pores.

Continuity and Nature of Pores of
an Equigranular Granite

The porosity distribution for the equigranular Schultze Cranite

shows that, iike the piorphyritic granite, there are two domains of
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porosity (fig. 8). Mode I is composed almost Wholly of pores with a |
| maximum dimension between 2 and 8 mm. Mode II, on the other hand, is
composed of pores with a maximum dimension 1es'_s than 0.50 mm. The
similarity of‘ the porosity and mineral abundance dlistribution curves iﬁ
mode I indicates that fthe se smaller pores are intergranularly locai:ed and
have a maximum dimension less than or equal to iho re spéctive grain |
size. These smaller porezs constitute 70 percent Vof the total pore volume '
-but surround only 30 percent of the minerais . agéin showing that the
smaller size minerals; concentrate porosity.

| The dissimilarity of the curves in mode iI ,. however, permits two
conclusions about pore location and continuity,. If these larger pores are
intergranular and less than or equal to the mineral dime_nsions , then
there ‘is an unusually 1arge amount of the total pore volumo (30 péroent) )
. located around the larger mineral sizes‘,A which constitute about 2 per-
cent of the total surfacé area. The data are also consistent for poros
that extend up to several mineral dimensions in length. These elongate -
pores could be iwholly intergranular or also crosscut mineral boundaries.
.This situation can be resolved only by y.isual obsefvatioh of the roo_k to
discefn pore’ geornetry.,‘ | |

Geometry and Distribution of Pores
in Fractured Igneous Rocks

Schultze Granite

The suggested intergranular distribution of the pores is con-
firmed by scanning electron micrographs (SEM) of finely ground speci-

mens of porphyritic and equigranular Schultze Granite (figs. 7, 9, 13,
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Figure 13. Scanning electron micrograph of an intergranular
equidimensional 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 145 . In ther following discussion, .the term "equidimensional pore"
is used to_de scribe pores that have thre'e dimensions of the sarne'order
and consist, in part, of prismatic, penny-_shaped, and ellipsoidal cav-
ities (figs. 9, 13, and 14) Microcracks '(figs 7 and 14), on the other
hand are elongate pores with one dlmensmn orders of magmtude greater :
than the others (modified from Brace, 1972)
| The porosity \distrlbutlon suggested in the previous discussion
isralso partially confirrned, since the equidimensional pores have a
maximurn dimension of. less than about 0.5 mm, which coincides quite -
nicely with the change in slope in the curves shown on figures 8 and 10‘,7
~Also, the small aperture of the microcracks, 0;25 um (fig. 7), virtually
requires that the total pore ’volume contained within the microcracks be
very small. This leaves the bulk of the pore volume in th‘e equidimen-
sional pores and also serves as a confirrnation of the poroeity distribu-
tion curves .

Figures 8 and 10 suggest the presence of pores in the equigran-
ular and porphyritic Schultze Granite with dimensions greater than 4 mm.
The longe stb microcrack observed in either rock types has a maximum
linear exte.nt. of 2 mm. Although an extens.ion of these microcracks into
the third dimens‘ion could resuit in the-necessarﬁz dimensions, a oom—
plete Confirmation of the pore geometrie.s suggested by fioures 8 and 1.0
is not possible at this time. |
SEM studies on the porphyritic and equigranular Schultze

CGranite have also shown that the equidimensio_nal pores and microcracks
are }located together in randomly distributed clusters. - 'i‘hese .clusters of

high pore concentration are separated by relatively large ekpanses of
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nonporous rock essentially devoid of -equidimensional pores or micro-
cracks. These observations could easily explain the smali value for

diffusion porosity, since any ion transport between areas of high pore

- concentration would be through these infrequent pores.

Oracle Quartz Monzonite

The geometry, intergr,anular distribution, and grouping of the
equidimensional pores in thé Oracle quartz monzonite (figs. 15 and 16)
are very similar to that in the Schultze Granite. Figure 17, a sequence
of micrographs of a single microcrack, shows that, unlike in tha Schultze
Granite, microcracks in the Oracle quartz monzonite are distributed in a
discrete zone. .The_dervelopment of the microcrack can be followed from -
a single microcrack (fig., 173) through bifurcations (figs. 17B and 17Q)
and finally into a very porous zone (fig, 17D) . The total extent of this
microcrack is 2 mm, and the micro_crack’ is longer and more complex than -
those usually‘ observed. Again, it is fairly obvious that the equidimen-

sional pores comprise the bulk of the total pore volume.

Laramie Granite.

As .in the Schultze Granitev and Oracle quartz monzonite, the
porss in the Laramie granite have an intergranular diStribution (figsa 18
through 2_2), However, the equidimensional pores are almost wholly
prismatic and more homogeneously distributed than in the Schultze Gran-
ite and Oracle quartz monzonite (figs. 18~21). Since microcracks in the
Laramie granite are rare {(fig. 22), it can again be concluded that the

equidimensio’nal pores compose the bulk of the total pore volume.
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Figure 15. Scanning electron micrograph of intergranular equi-
dimensional 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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MOAC

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

A. A single microcrack with discontinuous microcracks exten
ing away from it. This microcrack dissipates into a porous zone about
I mm to the left of this micrograph.

B. A single microcrack is now two interconnected microcrack
B is about 3 mm from the upper right-hand side of A.



Figure 17. Sequence of scanning electron micrographs —
Continued

C. The series of bifurcating microcracks in this figure are
about 2 mm from the upper right-hand corner of B.

D. The series of bifurcating microcracks has become a single
large pore, which may be the result of mechanical plucking.

50
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Figure 18. Scanning electron micrograph of an intergranular
prismatic pore in the Laramie granite

Figure 19. Enlarged view down the long axis of an intergranular
prismatic 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
prismatic pores in the Laramie granite

Figure 21. Scanning electron micrograph of intergranular pris-
matic pores and microcracks in the Laramie granite



Figure 22.
Laramie granite
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Scanning electron micrograph of a microcrack in the



It has been shown in this discussion that the pores in the _
Schultze Granite, the Oracle guartz monZoﬁite, and the Laramie granite
and quite possibly in all fractured plutonic rocks have an intergranﬁlar
distribution,' Also; equidirhensional pores and microcrracks. s_.e-em tQ‘ be
the two baéic pore-g_eometfies Wifh the bulk of the total pore'volume ly--
ing within the equidimeflsidnal pores. It has also been shown that the
spatial distribution of the pores varies from clusters in the Schultze
Granite to a more homogeneous distribution in the Laramie _Qranite . It
is not possible to detrermin‘e frorﬁ the micrégraphs the geometry of the
diffusional pores. It seems reasonable though that a sys‘tem of inter-
grénular, equidimen‘sional‘pore's and microcracks serves as 'the. diffu-

sional pathways.

" Nature of Porosity in Ahisotropic Rocks

Value of gpp/r for Oriented Samples

#DA/T measured for samples oriented parallel to bedding:or
foliation is two to seven times greater than the value for sémples of the

same rock oriented perpendicular to foliation (Table 5).

Table 5. Values for gpp/7 by orientation of sample

#pa/T
Sample o Parallel : , Perpendicuvlar
ALO07 o - 5.40x107% 1.48 x 1074
AMOO5 ' 13.9 2,01

' PS-1-JC - 8.86 . 4.92
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Although only one sample oriented perpendicular or parallel to
i’oliation was-measured per rock, ,dDA/'T for inetamorphic ro'cks from
Ronda, Spain (Table 1) .aiso show a generally larger value for the sample
oriented paraliel to foliation. .These’ considerations indicate that folia— -
tion and bedding result in an anisotropism of pore geometry with the ‘mo_re
continuous pores parallel to foliation. This requirea that the biilk of A

»mass transfer in anisotropic rocks be parallel to foliation or bedding.

Geometry and Distribution of Pores .

Observations'with the‘SiE‘M explain the above phenomena as
samples perpendicular to foliation are characterized by broad expanses
that are nearly devoid of pores. This is in contrast to the irregularly
shaped equidimensional pores that characterize the porosity parallel to-
foliation.(figs . 23 through 25). The.equidimensiona'l .pores almgost wholly
compose the t_otal pcre volume as microcracks (fig. 25) are very rare.
There is some suggestion, though, that the equidimensional pores are
’ alicned in discontinuous linear zones lying in the linear extensio'n: of the
microcracks, possibly reflecting the controlling nature of the foliation.
It should be.noted .that preliminary studies indicate pore geometry in
- skarns is simiiar to pore geometry in anisotropic rocks .

A comparison of figures 18 and 23 .shows the irregular equidi~
mensional pores that characterize the a_nisotropic roc'k.s.‘ are quite difierent
from the more prismatic and continuous equidimensicnal pores .in the
fractured plutcnic rocks. These differences most likely reflect a funda-

mental difference in the mode of pore formation.



56

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

This view is parallel to the foliation in sample HI25.

Figure 24. Scanning electron micrograph of an elongate zone of
equidimensional pores in sample R125



Figure 25.
sample R8I

Scanning electron micrograph of a microcrack in

57
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Total Diffusion Porosity and Tortuosity

The total diffusion porosity, ¢DT’ can be calculated by solving

=dM;
| dt -

9 : : .
=D; 3y My | (6)
for #, and since % = %DA/(TszT) and ;JDA/T-can be measured experimen-

tally, then

g
DT = T%A

.Equation (6) can be solved numerically to yield 4. The follow-
ing solution is froni_ Norton (1975).

The first step in the numerical analysis is to reduce equation _
(6) by defining several dimensionless coefficients and dividing the h
region of interest into a finite diffefence grid., At cani_be defined sg_ch

that

AT = AE?K . | . ' (10)

The use of /2 from the denominator'iniszi implicitly assumes only axial

diffusion. A dimensionless Dx is defined by
CAx=Ax | (1)

with Ax the distance between points on the finite difference grid and /£ .

the system characteristic length. Finally, Mi is defined as:
Mj =AM~ - - (12)

~ where M; is the initial concentration of the ith ion at one boundary and

AM* the 1n1’c1a1 difference in concentration of the ion across f
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- Substituting equations (1 0), (11), and (12) into equation (6)

yields

Mi . - , (13)

Equation (13) can now be approximated by a Taylor series expansion'

which produces the following difference equation.

Mj n+1 - Mj,n Mi+1,n—Mi,n+Mi—1,n

AT ’ Ax2
where the subscripts n and n+1 refer to the nodal positions .of the inter-

vals. This equation can be rearranged to

Mj n+l =?((Mi+1,n =My n My, + My, (14)

where A equals At/A%2. Since At = (AT Dj__%')/ﬁz and A%2 = Ax2/2,

then by substitution, -

A =4t - 15)
_ A2 . (15)

and by rearranging equation (15), -

g = AZX%{D% . | | | (1e6)
If converge.nce criteria. are met, A is unique for each set of ,iﬁitial and
boundary conrditions.rand for each diffusion step. The initial conditions
used in this study are (1) 'M;:-lN, (2) AM* ='IN, and (3) M initially

is zero within the pofous media. The boundary conditions used are (1) |
top and bottom -of the system are closed to chemical mass transfer and .

(2) My and AM* are constant. These closely approximate the conditions
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of these diffusion poro;sity-experiments . ‘A evaluated .for' the first steady—'
state diffusion step is used in equation (16) along with the experlmental—:_
ly measured time to steady state, At, to calculate &. sz in equatlon |
(16) is simply the sample thickness, 0.1 1.

Two experimentally measured times to steady stafce alorng_ with - |

the calculated values of ¥ and ;z{DT are given in Table 6.

Table 6. Values for total diffusion porosity and tortuosity calculated
using two experimentally measured times to steady state

Sample ' tste ady-state
No.  #DA/F .4 DT T (sec)

'SM7  1.14x1073  2.88x10°! 3.96x1073 3.47 2.37x10%

80 1.05 4,50 - 3.67 - 2.22 2.25

a. Assuming dDA = dDT‘

By assuming that gpp = gpa . @ maximum value for 7 can be cal-

culated, since’

% = dDA = ¢DT 1
TEDT gpT T
or
'T:...J‘_o
if

A value of 3.47 and 2.22 was calculated for t_he tortuosities of samples
SM7 and 80, respectively. A numerical approximation of the linear
length of an arbitrary function, in this case y = Asinwx, where A'and w

are constants, gives a general picture of the magnitude of the calculated
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tortuosities (fig. 26). It can be seen that even these seemingly small

values yield a diffusion path thatlis quite devious.



Figure ‘26 . Tortuosities represented by A sinwL curves

_ 7 is calculated by dividing the arc lengfh of A sinwL by the dis-
tance between the beginning and end of that curve, which in the se
s examples is one. K

(a) AsinwlL =0.375sin2L and T— 2.37, the approx1mate value
for an anisotropic pelite. :

(b) AsinwlL = 0,25sin4L and v= 3.77, the approx1mate value
for an altered guartz monzonite. :
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Figure 26. Tortuosities represented by Asincol curves



THEORETICAL RESULTS -

Concentration Profiles

. 'I'he numerical solution to the tfansient flux equation, equation
(13) V, permits theoretical calculation of the concentratiori: at each grid
point within the sample ét some time At.. Since .t-heltheoretical condi-
tions closely model the experimental Cc_mditions, a graph of concentra—‘
tioniversus its location' will represent _the conc’eri-tration profile within
the diffusion sample. Figure 27 is sﬁéh'a graph cirawn with the results -
of the computer modeling. | |

' -Initia-lly, the profile is a Vértical line at .t'he 1N solution,
pordus media interface. As tiﬁ_lé increases the aqueous species diffuse
through the:pores from the 1N reservoir toward t_he cel_l chamber with the
slope of the qoncentration profile becoming less negative. The curve
labeled "first breakthrough" represents-,‘the concentration profile at the
inst'anjt an ion that has diffused the length of t}'le- sample reaches the
cell chamber. After first breakthrough, the concentration within the
sample continues to increase until steady state is reached. At this point, ,
the concentration profile within the pbfous medium has developed fully
aﬁd will no 16nger change with time. quuation' (7) is the v‘mathematical

representation of this condition..

Measured versus Theoretical Values

A knowlédge of ﬁi at each grid point also permits a calculation -
of thé flux at any point within the system at some time At. The
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Figure 27. Theoretical profiles of concentration of solutions
within rock samples

Each curve is a "snapshot" of an instant in time.
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‘appropriate equation is .

O =D; dBA A AM; .
Ax
where Dy, #pp/r, Ax, and A,. the cross-éectional area of the sampler,, are
arbitrarily defined to best fit the /desired conditions. |
Calculations of the theoretical flux ursing the experimental -
Value for dDA/"' were maae for several samples (Table 7). Since the
same values for the same parameters were used in equations (17) and
(10), the theoretical and experimental values should agree very closely.
AVIt can be seen in Table 7 that they differ by less than one percent in all
cases. | | |
A simil_ar comparison is made between experimental and theo-
retical final concentrations (Table 7). The appropriate equation for cal-

\ :
‘culation of the theoretical concentrations is

C2=..__.____L_.Atkh T +Cq

where C9 and Gj the concentrations at ty and tj, res;ﬁectively, aan '
“the theoretical steady-state flux and. K a constant to convert from grams
.to concen’crahtion° Cj and At are experimentally 'deterfnined after steady
As.;tate has been reached, hence the use of the_ stéady—étate f'l.ux. As with
the flﬁx'compa.riso'n, thé concentrations should compare favorably and,
as seen in Table 7, they also differ by.iess than ohe pércent. Both the
flux and concentration comparison .show that there is intemal consis-

tency between theory and expériment .



-Table 7 Gomparis’on of theoretical and experimental results

‘ Measured - Theoretical Measured Measured  Theoretical ‘
Sample - Plux . Plux Initial Final Final At
No. (g/sec) (g/sec). Concentration Concentration Concentration” =~ (sec)
71 2.37x10-9 2.36%x1079 1.71x1074  1.69x1074  1.71x10"4 - 3.75x10-3
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 ~3.75
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
.GS-1 3.63 3.62 1.35 - 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
8  24.8 24,7 9.61 9.61 - 3.81 .
-9 15.0 “15.0 11.6. “11.7 11,7 3.05

99
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.Experimental Precision

In an attempt to obtain a value for the experimental reproduc-
_ibility’, several samples were run twice ~In all but two case‘s, samples
BQZ-5 and SPVZ1l, the second values were several orders of» magnitude
greater than the initial values. Péf samples BQZ-,S.and SPVZ1, the per-
- cent difference between the two values is 70.2 and 109 , respecfively, '
with the_ second value stfll greater than the initial value ('i'able 1).
| An eﬁaminat'ion of sample history Vrev'eals pfobable answers for -
this consistent increase in'dDA/’f’, After the samples were run the first
time they were allowed to remain in open air, some up to several weeks.
This probably‘ resulted in evaﬁoration of water and deposition of KC1 \v/vithv—
in the éample . Before being resaturated with 104 HNKCI and run again,
the samplés Were'flushed for about 5 days. The standard procedure out-
lined previously was then followed to 6btéin a ‘second value for gpp/T.
It seemé reasonable to conclude that the flushing with distilled water
failed to redissolvé the KC1 deposited wifhin the siémple . This would
result in greatly increased fluxes into the diffusion cell, as KGClwould
- continue to redissolve as diffusion was .oc'curring ahd hence would result
in the largef and unreliable values of ;sz A/T .
~ An indication of expei‘imental-errér can bev obtained thoﬁgh by
compariéons of;a{DA/"r valués for adjacent samples (Table 8). It can be
seen that all percent differences 1n ,dDA/‘r values for adjacent samples
group around 50 percent. How much of this value is a natural spatial
variation in the brafi(‘) is not known, but' due to tﬁe, rhomvo}gene'oﬁs énd ap-} '
;Sarent isotopic nature of these samples, natural variations are expected

to be near minimum values.
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Table 8. Experimental results for adjacent samples

Sample No., gpa/ T | % Difference
LG-1 . 3.10x107% |
, 4 -37.10
LG-2 1.95 x 1074
SPVZ5 4,77 x 1074
' ' —55077
. SPVZ6 - 2.11 x 1074
SPVZS | 2.99 x 1074
. 4 -35.12
SPVZ9 | 1.94 x 10
| | ~4
S5D 2 2.08 x 10
: _4 +62.50
85D 3 - ~3.38x% 10 _
, 4 -26.84
85D 4 . 4,62 x10°%

Pinially, it is shown in Appendix E thaf reaction Vbe"cween solu¥
tion and sample could result in the measﬁred values being up to 3 per-
cent less then the actual values. Based on Vtheserconsiderétions and
personal experience , it ie the author's opinion that .the experimental
eri"or is between 10 and 30 percent. The smaller value is based in part
on the error due to not considering.solutiQn—sample interaction and the

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

~ Table 8,

Experimental Limits

Because of significantly increased electrical coupling between

cell and the tank solutions, there is a lower limit in the sample



69
thickness (about 1 mm) and an.upper rlimit i‘n thevvalue of dpa/r of a
 sample (about 10~2) that can be used with the experimental equipment;
.Aé these limits are approached, the voltage reading in the‘ cell becomes‘, )
some complex combination of the conductivity of the solution in the cell
and the conductivity of the 1 N tank solution. This coulld easily lead tnr
erroneons values for the voltage énd nence for ;szA/_Ta The same prob-
‘lem could be posed With ;:1 sample that contains a large proportion of
conductive minerals, but this did not appear to be a pi‘oblem in this
‘stucviy., The porosity limit does not appear to be significant in the study
of most plutdnin and metamorphic i'ocks but maﬁ/ become so with the more

porous volcanic and sedimentary rocks.. .



CONCLUSIONS

It has been shown that the values for total porosity measuréd
for a wide vafiety Qf plutonic, metamorphic, and »sedifnentary rocks are
in general less than 0.05. In contrast, the values for total porosity for
volcanics and hydrotherrrially altered volcanic and sedimentary rocké are”
greater than 0.05, with some values. as lérge as 0.22. |

_.Measurements of dpp/ for these same rocks show that in
general szA/ﬂ’ is between 10~4 and 1073, which usually amounts to 2
percent of the total pérosity. “ was shown to have a maximum value of |
about 3 and when used in gpp/A” vields a value of 0,065'1' for the total
diffusion pprosity, This value requires that 94 perrcent of the‘tofal‘_pore
volume be located in the discontinuous and isolated pores és residuél
porolsity. .

It is also shoWn that values for the constituent porosities for
many hydrothermally altered rocks are significantly largér than those of -
their unaltered equivalents and that the bulk of this increase is in
resiéiual porosity. It was also shown that the increase in residual porbs-—
ity cannot be accounted for by irreversible mass transfer between the
solutions within the residual porosity éqd-the surrounding rock. This
lieaves two ﬁossible conclusions: (1) there was an initially larger poros-‘
ity or (2) the increase in residual porosity is due to an increase in dif-
fusion porosity orflow porosity or both and _their subsequent closure tQ
form new residual porosity. The latter case is favored by theoretical “
considerations. It is .also sho‘wh tha;c" the change in pbrosi’ty of a Ardc.k4 '

70 .
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due to mass transfer in a hydrothermal system is é function of the loca-
tion in th'e' system. From this we would expect spatial ciifferences 1n .
.porosity with'inra giv\en sy-stem. The data strongly éugge st that the cylirF
drical wormhole model of porosity best fits the obsérved daté for matrix-
block porosity.

.An-analysis of ‘p'orosity and grain-size distributions indicates
that the constituent poroéities are composed of intergranular.ipores.
Furthermore, these pores have dimensions that are iess than the asso-
ciated mineral dimensions . There is also a.tendency for: fhése péres to
be concentrated around the smaller mineral sizes, which is‘prbbably a
. result of the srmaller minerals having a greater boundary length-surface
area ratio., A measure of th\e continuity of the intergranular poreé, ;z{DA/f,
indicates that diffusion pdrosity is composed ofrnetworks of these inter-
granular pores. These measurements aiso suggest that values for ngA/'r’
for samples greater than -1 cm thick can be extrapolated anvd used for
blocks that are orders of magnitﬁde larger,

The suggested iﬁtergr-anular distributionvof pores in fractured -
plutonic rocks is further s'upported by scanning elevétron micrographs.
The SEM studies also show that there are esseﬁtially two types of pore
géometriés in these rocks, equidimensional pores and micro:CréCkst, Thé
equidimenéional pores are Characterized by prismatic to moré' irregular ‘
s'hapes! while the microcracks are characterized by having an'aperturé
that»is often less than 1 um., Thivs small dimension vreqvuirevsvthat the |
bulk of 'the pore volume be contained within the equidimensiohal pores.

The distribution of these two pore geometries varies from areas of larg.e,
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pore concentration separated by large expanses of very low porosity rock
té a mofe, homdgeneoﬁs distribution.

Studies on anisotropic rocks reveal that #pa/T is two to seven
times greater parallel to schistosity or bedding than perpendicular to 1t
The reason for this porosity anisotropism is revealed by scanning elec-
tron microgfaphs that illusfrate the vefy low porésity of sample-s orient‘ed - ‘
perpendicular to foliation!., In contrast, the porosity of sambles oriented
paral'lel to foliation is characterized by irregularly shaped, equidimen-
sional porés with microcracks being very rare. There is some ‘suggestion
that these pores are aligned in linéar arrays, possibly reflecting the con-
trolling nature of the foliation. It sh‘ould be noted that the irxfegular
shépe of these pores is in contrast to the moré prismafic; equidimen- |
sional pores that characterize fractured plutonic rocks. This may; be a

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



APPENDIX A

SCHEMATIGC CIRCUIT DIAGRAM OF EXPERIMENTAL |
DIFFUSION POROSITY APPARATUS :
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B=2.84 x

6=352
AD _

f=475 Hz

The resistance of the solution within the diffusion cell, Rs, is described by Rs = Rj (%

Y



APPENDIX B

THEORETICAL PREDICTION OF THE
TIME TO STEADY STATE

The elapsed time to steady state A_t is calculated from

_
At = D;i% 10

with £ the length of the diffusion sample, Dj the diffusion coefficient
g = dpp/ (T8p7) . See the section on "Total Diffusion- Porosity and Tor-
tﬁosity" for a definitibn of A and a more complete derivation. It can be
seen that the controlling paramefer in this equation is 12, so even
smaller values of ¥ would not have a great effect on AAt. Figure B-1 is
a graph of /At for'variduls A's and shows that 24 hours. is' amp'le time to

attain a steady-state flux.
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Figure B -1.
time to steady state
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APPENDIX C

DIFFUSION ‘GOEIPPIGIENT AS A FUNCGTION
OF CONCENTRATION
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The range in concentrations during the experiments were from
10-4 to 1 . Data are from Robinson and Stokes (1968).



APPENDIX D

ESTIMATION, OF CHAN’GE IN RE»SIDUAL POROSITY
DUE TO IRREVERSIBLE MASS TRANSFER

The following is an estimate of the change in residual porosity
due to irreversible mass %ransfer between the solution within residual
porosity and the surrounding minerals. The initial condition is a quartz--"
iriidrocline-albite-—annite aggregate with gy = 0.01 and g = 0.0094. The
totél pore volume in 1 m3 of this rock is 104 cm3 andr the pore volume in
residual porosity is 9.4 x 103 cm3, The revsidual porosity pores are as-
sumed fo be initially filled with an acid chloride-rich solution that is |
out of equilibrium with the rock.

Helgeson (1970) has theofetically calcﬁlated the irreversible
mass transfer at 100°C for thié closed system. Table D-1 inéludes a
compilation of the grams of mineral produced or destrpyed as caléulated
by Helgeson. To calculate the change in volume, the 'gi‘*ams produced or
destfoyed are divided by fhe density of fhe mineral. For ininerals de-
stroyed, a Hypothet’ical bulk rock density of 2.50 g/cm3_.lis assumed;
the den‘s_ity of the specific mineralr is used for product minerals., This
procedure results in a maximum value for the increase in pore volume
due to irreversiblé mass transfer. The changes in {/olume are ‘given ih
the last column of Table D-1. The increase in pore volume, 9.27 cm3, is
 less than 0.1 percent of thé total pore volume, 104 cm3. From this it is
veasy to see that the increase in porosity due to irreversible mass
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transfer with residual porosity at 100°C can hardly account for the larger-

value of total porosity in altered rocks.

Table D-1. Change in pore volume due to irreversible' mass transfer

Mineral Destroyed = Mineral . Ghange 7
o . or Produced@ = Density in Volume b
Mineral . ~ (grams) ~ (g/cm3) (cm3)
albite -9.4 x 102 2.50  +3.76 x 102
microcline ~2.97 x 10~1 2.50 41,79 x 1071
- +9.4 x102 2.57 °  -3.66x 102
. annite -2.97 x 1071 2.50 +1.79 x 1071
‘ - +2.97 x 1071 3.30 ~9.0 x 1072
quartz +1.88 x 10-1 ' -7.07 x 1072
Na-montmorillonite +1.49 4 2.60 | -5.73 x10"1
chalcocite | +4,71 x 1074 5.80 . -8.12x10-5
' +9.,27
a. - =destroyed; += produced,v
b. - = volume decreased; + = volume increased.

The mass transfer in the above system can be éxpected to change
at higher temperatﬁres . The equilibrium consfants for-the hydrolysis
reactions of aluminosilicates decrvéases with increasing temperature.

This results in t_hese major rbdk—forming minerals becoming less soluble
(more stable) with rincreasir'ig temperature. A cbmplementary effect is
increasing stability of the I—IGlrcomplex with increasing témperature ,
Wh.ich' would result in a decrease in.the anﬁount of H* ion available fqr

reaction. Both effects would cause a net decrease in the amount of
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reactant minerals consumed at highef temperatures., Op_posing.this trend
is the increasing stability of the majer eleme_nt chloride complexes, such
as Ca.Clzr, With increasing temperéture . This would contribute tor a de-
crease in mafer.element activity Which would decre'ase the- stabilityiof
‘the major rock-forming minerals. Helgeson (1970). has calculated the
mass transfer at 2000C and 300°C for the same system and has deter-
mined that there is signifi'cantly less mass transfer at these higher tem-
peratures. Specificélly, the mass of reactant minerals consumed atr
1000C is tWice} that at 200°C. Even fhough any exa_ict calculation bf the
" total volume change due to solution-rock interaction would have te be _
integrated over the entire thermal history of the rock, these calculatiqns :
atr 1009 can be considered near maximum. As such the larger residual
porosity of the altered rocks is nof due to irreverbsible mass transfer -

- within residual porosity.



APPENDIX E
SOLUTION-SAMPLE INTERAGTION

The following is an estimate of the effect of solution-éample
interaction on the measured gpa /4 values. A general equation showing
the relationship between gpp/r and the conductivity, k, is derived first.
Then the effect that irreversible mass transfer has on the concentration,
.and hence k, is estimated. The results are substituted into the goVe_rn—
ing equation and A;KDA/T‘ is calculéted, Comparisons are made with data
from an arbitrarily chosen sample. |

The réla?;ionship between gpp/r and conductivity k can be de-
rived as follows. The resistancé of the solution in the diffusion ce»li |
can be expressed as _

RS'= L/k o _ (E-1) -
where L is the cell constant (cm'l) and k the conductivity of the solu--
tion.in ohm~1 em™1 (Robinson and Stokes, 1968) . It has been shown in
. Appendix A that the circuit equation for thé diffusion experimenés is
| RS.=‘R1' EN-1) - (E-2)
- and a substitution of equétion (E-1) into eqﬁatién (E-2) yiélds
| | V = dk o (E-3).
where d = ERj/L. The above equation assumes vtha‘t Rg is much greater
than Rj. It'is shown in the text that'the concentratioﬂ in the cell is a
polynomial functién of the measured.voltage V and can be expressed as

C C=X+YW+2ve, ) (E-4)
82
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Since the change in the value of szA/fr is needed, a concentrétibn Cl is
chosen. The change in concéﬁtration due to solution-sample interaction
caﬁ be found by substituting equation (E-3) into equation (E-4) to give
AG =Gy - G =X +Ydky + 22d2k,2 - Gy (E-5)
where ky the conductivity of the final solutioﬁ. It is also shown in the

text that

5. - alc | | ' _
©n= S5t ' (E-6)

where an is the ionic flux (g/sec - cmz) , 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) vields

g, - 2% 4 aydkp , azd®kp? _ acy (E~7)
At At At At

The value of QfDA/r can be calculated from

#DA _ Qn (E-8)
with Dj the diffusion coefficient of the ith species, A the cross-
sectional area of the sample and V M; the ‘concentration gradient. Let-

ting b = A tD; AV M; and substituting equation (E~7) into equation (E-8)

 yields
gpa - ax , aydky azdzkz2 _.acy (E-9)
T b b b b
Differentiatiﬁg with respect to ky gives
' ayd 2x
d(@paA) A 2azd“ky E-10)

dko b b
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' 2Ak2 |
A@pps) = 290k, azd Ak (E-11)

Equation (E-11) is the governing equation of A(4p,/r) with respect to
~ changes in k. -
‘An estimate of the effect of irreversible mass transfer between

solution and sample can be obtained from

t

1/2-
. 20k;: ; At
S My = MP+ i, (E-12)

W20

‘where Mj,j = molality of ith species at the end of the jth time step

M(i) = jnitial molality of ith species
A = surface area of reactant phase,'_cm2
k; ; =reaction rate constant of the ith species at the end of’

1, . .
) the jth time step, moles-- dayl/2/ cm2 of surface area

Atjl/z = elapsed square root of time, dayl/z

Wyyo = mass of water, kg° ,

The irreversible mass transfer between solution and sample can

be estimated by consideration of feldspar hydrolysis . An example is

NaAlSizOg + 4H + 4H,0 = Na* + AI*3 +3H48i04. (E-13)
‘Using the value -of kj,j for féldspars at 259G and 1 atm (10-10 moles »
dayl/2 /cm? of surface area), M =0, t1/2 = 1 and assuming A/Wi00
= 104, a value of 2 x 10~6 moles Na‘*’/kgI—IzO is obtained for the in-
crease in Nat after 1 day. This value can also be used for K*. Since
equation. (E—1.3.) involves the consumption of H¥ (4 moles _I—I"‘ consumed

for every mole of Na* or K+ produced), the change in Ht* (1.6 x 10~5
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moles H‘*’/kgHzO) is also needed for an estimation of the total Ak. It
should be noted that this is ‘an extreme 'éimplification, since possible |
equilibration between soiution and reactant minera‘l is not consideréd,
Also the irre?ersible mass transfer due’to hydrolysis of other rock-
forming miqerals, the complexing of the ions in solution, the effect of
-ions other than Na* and K*, and the effect of product minerals are not
considered. Another ideaelization used in the following calculation is
that all of tﬁe ions produced as a result of the irreversible mass tfansfer
end up in the diffusion cell chamber.

The change in conductivity as a result of the irreversible mass
‘transfer betweel} solution and sample (at very dilute concentrétions) can.

be expreSsed as
n o ‘
k =9, CAS (E-14)
i= ' :

where C; is the concentration of the ith ion (normality) andfﬂ? the limit-
ing ior;ic conductance of the ith ijon (cm2 - mho / eq).
In the following calculation, data for sample S5D3 will be used
for the standard state. In pa>rticu1ar,.» we will use gpp/T = 3.28 x_10‘4
and Gy = 1.9 x 10™4 N (the final meésured. concentration), which cor- |
responds to a KC1 solution conducti\}ity of 2.75 x 105 mho/cm.
‘Expanding equation (E-14) and subétituting the appropriate values for Cj
and)l(i) gives . | o |
ko ='Zl Gil? = GK’MI%‘ + CNa*‘AlciTa"' + GH+7\§I+ + 001—2%1-—.
i=
= (1.92 x 1077)(7.35 x 10) + (2 x 1079)(5.01 x 10) +
(-1.6 x 1078)(3.5 x 1072) + (1.9 x 10~7)(7.64 x 410)

=2.31x10"9 ohm‘lcm"l,



| | 86
Also kg - ky = -4.37 x 10~ |
and kp2 - k;2 = ~2.23 x 1010 |

because (kz2 -k 2)is much less than (ko - kl)' equation (E-11) reduces

to

: _AMDA/T)= aYd(kbz “k) - (E-19)

' -Por sample S5D3
a=3.95
Y=1.7x1073
b=7.4x10"]
d=2.84 x 102.
Substituting Ak and the above values into equat»ion (E-15) yields
| A@Bpp/r) = -1.13 x 1075,

which with gpa/7 = 3.28 x 1074 gives

A @pa/r) < _3 43
ADA/T )

x 1072,

So not considering reaction between solution and sample could result in

the measured values being about 97.6 pércent of the factual values.
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