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ABSTRACT

A theoretical model of the hydrolysis of microcline by a hydro-
thermal solution has been determined for a c]oséd system-at constant
temperature. Hypothetical solution compositions and temperatures were
chosen to match the known geothermal system at Roosevelt Hot Springs,
Utah. The calculated reaction paths indicate that the overall reaction
process is an exchange of potassium from the reactant mineral, micro-
cline, for hydrogen from the solution. Aluminum is nearly conserved
among solid phases. The amount of microcline reacted per kilogram of
solution before overall equﬁ]ibrium is reached is a function of
temperature and initial solution pH. Since the system is closed and
at constant temperature natural conditions are not reproduced well
enough to apply themodel as a geothermometer. The reaction paths-
suggest qualitative models of alteration mineral zoning patterns that
are similar to zoning at Roosevelt Hot Springs, Utah; Steamboat Springs,
Nevada, and Butte, Montana. The models presented view alteration
zoning as a function of temperature and pH gradients within homo-

geneous host rocks where microcline and quartz are abundant.




INTRODUCTION

Hydrothermal rock alteration is produced by an irreversible chemi-
cal reaction between host rock minerals and a hot aqueous solution.
Helgeson (1968) outlines a thermodynamic model of hydrolysis iﬁ a
closed hydrothermal system at constant temoerature in which the masses
of all species in the system at any point during the overall reaction
progress may be calculated. The University of Utah geothermal team
has been investigating the Roosevelt KGRA geotﬁerma] system in an
attempt to develop geothermal exploration methods and to characterize
the Roosevelt system. The Roosevelt geothermal system occurs in a
Tertiary granite pluton and the geothermal reservoir is likely fractured
granite. Reaction of hot geothermal fluid with minerals of the granite
is of fundamental interest in resource characterization. The techni-
ques of Helgeson (1968) have been used in the present study to model
the closed-system hydrolysis of reservoir minerals. The goals of this
project were: 1) to investigate the hydrolysis of microcline by a
hypothetical hydrothermal solution which closely matches the Roosevelt
reservoir fluid in composition and 2) to apply the calculated reaction

paths and masses transferred to the development of geothermometers
and chemical models of alteration, applicable to hydrothermal systems

such as Roosevelt Hot Springs, Utah.




MASS TRANSFER CALCULATIONS

The following discussion is an adaptation of the discussion pre-
sented by Helgeson (1968). The chemicalreaction investigated is the
reaction between microcline and a hypothetical sodium chloride hydro-
thermal solution. The solution has an ionic strength of 0.1 and is
initially saturated only with respect to quartz. Species in solution
considered are H', OH™, K*, KS0,, HS0,™, 50,7, A1™%; AT(0H),”,
H3SiO4', and H4Sio4. Other species such as A]OH+2 and A1SO4+ were
not considered. Considering additional solution species would increase

accuracy slightly at the expense of computer time. The initial general

reaction for feldspar hydrolysis can be written:

i - - it e =0 o4yt OH
(]) KA]S1308 + T']HZO H20 + ﬂH+ H + n504— 504 -+ nK+ K + nOH-
n = ot - - +3 -
+ Ny csn HaS0, + 0y i H,Si0, + nen  Si0,.
HyS10, 73774 © "H,Si0, "4 74 T T'si0, 72

The ﬁi's are the reaction coefficients of species in solution or product
mineral phases. By convention reaction coefficients of products are
positive and of reactants are negative. The reaction coefficient of
microcline is assumed to equal minus one; Theoverall reaction is ir-
reversible, but if the overall reaction is considered in infinitely
small steps each step is reversible with respect to the preceding step.

The system is closed and at constant temperature. Supersaturation




and metastable phases are assumed absent. Partial equilibrium, that
is equilibrium among species in solution and between product minerals

and the solution is assumed. The assumption means that the following

equations must simultaneously hold.

(2) Hy0 = H' + OH™

(3) AT(OH),” = AT + 40K™
(4) ks0,” = K + s0,”

(5) HSO,™ = H™ + 50,°

(6) HyS104 = H' + Hy$10,”
(7) $10, + H0 = H,Si0,

Assuming the activity of all solid phases and water to equal one,

equations (2) through (7) may be rewritten as follows:

(8) [H'] [OH] = 0

(9) [ 3100 1% I (0m), 71 = M1 (oH),”
(10) [K"1050, 1/0KS0,71 = Ky -

(1) [H'I050,”1/0HS0,7] = Ky, -

(12) [H'1[HgS10,71/H,S10,] = 510,
(13) [H,S10,1 = Ksi0,

Reaction progress is a time dependent term defined as:

(14) dg = d_.

i

s

Where dg is an infinitely small increment of reaction progress and is

called the reaction progress variable, dmi is the rate of change of




the molality of species i or phase i and ﬁi is the reaction coeffi-
cient of the ith species or mineral phase. dg is always positive and
dmi may be positive or negative. Though the reaction progress variable
is a time dependent term, the relationship between time and reaction
progress is not known because reaction rates in the system are not

known. Taking the derivatives of equations (8) to (13) with respect

to d& produces:

(15) d[H l/de | dlOH 1/de _
[H'] [OH"]
(16) - d[A11/de |, 4d[OHT1/de | dIAI(OH), 1/de _
(A1 [OH"] [AT(0H), "]
(17) d[k" ]/dg . d[SO4 1/de _ d[KsO,”1/dg 0 }
(K] [s0, ] [KSO ]
(18) d[W")/de , d[S0,"1/de _ d[HSO,"V/de . | |
[H'] (50,7 [HSO "] |
(19) dlH'de d[H,S10,"1/de _ d[H,Si0,1/de _ |, |
[H'] [H,5i0,”] [H,S10,] |
(20) d[H,S10,1/de _
[H S1O4] |

The reaction coefficient of the ith species or phase is the change |
of molality of the ith species or the change of number of moles pro-
duced or consumed of the ith phaée with respect to change in time or

reaction progress. Equation (14) may be rewritten as follows: \

(21) n. = dm,
|




Assuming that the solution does not change enough during the overall

reaction to affect the calculated activity coefficients (8) and by
substituting equation (22)
(22) m, = ai/Yi

into equation (21) we obtain:

(23) i

Substituting equation (23) into equations (15) through (20) yields:

(24) + NAy-
_H_+ OH =0
my* MoH™
(25) W, fow o Taiow),” L
mag*t3 Moy A1 (OH),”
(26) et 05T Mg -
' Loy 2 - My =
m,,+ m = m -
K S0, kSO,
(27) n,+ Nen = Myen -
Mo, Mo, | Tkso” L
m,* m = m -
K S0, KSO,
(28) nt Ay cin - Ny o
H o __H_3$1O1 _ _ﬂ4S101 = 0
m,,+ m - m .
H H3S104 H4S104
(29) Ny s
S0, -,
m .
H,S10,

Since the system is closed the masses of each element must be



file:///s04
file:///siO4
file:///SiO4

conserved throughout the reaction. This allows writing the following

mass balance equations:

-

-t 4nA1(0H)4

(30) ~n + 4nen= + 4n - + 4n
H,0 50, KSO, HS0,

fdsioT * *hsiop T Zsio, T8

(31) 2ny o + nyF + npeq - ¥ 4”A1(0H)4’ ¥ 3”H3Sio4

2 4
¢ ysio, = 0
(32) Mysi0, + Tsio, + Usio, = 3
(33) HA]+3 + HA'I(OH)4— = 1
(34) ne+ + "s0,” = 1
(35) ﬁso4= + 5H§o4' * r-‘Ksoq[ - 0

Because the initial molality of each species is known, equations
(24) through (35) constitute twelve equations with twelve unknown
reaction coefficients. Solving these simultaneous equations by matrix

algebra produces the twelve unknown reaction coefficients. Equation

(21) may be rewritten as follows:
(36) dm, = n,(de).

This equation allows the calculation of the change of molality or num-
ber of moles of species i or phase i for an infinitely small increment
in the reaction progress variable. Equation (36) may be approximated

by a Taylor's expansion for a known increment of reaction progress, At.




(37) mg = ngd& FongTo i 31
Where n. and ﬁi

; are the first derivative and second derivative

respectively of the reaction coefficient, ﬁi. Equation (37) allows
the calculation of the change of molality or number of moles to any
degree of accuracy desired. If the reaction progress increment is
small enough the quadratic and all subsequent terms become negligible.
Due to the expense of comnuter time a large enouagh Ag must be used

so that at Teast the duadratic term and perhaps the cubic term must

be considered. . Higher derivatives of the reaction coefficients may be
obtained by taking the derivatives of equations (24) to (35) and

solving the resulting equations simultaneously to obtain ﬁi. The

second derijvatives of these equations are given below.

_ _ -2 -2
(38) mit gy L R Mo
m, ,+ Ma,,— m2 + m -
H OH H OH
(39) 7 ¥ 456H' BIA1(0H)1’ "t 4 o
m,,+3 i m m -_- m2 +3 ' m ay- )
Al OH AT(0H), Al OH
-2 .
" AT(OH),”
m AT(OH),~
- - -1 -2 -2 -2
(40) n t n = n - n t n = n -
K, "so,~ _ kso,~ _ "k, "so,” _ kso,”
" Mso,” "s0, K Mso,m Mkso,”




(42)

(44)

(45)

(46)

(47)

(48)

(49)

- - - -2 -2 -2
n .t n = n - n ,+ n = n -
W, 1s0,~ _ HSO, H o, [ so, HS0,~
m,,* m = m - m,t m = m
H 304 HSO4 H SO4 HSO4
=, - - =2, -2 _
"W, D Hsio, o [HSi0, "H, :‘?_H_3Sioq
2
m,* m . m . m ot m .
-2
2HqS1Oq
m .
H4S1O4
! )
" H,510, . [ H,Si0,
m . m .
H4S1O4 H4S‘O4
ﬁl + 4n = + 4n - 4n -+ 4nI -
H20 SO4 KSO4 HSO4 A](OH)4
+ 4nl on o= F 4n' . 25' . = 0
H3S10 H4S104 S102
zﬁ. + nl + + ﬁ| -+ An' -+ 35‘ -
HZO H HSO4 A1(OH)4 H S1O4
+ 4n' . _
H4S10 = 0
"usio” T H,Si0 " si0 0
3> 4> 2
T Vanon),” T 0
;‘]' - _T_1| : _ 0
K KSO4
S 4 R e 4 Rog- = O
SO4 HSO4 KSO4




Assuming the reaction progress increment is small enough to
ignore the cubic and all subsequent terms in equation (37) the calcu-
lation proceeds as follows. First the initial molalities are substi-
tuted into equations (24) through (35) to solve for ﬁi of each
species or phase. Then the initial molalities and the reaction co-
efficients Bi are substituted into equations (38) to (49) to solve
for each ﬁ;. The reaction progress increment Af, the reaction co-
efficient ﬁi, and its first derivative ﬁ; are placed into equation
(37) to calculate the change in molality or number of moles for each
species or mineral phase. This change in molality or number of moles
is then added to the molality or number of moles of the preceding
step. By equation (22) the activity of each species is calculated.
These activities are placed into equilibrium constant expressions to
test for saturation for each alteration mineral considered. If
saturation is reached, then for each new phase produced a new partial
equilibrium equation and appropriate terms in the mass balance
equations (30) and (35) must be added. The calculation is repeated
until saturation is reached with respect to the reactant mineral

microcline and thus overall equilibrium is attained.




COMPUTER PROGRAM

Originally a program to do the calculation just described was
written in Flextran language (Schamber, F. H., 1975) for an NS-880,
PDP-11 minicomputer. The minicomputer's 8K memory was inadequate so
the program was translated to Forfran and was run on the University
of Utah's Univac 1108 computer. Given a larger memory the mini-
computer would be useful for these types of calculations. The follow-
ing discussion is a detailed line by line descripntion of the program
used. The description proceeds with the flow of the prggram. The
Tine numbers refer tb the program 1isting given in Anpendix 1 and a
flow chart (Appendix 2) is provided as well. This section is not
necessary for understanding the remainder of this paper. It is.
included only for those interested in ooerating this program or
writing similar computer programs.

The statement on 1ine 4 sets the largest matrix size that may be
used. In the program's present form the maximum is a 15 x 16 matrix.
This means that for a system with greater than 15 simultaneous equations

the variable NT must be increased. Lines 5 and 6 provide for double

precision on all variables that may exceed the Univac 1108's 10i38

Timit of number size. Double precision increases this 1limit to 101308.
Double precision must be used to avoid underflow. Inputs required are
the number of complete cycles between outputs (H9), the number of

simultaneous equations (N), the equilibrium constants for each
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mineral whose saturation is tested for (EX(1)), the initial molali-
ties or number of moles for each species or mineral phase present

(Y(I)), activity coefficients for each species (Y3(I)), and the

initial (XS). A data-file was used to make unput simpler and faster.

A data-file is not required but with one, execution follows this
sequence. Line 11 causes the output of "QUTPUT EVERY HOW MANY
CYCLES". Line 12 then reads H9 on an I5 format and 1ine 13 outputs
H9. Line 14 outputs "HOW MANY EQUATIONS" and line 15 reads N on an
I5 format and line 17 outputs N. Line 16 creates the variable NN
which is used to refer to the N+1 column in matrices later on. Line
18 outputs "INPUT INITIAL MOLALITIES". Lines 19 to 22 are a loop
which first reads an equilibrium constant (EX(I)) and then tests to
see if its value is zero. If EX(I) is not equal to zero the next
EX(I) is read. This will be repeated for N cycles. If EX(I) equals
zero then control is removed from the loop and exeéution proceeds
downward. This method of input requires that the number of minera]s

whose saturation is tested for be less than N, that each equilibrium

constant be on a separate line in the data-file and that the last line

in the data file be blank or equal to zero. Care must be taken to

see that the equilibrium constants are input in the order that the

program makes its saturation tests (1ines 171 and 197) and that an
E10.4 format is adhered to. Line 24 reads N initial molalities and
line 25 outputs these numbers. Line 26 outputs "INPUT ACTIVITY CO-
EFFICIENTS", Line 27 reads N activity coefficients and line 28

outputs N activity coefficients. Both initial molalities and activity
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coefficients are input and output on 8E10.4 formats. In the data
file this means that 8 numbers in an E10.4 format will be read from
each Tine until N numbers are found. The order of the molalities is
determined by the order of the columns of the matrices. The activity
coefficients must be input in the same order as the molalities.
Activity coefficients for solid phases may be input with the value of
any arbitrary number or zero. Line 29 outputs "INPUT INITIAL DELTA
XSI". Line 30 reads (XS) and line 31 outputs (XS). XS is read and
output on an 8E10.4 format. Line 32 to 35 initialize the variables
H7, M9, H6 and M11. H7 is the total number of complete cycles minus
one. H6 is a cycle counter which is set equal to zero each time out-
put is made. Lines 36 to 39 form a loop which creates a matrix
(E(I,d)) of size NxNN which consists of all zeros. Lines 40 to 69
place the mass balance equations ((30 to (35)) in matrix E(I,J).
Lines 70 to 72 form a loop which sets the array X(I) (new molalities)
equal to Y(I) (initial molalities). This is done so that lines 87

to 101 may be used to set up the initial matrix as well as all later

matrices. From line 73 the program bypasses 74 to 86 to go directly

to line 87. Lines 87 to 101 put equations (24) to (29) in matrix E(I,J).

On the initial cycle Tine 102 returns execution to line 74. If output
of the initial matrix is desired the following program lines should

be added between line 74 and 75.

D029 I + 1,N
WRITE (6,101) (E (I,J), J=T,NN)
29 CONTINUE
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From 1ine 75 the program goes direct1y‘to line 106 where lines 106
to 109 store matrix (E(I,J) in matrix E1(I,J). The loop from line
110 to 112 calls subroutine 40 (1ines 247 to 262) N times to solve
E(I,J) to produce the reaction coefficients ﬁi. In this process
E(I,Jd) is destroyed and ﬁi is stored in the array E(I,NN). The loop
from 113 to 114 stores E(I,NN) and Y2 (I). Comparing equations

(28) to (35) and (38) to (49) shows that the left side of both sets
of equations is identical and that the terms on the right sides of
all equations are constant. Therefore the same matrix used to solve
for ﬁi can be used to solve for ﬁ; if the constant's column is
changed. The loop from line 115 to 118 creates matrix E2(I,J) and
fills it with zeros. The loop from lines 119 to 122 sets the NxN
portion of matrix E2(I,J) equal to E1(I,J). Equations on lines 124
to 133 place the constant terms from equations (38) to (43) into the
constants column of E2(I,Jd). The loop from line 135 to 138 sets
E(I,J) equal to E2(I,J). And as before the loop from 139 to 141 calls
subroutine 40 to solve E(I,J). E(I,J) is destroyed and ﬁ; is stored
in E(I,NN). The loop from 143 to 145 calculates the change in molality
of each species or the change in the number of moies at each mineral
phase. Line 144 has the same form as equatioﬁ (37) with Y1(I),
Y2(I), XS, and E(I,NN) being am, ﬁi, A& and ﬁ; respectively. The
loop Tine 147 to 149 stores the molalities from the preceding cycle
(X(I)) in XST(I). Line 150 stores total reaction progress (XB) in
XBS. This Tine is meaningless on the initial cycle. The loop from
151 to 156 first adds the change in molality (Y1(I)) to the initial,

or proceeding molality (Y(I)). Line 153 checks whether each new
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molality is positive. 'If X(I) is positive then lines 154 and 155 are
skipped and the next X(I) is calculated. This cycle repeats N times
or until a negative X(I) is found. If the new molality is negative
Tine 154 sets the reaction progress increment (XS) equal to 90% of
its previous value. Line 155 returns the program to Tine 143 where
the cycle repeats until the reaction progress increment is small
enough so that all new molalities are positive. The loop from 157
to 159 converts the new molalities X(I) to l1og molalities and stores
them in array XL(I). Line 160 sets the total reaction progress XB
equal to the reaction progress increment XS on the initial cycle
(H7=0). Lines 161 and 162 form a loop which converts molalities to
activities. Line 162 has the same form as equation (22). Line 163
adds the reaction progress increment XS to total reaction progress
XB 6n all cycles except the initial cycle. Line 164 computes the
logarithm of total reaction progress and stores this number in
variable XBL. Lines 165 to 169 are equilibrium constant expression
for each mineral whose saturation 15 tested for. The equations must
be written in the same form as the equations from which the given
equilibrium constants EX(I) were taken.

Line 171 to 195 are the saturation tests. Al1 have the same

form. The test for kaolinite is given below.

171 IF(E1T  .LT. EX(I) GO TO 91
172 X2+(1.-EX(1)/E11))*100.

173 ' IF(X2 .GT. 0.01) GO TO 99
174 . WRITE (6,207) E11

175 M9 =1
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If the calculated equilibrium constant E11 is less than the given
equilibrium constant EX(1) then lines 172 through 175 are skipped

and the program proceeds to the next saturation test. If E11 is
greater the EX(1) then X2 is calculated. X2 is percentage by which
E11 is greater than EX(T7). If this percentage is less than or equal
to 0.01% then line 174 outputs "**KAOLINITE SATURATION**" and Tine
175 sets M9 equal to one and then the next saturation test is made.

If X2 is greater than 0.01% execution goes directly to line 215 where
total reaction progress XB is set equal to the total reaction progress
of the preceding cycle XBS. Lines 216 to 218 are "IF" statements
which are executed if this portion of the program is reached on the
initial cycle. Thjs should occur if the initial solution is super-
saturated or if the initial reaction progress increment was too large.
This output would be seen: "INITIAL SOLUTION SATURATED, TRY AGAIN"
then "CHECK FOLLOWING K OUTPUT" followed by the output of the calcu-
lated equilibrium constant vﬁ]ues for each mineral whose saturation
was tested for. After this output line 218 stops further execution.
If it is not the first cycle then lines 219 to 221 reset the new mo-
lalities X(I) to equal the stored molalities from the preceding cycle
XST(I). Line 222 halves the reaction progress increment and line 223
returns execution to line 78 when the entire cycle is repeated until

a small enough reaction progress increment is found so that saturation
is approached slowly. - This portion of the program assures that super-
saturation does not exist. The 0.01% value of X2 is arbitrary and

may be changed depending on the accuracy desired.

After making all saturation tests 1ine 196 checks to see if
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saturation has actually been reached; that is whether M9 equals 1.

If saturation has been reached 1ine 197 calls subroutine 50 which out-
puts the reaction progress increment, the reaction coefficients, the
log molality or logarithm of number of moles of each species or
mineral phase respectively, the cycle number, and the total reaction
progress. Line 198 outputs "SATURATION REACHED" and 1ine 199 stops
execution. If saturation has not been reached line 197, 198, and 199
are skipped. The loop on lines 201 to 204 checks whether the molality
or number of moles of each species in solution is greater than 10'32.
Any species or phase whose concentration is less than this value is
assumed to have zero concentration. If X(I) is greater than the zero
concentration level then lines 203 and 204 are bypassed. If X(I) is

less than or equal to 10732

then 1ine 203 sets M8 equal to 1 and line
204 outputs "ZERO CONCENTRATION". Line 206 causes lines 207 and

208 to be skippéd if zero concentration has not occurred. If zero
concentration is encountered then line 207 calls subroutine 50 for
output and line 208 stops-execution. The "IF" statement on line 209
calls subroutine 50 for output any time H6 equals zero. Line 210
increases H6 by one each complete cycle and the "IF" statement on
line 211 sets H6 equal to zero when H6 equals H9. Since H6 initially
equals zero the output subroutine is always called on the first cycle
and every H9 cycles thereafter. For example if H9 equals 10 then
output occurs on cycles 1, 11, 21, and so on. Lines 212 and 213
increase the cycle counters H7 and M11 by one each cycle. Line 214

returns execution to line 78 where the loop from line 79 to 82 sets

E(I,J) equal to E1(I,J). This is done to place the mass balance
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equations (24) to (28) back into E(I,J). If the preceding cycle was
the first cycle lines 105 and 106 are now executed for the first time.
These lines store the molalities from the preceding cycle in Y(I).
From this point the program repeats the cycle previously described
until zeroconcentration or saturation is reached. The matrix E(I,J)
must be arranged so that no zeros are in its diagonal. Line 251 in
subroutine 40 will cause the output of "ZEROS IN DIAGONAL, CHANGE
MATRIX, START AGAIN". Then execution will be stopped. Zeros in

the diagonal must be avoided because line 256 will produce division
by zero. In larger matrices the execution of subroutine 40 may
create zeros in the diagonal. This can be avoided by rearranging

the row order of the equations. If this problem is encountered after
the first cycle the preceding cycle may be repeated with a slightly
different XS value until a matrix which subroutine 40 can solve is
found.

Execution is stopped each time saturation is reached. Unless this
saturation represents overall equilibrium the program must be changed
to account for the new phase being produced. A new partial equilibrium
equation must be added, the mass balance equations must be altered
and the saturation test for the new phase must be bypassed. For
example if the program described reaches kaolinite saturation these
changes must be made. In the datafile N must be increased by one and
the molalities must be changed. In the program these Tines must be

added.
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E(1,13) = 9.000
£(4,13) = 2.000
E(11,13) = 4.000
E(12,13) = 2.000
E(13,2) = -6./X(2)
E(13,3) = 2./X(3)
£(13,10) = 2./X(10)

E2 (13,NN) = (2.%((Y2(3)**2)/(Y(3)**)))
+(2.%((Y2(10)**2)/(Y(10)**2)))
-(6.%((Y2(2)**2)/(Y(2)**2)))

and "GO TO 91" must be inserted at line 170 to bypass the saturation

test for kaolinite. For each phase or species that reached zero

concentration comparable equations must be removed from the program.
The initial (XS) value must be chosen so that this value is

large enough to minimize the amount of computer time used but must

be small enough so that masses are conserved. If XS is too large fhe

cubic term in equation (37) becomes significant. The largest XS value

used was 107° and the smallest was 10710,

The program is neither so elegant or complete as the PATHCALC

program of Helgeson (1968) but is simpler to understand and was fun

to write.




SOLUTION COMPOSITIONS, ACTIVITY COEFFICIENTS, EQUILIBRIUM CONSTANTS

Once the reactant mineral and species to be considered are
established a hypothetical initial solution composition must be
chosen. This solution may represent a possible natural solution that
has not yet equilibrated with the reactant mineral, microcline. Six
initial solution compositions are considered. These solution com-
positions were chosen on the basis of known water chemistry at
Roosevelt Hot Springs (Table 1b), Utah. A1l six hynothetical solutions,
(Table la) have ionic strengths of 0.1. The total molalities of
potassium and sulfate are equivalent to 425 ppm and 193 ppm respective-
ly. A1l are saturated with respect to quartz. The solutions repre-
sent three different temperatures, 100°C, 200°C, and 300°C, and two
different pH levels. In group one the pH was taken to be 1.5 pH
“units on the acid side of neutrality at each respective temperature
and group two was chosen to have a pH 2.5 pH units on the acid side
of neutrality at each respective temperature. Eétimating initial
pH is difficult. For natural systems activities of hydrogen may be
calculated from activity diagrams Tike those in Figure 7 if the alter-
ation mineralogy and the activities of potassium and sulfate ioﬁs are
known. These values assume overall equilibrium. The overall process
of alteration in granite rocks is controlled by the dissolution of

feldspar:

(50) KA1Si,05 + 4H a0 - K o+ a3

8 5 + 3H,Si0

474
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Table 1a - Assumed Initial Solution Compositions

Species Concentration (Log Molality)
Group 1 Group 2

100°  200°  300° 100°  200°  300°
H+ -4.54 -4.01 -3.83 -3.54 -3.01 -2.83
A1+3 -8.89 -9.88 -10.77 -6.89 -7.38 -7.82
A10H4' -8.05 -6.57 -6.02 -10.05 -8.07 -7.07
K -1.97  -1.97  -1.97 -1.97  -1.97  -1.96
Kso4' -3.82 -3.63 -4.23 -3.86 -4.28 -5.20
Hso4' -4.64 -3.02 -2.65 -3.68 -2.68 -2.62
504= -2.65 -2.92 -3.96 -2.68 -3.58 -4.94
H35104' -7.33 -7.32 -7.48 -8.33 -8.32 -8.48
H4S1'04 -3.06 -2.26 -1.57 -3.06 -2.26 -1.57
OH™ -7.50 -6.95 -6.74 -8.50 -7.95 -7.74

Concentrations (narts per million)
K+ Total 425 425 425 425 425 425
504= Total 193 193 193 193 193 193
S1'O2 Total 52 330 1617 52 330 1617
Table 1b - Roosevelt Hot Spring Water Compositions

Constituents
in ppm 1 2 3 4
Na 2210 2400 2500 1840
Ca 83 9 22 122
K 425 565 488 274
S1'02 170 775 313 81
Mg - 19 0 25
C1 3800 4800 4240 3210
SO4 122 200 73 120
(1) Phillips well 9-1, University of Utah
(2) Phillips well 54-3, Chemical and Mineralogical services
(3) Roosevelt Hot Springs, Mundorff (1970) 9-11-57
(4) Roosevelt seep, University of Utah Analyst 6-25-75
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This reaction consumes hydrogen ion. When equilibrium with feldspar

is reached the overall reaction stops and thepH is at its maximum value.

Therefore pH values calculated from activity diagrams represent an upper

1imit of pH. For hypothetical mass transfer calculations which end at

overall equilibrium the initial pH must be chosen on the acid side of

this upper pH 1imit. No reliable values for aluminum concentrations

were available. Since no gibbsite is known to be present at Roosevelt

Hot Springs (Parrv, personal communication), A1+3 activity was taken

to be about an order of magnitude less than that which would exist in

equilibrium with gibbsite at the particular pH and temperature in

question. This value was arbitrarily changed by small amounts to

insure that the initial solution was undersaturated with respect to

all mineral phases except quartz. The initial solution compositions

and Roosevelt Hot Springs water compositions are summarized in Table 1.
Activity coefficients were calculated from the modified Debye-

Hlickel equation (Helgeson, 1969).

(51) log v, = -A zf NT .2
1+83 \JT_ ’

Where: ¥ is the activity coefficient of species i; z; is the valence
number of species i; I is the ionic strength; 8 is a parameter depend-
ing on the species; A, B, and 8 are parameters depending on the
solution and temperature. S was taken from Kharaka; et. al (1973)
and A, B, g were taken from Helgeson (1969).

A11 equilibrium constants were taken from Kharaka, et. al 1973

except for the eqdi]ibrium constant for muscovite which was taken from




Helgeson (1969). 'The muscovite equilibrium constant value from
Kharaka, et. al 1973 seemed unrealistic. Activity coefficients
and equilibrium constant used are summarized in Table 2 and

Table 3.
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Table 2 - Summary of Activity Coefficients

Activity Coefficients (I=0.1)

Species 100%¢C 200°¢ 300%
H .8100 7572 6432
m*3 .1380 .0742 .0188
AT(OH),~ .7534 6860 5479
K" .7363 .6644 .5197
.KSO4' 7672 .7032 .5707
HSO, .7534 .6860 .5479
so4=' .3253 .2268 .0989
Hy$10,” 7451 6755 .5342
HySi0, 1.011 1.01 1.000

OH™ .7363 .6644 .5197




Table 3 - Summary of Equilibrium Constants
Log Keq

Kaol 2.29 -1.58 -3.68
K-spar -0.33 -1.45 -2.04
musc. 7.97 0.93 -3.31
gibbsite -31.14 -30.90 -31.61
alunite -82.83 -84.29 -88.19
quartz -3.06 -2.26 -1.57
HS0,” ~ H' + 50, -3.0 -4.51 -6.08
kS0~ K+ 50, -1.30 -1.93 -2.75
AT(OH); +AT +

40H" -32.10 -32.80 ~34.30
H4S1'04+tl+ ¥

HyS10, -9.03 -9.36 -10.20
H0>H' + OHT  -12.26 -11.36 -11.04
Am. silica -2.36 -1.82 -1.48
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REACTION PATHS

Group one solutions and the 300°C group two solution all had
similar reaction paths (see Figures 1, 2, 3, and 6). The follow-
ing discussion applies specifically to the 200°¢ group one example
but in genéra] to all four reactions. The solution remains under-
saturated with all phases except quartz until enough microcline
dissolves to raise the A1+3 concentration high enough to produce
kaolinite. As kaolinite precipitates the pH increases due to the

net effects of equations (52), (53), and (54).

(52)  KAISi O + 4H,0 + ' » k" + N 3,510,

378
. + +3 .
(53) A]251205(0H)4 + 6H - ?A] + 2H 5104 + HZO

(54) S1'02 + H20 - H4S1'04

4

The reaction coefficient of microcline is negative one, and the
reaction coefficient of kaolinite varies between 0.4999 and 0.4446.
The reaction coefficient of quartz varies between 2.000 and 2.016.
An estimate of the net effect can be obtained by assuming constant
reaction coefficients of 0.5 and 2.0 for kaolinite and quartz
respectively. After multiplying each equation by fhe appropriate

reaction coefficient and summing, the result is:

. + . + .
(55) KA]S1308 +H + 2.5H20 > 0.5A12$1205(OH)4 + K o+ 25102
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This estimate indicates an increase in potassium ion, and pH. Note
that A1+3 is essentially conserved by equation (55) but since the
reaction coefficient of kaolinite is slightly less than 0.5 some

small amount of aluminum jis added to the solution. An increase in

pH causes a decline in the activities of A1+3

increase in the activities of H3SiO4', K+, KSO4', OH™ and A1(0H)4'.

and HSO4' and an

When pH and potassium ion concentration have increased suffi-
ciently muscovite saturation is reached. At this point kaolinite
begins to dissolve and muscovite begins to precipitate according

to this reaction.

(56) KA]Si308 + A1251'205(0H)4 -> KA'I3S'i3O10(OH)2 + 251'02 + Hy0

The reaction coefficients shown above are constant during this seg-
ment of the overall reaction. Also since the pH is constant the
reaction coefficients of all aqueous species are zero and the solution
composition is unchanged.

After all kaolinite has dissolved, muscovite continues to pre-
cipitate until overall equilibrium is reached. During this last
step of reaction progress the reaction coefficient of muscovite
varies between 0.32 and 0.27 and the reaction coefficient of quartz
varies between 2.0 and 2.1. Assuming constant reaction coefficients
of 0.3 and 2.1 for muscovite and quartz produces the following

estimate of the net reaction.

(57)  KAISij0q + W - 0.7 + 2.1510, + 0.1a173 &+

0.3KA]3S1'30]O(0H)2 + 0.2H,0

2
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Again, though this reaction is only an approximation it shows the
continuing increase of pH and potassium jon concentration. A small
amount of aluminum is added to solution and quartz is produced at a

slightly higher rate. Equation (57) indicates an increase of A1+3

3 to be decreasing. A1+3 de-

concentration but Figure 2 shows A1+
creases due to the effect of increasing pH on equation (3). The
total molality of aluminum increases because of equation (57).

The 100°C and 200°C group two solutions encountered alunite
saturation first. Kaolinite saturation was then reached. After
saturation with respect fo kaolinite all alunite dissolved. From
this point on the reaction path was similar to that of the other
solutions. The following description applies specifically to the
200°C group two solution but may be applied to the 100°¢ group two

solution as well. The precipitation of alunite is approximated by

this equation:

. + = + .
(58) KA1SijOq + 2H™ + 2/350, ~ 2/3K" + 35i0, +

]/3KA13(SO4)2(0H)6

During this segment of the reaction the reaction coefficient of
quartz is constant and the reaction coefficient of alunite is nearly
constant. The nearly constant reaction coefficient of alunite in-
dicates almost complete conservation of aluminum among solid phases.
The molality of sulfate ion decreases and pH and potassium ion
concentration increase. Alunite precipitates until kaolinite satura-
tion occurs. At this time alunite dissolves and kaolinite precipi-

tates. During this reaction the reaction coefficient of alunite
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varies between -0.36 and -0.37. The reaction coefficient of quartz
varies between 0.90 and 0.89 and the reaction coefficient of kao-
linite remains approximately constant at 1.05. Assuming constant
reaction coefficients of -0.37,0.90 and 1.0 for alunite, quartz,

and kaolinite the following reaction can be written.

378

1.37¢" + o.74so4= + 0.11A1

(59) KAISi,0q + 0.37KAT(S0,),(OH)¢ + 0.22H" + 0.78H,0 -
+3

J 4+ $i0, + A12$1'205(0H)4
This reaction unlike the reaction producing muscovite from kaolinite
(equation (56)) does change the solution composition. The production
of 504= causes the pH to increase as shown by equation (6). Total
aluminum molality in solution increases as is indicated by equation
(59) but the molality of A1+3 jon decreases due to the effect of
increasing pH. From this point on all solutions followed similar
reaction paths.

The 300°C group two solution never became saturated with respect
to alunite because of the effect of temperature on equations (5),
(11) and (2). The equilibrium constant in equation (11) is 1073 at

-6.08

100°C and 10 at 300°C. Therefore with constant pH much more

sulfate exists as HSO4' than at higher temperatures. This shift
effectively prevents there being enough sulfate as SO4= ion at
higher temperatures to produce alunite. Also at higher temperatures
the neutral point shifts to higher activities of hydrogen. There-
fore, for solutions at different temperatures that are equally acid

in terms of pH units from neutrality the solution at the higher

temperature will have a higher activity of hydrogen ion. From
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equation (11) it is evident that higher activities of hydrogen
depress sulfate ion concentration.

Comparison of equations (55), (56), (58) and (59) shows that
though small amounts of aluminum are added to the solution very
little aluminum is transferred in comparison to other elements.

This approximate conservation of aluminum is significant because
activity diagrams such as Figure 7 are based on reactions which
conserve aluminum. Also, since little aluminum was transferred,

the uncertainty of the value of aluminum concentration in solution
probably introduces very little error. In all reactions except
equation (56) potassium ion is produced and hydrogen ion is consumed.
The concentration of hydrogen ion controls the distribution of

species in solution. The most evident change in the solution was

the decrease in hydrogen ion concentration. The overall effect of

each reaction was to remove hydrogen and produce potassium until
microcline saturation was reached. This process is comparable to
hydrogen metasomatism as described by Hemﬁey and Jones (1964). Hydro-
gen ion is removed from solution by precipitating hydrated minerals.

The hydrogen ion is replaced by potassium ion to maintain the

electrical neutrality of the solution. Whenever the amount of potassium
produced is less than the amount of hydrogen consumed, small amounts

of aluminum are transferred to the solution to maintain electrical
neutrality. Typically only small amounts of aluminum are involved.

This effect is shown in equation (57) and (59). The alteration minerals
are produced in order of decreasing hydrogen content and increasing

silica content.




MASSES TRANSFERRED

Summaries of the masses transferred for each reaction are
given in Tables 4 and 5. The total amount of microcline destroyed
is a function of temperature, pH and reaction path. The initial
solution composition would, of course, have an effect but all six
solutions have comparable compositions. With increasing temperature
and decreasing pH more microcline is consumed. The effect of reaction
path can be seen by noting that the 200°C and 300°C group two
solutions consumed the same amount of microcline. Apparently en-
countering more phases lengthens the reaction path and so consumes
more microcline. The amount of muscovite produced is strictly a
function of the amount of microcline consumed. One-third mole of
muscovite is produced for each mole of microcline destroyed. About
two moles of quartz is produced for each mole of microcline destroyed.
This is due to the stipulation of quartz saturation and aluminum
conservation. Producing 1/3 mole of muscovite from one mole of
microcline produces two moles of quartz. In each solution the total
molality of K, Si, and Al increase. The change in the distribution

+3

of species in solution is chiefly a function of pH. H+, A1 7, and

- - L - - +
HSO4 always decrease and OH , A](OH)4 , H3S1O4 , KSO4 and K

always increase. H4S1'04 remains constant due to quartz saturation.




Table 4 - Group One Solutions
Mass Transfer Summary
all in log molality or log number of moles

100% 200°c 300%
initial final initial final initial final
Wt -4.54 -6.65 -4.01 -6.13 -3.83 -5.32
A1+3 -8.89 -15.16 -9.88 -16.44 -10.77 -15.44
A](OH)4_ -8.05 -5.87 -6.57 -4.63 -6.02 -4.72
K -1.97° -1.97 -1.97 -1.94 -1.97 -1.92
KSO4' -3.82 -3.82 -3.63 -3.38 -4.23 -3.19
HSO4 -4.64 -6.75 -3.02 -4.93 -2.65 -3.15
SO4= -2.65 -2.65 -2.92 -2.70 -3.96 -2.97
H3Si04 -7.33 -5.21 -7.21 -5.20 -7.48 -5.99
H4S1'04 -3.06 -3.06 -2.26 -2.26 -1.57 -1.57
OH™ -7.50 -5.38 -6.95 -4.83 -6.74 -5.24
produced destroyed produced destroyed produced destroyed
microcline - -4.03 - -2.79 - -2.59
quartz -3.74 - -2.48 - -2.29 -
kaolinite -4.53 -4.53 -3.31 -3.31 -3.78 -3.78
muscovite -4.51 - -3.27 - -3.07 ' -

6€



Table 5 - Group Two Solutions

Mass Transfer Summary
all in log molality or log number of moles

100% 200% 300%c
initial final initial final initial final
W -3.54 -6.67 -3.01 -6.07 -2.83 -5.27
A1+3 -6.89 -15.29 -7.38 -16.24 -7.82 -15.30
AI(OH)4' -10.05 -5.89 -8.07 -4.70 -7.07 -4.77
K" -1.97 -1.95 -1.97 -1.87 -1.96 -1.87
KSO4' -3.86 -3.80 -4.28 -3.32 -5.20 -3.17
HSO4' -3.68 -6.78 -2.68 -4.87 -2.62 -3.14
304= -2.68 -2.65 -3.58 -2.71 -4.94 -3.00
H3$1'04 -8.33 -5.19 -8.32 -5.26 -8.48 -6.03
H4S1'04 -3.06 -3.06 -2.26 -2.26 -1.57 -1.57
OH™ -8.50 -5.36 -7.95 -4.90 -7.74 -5.29
produced destroyed produced destroyed produced destroyed
microcline - -3.12 - -2.33 - -2.33
quartz -2.82 - -2.03 - -2.03 -
kaolinite -3.60 -3.60 -2.83 -2.83 -3.05 -3.05
muscovite -3.59 - -2.81 - -2.81 -
alunite -4.15 -4.15 -3.54 -3.54 - -

oY



GEOTHERMOMETERS

One of the major objectives of this project was to investigate
the use of mass transfer calculations in the development of geo-
thermometers for use in hydrothermal systems. Examination of Figure
7 shows that the stability field of muscovite increases as temperature
increases. Originally this was thought to indicate that with
increasing temperatures more muscovite would be produced relative
to the amount of microcline consumed. This idea is incorrect
because aluminum is essentially conserved among solid phases. One
third mole of muscovite will be produced for each mole of microcline
destroyed regardless of the size of the stability field of musco-
vite. As stated previously the amount of microcline consumed is a
function of initial pH, reaction path and temperature. Initial
pH, reaction path and temperature are not independent of one another.
Comparison of the reaction paths of the 300°C and 200°¢C group two
solutions shows that reaction path is dependent on temperature.
Comparison of the group one and group two 200°C solutions indicates
that reaction path is dependent on initial pH as well. If one could
estimate initial pH and reaction path without knowing the temperature
it should be possible to calculate the temperature from the mass of
muscovite present assuming the following conditions exist. Micro-
cline must be the only reactant mineral present. Most natural

systems of course have more than one mineral as a hostrock. Musco-
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vite must be precipitated at the site where the microcline is
dissolved. Since hydrothermal systems have ascending solutions this
condition is clearly not met. Overall equilibrium must have been
reached. As is indicated by dissolved silica and Na-K-Ca geothermo-
meters equilibrium with respect to quartz and feldspar is reached
only in small portions of natural hot springs. Also hydrothermal
solutions must not be supersaturated with respect to quartz. Many
natural systems are supersaturated with respect to quartz. Com-
parison of the activity diagrams in Fiqure 9 indicates that musco-
vite may not be a stable phase at temperatures Tess than 200°C if
saturation with respect to opal rather than quartz exists. The mass
transfer model used in this report does not reproduce natural

systems well enough to be used as a geothermometer.
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CHEMICAL MODELS

From the reaction paths calculated the following model of a
hypothetical geothermal system may be developed. These assumptions
are made: (1) The system is within a homogeneous microcline-quartz
host rock. (2) Solutions flow by convection in a vertical fracture.
(3) The fractﬁre is unobstructed and extends from a heat and solution
reservoir at depth to the surface. (4) The temperature of last
fluid-wall rock equilibration is 300°C. (5) The solution has an
ionic strength of 0.1 and its composition at 300°C is the same as the
final composition of the 300°¢ group two solution given in Table 5.
(6) The solution is abundant enough and circulates rapidly enough
so that the solution composition is not altered by chemical reactions.
This assumption means that pH and the molalities of the other species
in solution remain fairly constant. The fact that the Na-Ca-K geo-
thermometer of Fournier and Truesdell (1972) is successful in many
geothermal systems partially justifies this assumption. This geo-
thermometer is based on the assumption that the potassium concentra-
tion is a function of the temperature of the last fluid-wall rock
equilibration rather than depth. Equations 55, 56, and 57 indicate
that the potassium ion and hydrogen ion concentrations are inter-
dependent. If potassium ion concentration is independent of depth
then hydrogen ion concentration should be independent of depth also.

(7) The solution is assumed to be just at the boiling point through-
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out the system. (8) Vapor may be present though vapor is assumed
not to affect the density of the fiuid. (9) The solution issues at
the surface. These last three assumptions allow estimation of
temperature as a function of depth by use of a boiling point
reference curve such as Figure 10. As the weight percent sodium
chloride in Roosevelt Hot Springs waters is less than 1% the curve
for pure water was used. (10) The vertical thermal gradient of the
area surrounding the fracture is 100°¢/Km. (11) The solutions diffuse
upward and outward into the wall rock during ascent. The horizontal
thermal gradient is a function of the rate of outward diffusion and
is not known. (12) Subersaturation is assumed not to exist.

Given these assumptions Figure 11 can be drawn. The alteration
zoning is a function of temperature. Two alteration zoning patterns
are evident. The verticle sequence of surface, kaolinite + quartz,
kaolinite + muscovite + quartz, muscovite + quartz, and stable micro-
cline + muscovite + quartz is seen. A similar horizontal zoning
pattern exists. The horizontal pattern is dependent on depth but for
most of the system has the sequence fracture, quartz + muscovite,
quartz + muscovite + kaolinite, kaolinite + quartz, fresh rock. Note
that Figure 11 has no horizontal scale because the rate of flow of
hot water outward from the fracture is not known.

Due to the stipulation of constant pH and wall rock-fluid
equilibration only at 300°C the above model implicitly assumes that
alteration occurs in pulses of maximum flow separated by periods
of absolute quiescence. The constant pH assumption also requires

that atmospheric oxygen does not react with the ascending fluid in
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Figure 10.

Boiling-point curves for Hy0 1iquid (0 wt percent) and for
brine of constant composition given in wt percent NaCl. Insert
expands the relations between 100° and 150°C. The temperature
at 0 meters of each curve is the boiling point for the liquid
at 1.013 bars (1.0 atm) load pressure which is equivalent to
the atmospheric pressure at sea level. The uncertainty is con-
tained within the width of the 1ines. Taken from Haas 1971.



47

(1) microcline(stable)+muscovite+quartz
(2) muscovite+quartz

(3) muscovite+kaolinite+quartz

(L) kaolinite+quartz

(5) fresh rock
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Figure 11. Maximum flow, constant pH model. pH=5.27
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the near-surface portion of the system. In natural systems altera-
tion probably occurs in pulses of peak flow separated by periods of
lesser flow.

During peak flow diffusion of the fluid into the wall rock is
at a maximum and so the alteration halo reaches its greatest extent.
Due to the rapid introduction of new solution from below, the constant
pH assumption is met best at this time and so alteration zoning is
mostly a function of temperature. Pulses following the initial pulse
diffuse into previously altered rock. If each succeeding pulse is
of the same magnitude and the permeability of the wallrock remains
constant the alteration should become more complete. More host-.
rock microcline is consumed. Since the nermeability and flow remain
the same the horizontal thermal gradient remains constant and thus
the size and sequence of the alteration zones would not change. If
alteration increases the permeability or the flow is greater than
before, the alteration zones expand outward but not upward if
constant pH is maintained. There would be no upward expansion of
alteration zoning because the vertical thermal gradient fs a function
of the boiling point of the solution.

Between pulses, the flow may not be adequate to maintain con-
stant pH. As shown by the reaction paths in Figures 1,2, 3, 4, 5,
and 6 if no new fluid is introduced the pH will increase. So, during
lesser flow alteration zoning becomes a function of pH as well as
temperature. Overall equilibrium is reached in a greater portion of
the system and so the microcline (stable) + muscovite + quartz

assemblage extends to much shallower depths in the system than shown
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in the constant pH model of Figure 11. Since diffusion is less,

the lateral thermal gradient is steeper and so, a narrower alteration
zoning pattern is superimposed on the more extensive alteration zones
shown in Figure 11. This narrower zoning would have the same
sequence of alteration minerals as before.

In natural geothermal systems where the hydrothermal fluid
reaches the surface there is interaction between the fluid and
atmospheric oxygen. As seen at Steamboat Springs, Nevada by Schoen,
White and Hemley (1973) oxidation of ascending HZS gas may lower
pH in the upper portions of active hot springs according to equation

(60).
(60) HoS () * 205() o + S0,

At Steamboat Springs this reaction was described for areas where
HZS gas but no hot water was reaching the surface. The hydrogen ion
and sulfate ion were carried downward by descending groundwater
thus producing a very acid environment in the upper portion of the
system. This process should occur to some extent in any geothermal
system where HZS gas is a component of the solution. The acid en-
vironment should have lowest pH at the surface. The depth of this
environment depends on the depth of the water table and the magni-
tude of upward flow of ascending solutions. Maximum depth occurs
when flow is not sufficient to reach the surface and minimum depth
occurs with maximum surface flow. Similarly if sulfides such as
pyrite are nresent near the surface, reactions such as equation (61)

should contribute to a surface acid-sulfate environment.
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(61) 2FeS2 + 4H2Q + 71/202 > Fe203 + 4H2504

Presumably the sulfide mfnera1s would have been produced during
periods of high flow when the near surface pH was quite high. Examin-
ation of the reaction path of the group two 100% solution (Figure

4) indicates that as the pH is lowered the minerals produced change
from kaolinite + quartz at the assumed constant pH of 5.27 to kao-
linite + alunite + quartz to alunite + quartz to quartz alone. This
surficial zoning pattern was found by Schoen, White, and Hemley (1973)
at Steamboat Springs. Assuming a surface pH of 3 the vertical zoning
pattern should now be quartz, alunite + quartz, alunite + kaolinite +
quartz, kaolinite + muscovite + quartz, muscovite + quartz, micro-
cline (stable) + muscovite + quartz. Given the correction of a
changing pH model for periods of Tow flow and interaction with atmos-
pheric oxygen in the upper portion of the system, Figure 12 can be
drawn from Figure 11. The exact position of the alteration zones

and water table is arbitrary. Again there is no hoéizonta] scale.

A natural system is best represented by various combinations of the
constant pH model of Figure 11 and the changing pH model of Figure 12
with each superimposed on the other.

Solution compositions chosen were based on waters found at
Roosevelt Hot Springs, Utah (see Table 1). At Roosevelt Hot Springs
the host rock is composed of a Tertiary granite (quartz monzonite?)
and a Precambrian gneiss. The rocks have abundant quartz and
potassium feldspar. Only the alteration assemblages of surface out-

crops and the upper 200' of the system have been studied. According
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to Parry, Benson, and Miller (1976) the following genefa] zonal
alteration is found. Outward from the fracture is: 1) an alunite-
quartz zone 2) an argillic zone containing a potassium mica-
montmorillonite subzone 3) a propylitic zone. Ignoring montmorillon-
ite which was not considered in the theoretical model, comparison

of the near surface portion of Figure 12 with this observed zoning
shows the two patterns to be identical. This similarity allows
alteration zoning seen at Roosevelt Hot Sprinas to be explained as

a function of temperature and pH gradient.

Steamboat Springs, Nevada is a well known presently active
geothermal system. The thermal waters flow in a steepn easterly
dipping north-south fracture zone. The host rocks are mainly
granodiorite with some andesite. Although plagioclase is dominant,
orthoclase and quartz are abundant. At Steamboat Springs the
U.S.G.S. has drilled eight core drill holes. On the main terrace
in drill. holes GS-3 and GS-4 Schoen and White (1965) describe the
following distinct zoning pattern with respect to fractures. Near
the fracture there is a sericitic zone in which sericite, quartz
and pyrite appear to be stable alteration minerals. Enveloping the
sericite zone s a less intensely altered argillic zone in wﬁich
montmorillonite, i1lite and chlorite are present. Comparison of
this zoning with the lateral zoning of Figure 11 show a general
similarity. At Steamboat Springs the sodium and calcium content
of the water and host rock would tend to make montmorillonite a
stable phase in the argillic zone at the expense of kaolinite. If

the ratio of the activity of sodium ion to hydrogen ion is greater
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than 5.5 then sodium montmori1lohite replaces kaolinite in Figure 7.
According to Sales and Meyer, (1948) at Butte, Montana
successive zones of sericitized and argillized quartz monzonite
occur around every ore-bearing fracture regardless of size, attitude
or relative age. The two types of alteration always occupy the same
relative positions; sericite adjacent to the ore-bearing vein,
clay minerals always between the sericitized rock and fresh quartz
monzonite. This lateral zoning pattern is exactly that shown in
Figure 11. The argillic zone of Sales and Meyer (1948) is composed
of two subzones, a kaolinite subzone near the fracture and a mont-
morillonite subzone away from the fracture. This is not shown in
Figure 11 as montmorillonite was not considered. Since the observed
zoning at Butte corresponds to Figure 11 this zoning may be viewed

as a function of temperature.
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APPENDIX ONE

MASS TRANSFER PROGRAM LISTING



000001
000002
000003
060004
000005
000006
000007
000008
000009
000010
000L01}
000012
00u013
00u014
00UL015
00u0llo
00G017
ouuoly
00u01Y
uouo20
0Guo2l
00u022
00u023
00u024
000025
006020
ovo027
00u028
00u029
000030
00u031
00V032
0Vu033

00V034

000035
00u036
000037
00L038
G0Gu39
00u0u4D
000041
00U042
00U04d
00U0HY
00ulusS
000040
o0uou?
couous
000049
000050
0o0o0oS1
000052
000053
00U05¢%
000055

4o
41

a4

MASS TRANSFLR PROGRAM

PARAMETER HT = )15,6HTHT+1

00UBLE PRECISIUN E11,E22/E3eEq ESIEeE1oF2oX.YsY12Y20Y3, YR XSo XR

DOUBLE PRECISION XLoXBL#XST2XUS¢EX
INTEGER HYsHT n1i6e MY

OIMENSION E(NTHINT) sEXIMTI G EL(NToNHT) oE2 (LT T Y o XSTUINT)
DIHENSIQN XCRT) oY (LT o YL INT) o Y2UNT) 0 Y3 U(HUT) o Y4 (T ) o XLANT)

wihiTE(0+200)

READ(5,100) HY
WilTE(o10U) HY

Wil TE(0.201)

READ(5,20u) o

Niv = hitl

WitITEtue Lub) 0
whiTE(62203)

DU 40 izlN

ReaD(SH,101) EX(1)
IF(EX(]) JtCe UIGU TO &1
CunTInue

CUNTIKUE

ReAD(S301) (YD) olz1nil)
wWRiTE(0r10L) (Y(L)oI=101)
WHITE tos204)

READ(S,10L) (YolI)elz14t))
Wh1TE(0ed0L) (Y3UT)0IZ1N)
wHITE (6+209)

RLAU(S.101) XS
wHITE (b LUL) X

H?7 = v

MY = §

Hu = 0

ML, = U

DU 29 1=1.i1

DO 29 J=1ridl.

E{lsd) = 0,000

CunT Iivut

Etis1) = 1.000
CECLes) = 4,000

E(1+86) = 4,000

Etae?) = 4,000

E(1eB) = 4,000

E(109) = 4,000

ElirlU) = 4,00V

E(Lell) = 2.000

E(le32) = 2,00u

Eli.NN) = 8,000

Et4us3) = 1,000
E(4s4) = 1,000
E(4eNN) = 1,000
E{5s5) = 1,000
E{2s6) = 1,000

., EtbeNN) = 1,000

000056
000057
o0uuus8
COuLYHY
00u060
000061
00V062
[TV )
Ouudoen
0UU06YH
0LU06o
Guuue7
Jdubos
00009
06u070
ouuo7l
oubun7
GuulGTS
06GL074
uuLO7YH
0UL070
QuubL?7
Guul74
QUGTY
GLuLbLYy
GuuObl
Guuoue
0LuUbLS
Quulby
OUUDBY
Juuldo
CULNLT?
Guuvlbo
LullY
[T
Gluvul
00uuYy2
Uou9S
Cuutyl
OduulYyd
0Uu0Y%L
004097
ouui9l
Ouub9y
Quuiuvy
Ovuliel
0luloe
Ouults
0UUilu
Couluy
Guullo
ouulor
00ulLus
QuuU103
ouullv
oo0u1tl
oovil2

3
31
095

01>

11

51

12
37

13

14

Et6e6) = 1.0D0
E(ue?) = 1.000
E(os8) = 1.000
E(LYel) = 2.000
E{11.2) = 1.0D0
ECalvy) = 4,000
E(11,7) = 1.00v
E411.9) = 3,000

E{ile10) = 4,000
€{(11,11) = 1,000
E{12,9) = 1.0DU
E(12,16) = 1,000
E(12,12) = §,00C
Eta2/NN) = 3,000
Ov 30 1=1.N

X{1) = Y(I1}

Cui TINVE

Gu TO 51

CunT li.VE

50 TO a7
WRiTEtbs200)
StuP

CunTIIWE

Du 11 [=1eN

Ou 11 Jsleli
Clled) = clitlev)
CunTInNUL

Eliel) = L.0DO
Eitlel) = 1,000
Ec(lel) = 1,000
Elcr2) = 1.7%X(2)
Elerll) = 1,./X011)

E(Led) = 1./7X13)
Etord) = =1,/X8)
E(3s1)) = 4,/7X(11)
E(702) = 21./X%¢02)
E(7¢7) = =1,7X(7)
Et/iib) = le/Xt0)
ElueS) = Le/niD)
Etueb) = <1./X%X(6)
E(neB) = 1./X(0)
Edye2) = 1,/X(2)
E(9e9) = 1./7X(9)

Etyelu) = =1.74010)
E(10010) = 1,/74(10)
IY(M11 EQ. 0 ) GO TO 31

DO 12 I=1/N

Yti) = Xtl1)

00 13 I=1.N

OV 13 JUs1shN

El(l.d) = E(L0u)

CUNT IUE

00 14 I=1.N

CALL SUBUO(ENoNN2»33109SsTeNToNNT)
COUNTINUE

gs



000113
o0ully
000115
000116
000117
000118
000119
000120
Qo021
000122
00Uzl
oouv124
ooules
000126
000127
000128
006129
000130
000131
000132
000133
0001234
00u135
000130
00u1r37
00U138
0Vu139
00y 14U
ouulul
00ulue
00ulul
00ulan
guulubd
00ulub
Y
o0ulub
00uL14Y
00u150
0Uulsl
00u152
00L1S3
00ulby
J0ULLY
0oul50
o0u1s57
guulbe
00ulh9
QUul60
oo0ulel
oouv1e2
ouul6d
o0ulon
00uleS
00U166
ooule?
00Ulel
000169

15

le

17

1b

19

21

38

25

DV 15 I=1,i
Y2(I) = E(1.,N)
DU 16 I=1.H
DO 16 J=1.HL
E2tlesy) = D.OUU

CONTILUE

DO 17 I[=1.N

Du 17 J=1.H

Ez(lsd) = E1{10 )

CunT1hUE

E2(200ul1) = ((Y2U2)202)/7(Y(2)%02)) + ((YDR(11)#02)/7(¥(11)%+2))
E2t3ofld) = ({YcU3)ea2)/7(¥(3)002)) 4 (G.el(Y¥2(11)#22)/717v111)s%2)))
" = (LY2(4)2e2) /(Y (U)*42))

EctTetali} = (UYZLI2)9a2)7{Y{ZV0a2)) = ((Y2(71e%2)/(Y(T)2e2))

" + (LY2(R)*42]) /(Y (1L) »a2))

Ec(Boll) = ((YZ(5)9a2)/(Y(H])9a2)) = ((Y2(6)642)/{X(6)2a2))

[ + (YD) #02) 7 (Y () v22))

EdlYotad) = ((Y2{2) 2020 /8Y (2 )0a)) 4 ((Y2(9)e22) /(¥ (2)0s2))

[ = LLY2(10)¢22)/7(Y(1D)*e¢2))

EQU10,0t) = ({Y2(10)e02)/7(Y(10)2¢2))

DU 16 (=21l

DU 16 J=1oW.

E{led) = E2(1e0)

CunT iUt .

D¢ 19 LI=lely N
Cncl SUHBUCE 11 tNeSINYD s e Tr1tiT)
CuLTINUE

Ou 21 1=1li
YACI) = (Y2(T1)aXS) ¢ UEAL b ol (XS)eaz)) )
Cul T1IWE

DU 3b Izl .
XS1(I) = xtl)
CUlLTINJE
Xub = AH
DU ¢3 1=1.1 .
Xt} = Y(I) ¢ YI(E)
IF(A(1).0Tsu 0} 60 T 23
X0 T UL.9XS
G0 TO 4%
Cwin T LUt
Duv 28 I=1.l
ALLl) = DLOCLOEX(IY
Ca Tt
IF (i7,.60,u) X8 = XS
DU 24 [xlen’ .
Y4Ll) = Y3 extI)
IF (T, LE.0) Xu = xiteXS

Xob 2 DLOGLO(X)

€L S ((YU(3)»e2)0(YU(10)222))/(YU(?) s4ph)

Eca = ({Y4(3)1elYHU10)223)8(YU(S)})/(YH(2)%eb)

E3 2 (AYU(H))alYH(I)on3)a{Yu(10)se3))/(Yu(D)eesl0)

E4 = yul(3)e(Yu(ll)ee3) !
EbD S (YH(SI) e (YU (3)ee3)a(YU(B)*22)a(Y4(11)e4h)

000170
00Ul
000172
00u173
00U1 7y
nou17%
00Ul 70
cuu177
00ul78
0vv179
OUulsY
[UTBYIRY
Ouulye
Guuled
blulty
0vu18S
00ull6
00ula?
Ululyl
Juula9
BUUIYU
00u191
ouuige
Ouulwl
GuulGy
Ouu19b
Quulyo
GUulyT
OUUL9l
uYulyYy
Yuu290
buu20l
ouL202
ovu203
000L204
00Lu203
VL2206
ouu2u7
ouu2ls
ouu209
gou2lu
Ouuv2il
Quuele
ouu2ld
Quu21liy
00u&ld
Guv2le
byuel?
oou218
ouu2ly
0ov220
cvuzel
ovu222
o0u223
00u22%
ovu225
gov22e

93

94

9

96

<5

97

9y

IF(ELL.LT,.EX(1)) GO TO 91
X2 = (1.={EX{1)}/E11))#100.
1F(x2 .6T. v.01) 60 TO 99
WR1TE(6,207) E1L

MY = 1

IH{E26,LT,LX(2)) GO TO 92
X3 T (1.-(EX{2)/E22))*100.
IF(X3 .GT. 0.01) GO TO 99
WRITE(0,208) ER2

My =1

IFIES LY, £Xt(3)) GO Tu 93
X4 = (1,~{tLX(3)/E3))*100,
It (X4,6T. 0,01) GO TO 99
AITE(6»209) E3

My = 3

I (b4 LT, EXI41) GG TO o4

KXo T Al.=(LX{4)/E4) Y *1u0,

IFAX5 6T, 0.01) GO YO 99

WwitiTLCo2210) Ey

R I §

Ir LES.LT. EX(5)) 60 TO 95

Xu = (1e=tLX{5)/ES))*100,

It {X6.0Ye U,01) GO TO 69

wWikale(ue2ll) £,

0y = 1

It tiseciaU) GO TO Y6

Caml SUBHULXSPY2eNe Xoe XideHT o NT p XL o XBLPE3)
wWilTE (br212)

ShuP

NA = {e=1

DU 25 I=1.1

IHix(1) 51, 0.,1E=31) GO TO 25

ML =)

WitdiTE(or213)

ConTInuE

IF (Mg JEO. () WO TG 97

Chcl SUHSBULASIY2sNeXo XHoHT s NT e XL o XBLEJ)
STuP

IF i JL0. U) CALL SUBSOUXSeY2slipXe XReHT 1T, XL o XBLE3)
tu = Ho ¢ )

IH(h6,£6.119) Ho = U

H?7 = HY + )

M1l = 411 + )

Gu Y0 201%

Xt, = XuS

IF(HT JE9. OIWARITE(6,103)

IF (17 £Q. O)IwrITE(6,104) E11,E22+E3.EGVES
IF(H7 LEQ. 0)STCP

v 39 I=l.N

X(z) = XST(I)

CutT IwE

X5 3 Leb*XS

MlL = M11 + 1

60 TO 2015

S2FOKAAT S 00

9%


http://Ell.E22.E3.Et.E5

000227
000228
000229
0ou230
000231
000232
000233
000234
00u235
00u23e
00u237
olu2lsb
gou239
00u240
Q0u241
0ov242
o0ou2el
QUu24y
00u245
00u2%o
o0u247
000243
guuL249
00u250
000251
Q0uL252
oULZ53
00u2su
00u25%
00u2be
0006257
oov2ts
0UuL259
00u260
guuzel
oouvze2
ouuaLd
0buzoy
000L265
oLL2e6
000267
00v2u8
g0uL2eY
00u270
0ou2?1
00uv272
Q0L273
000274
o0ue7s
00v276
00v277
000278
00uL279
000280
000281
oouv282
o0U253

100
101
103
104
20U
201
20¢
203
204
205
20L
207
208
209
21u
211
212
213

[ 7

&

-

199
200
201
202
203

FOMAT (IS}

FOUKMAT(BELG,.4)

FOUMAT (1Xy * THETIAL SOLUTION SATURATED.TRY AGAIYIY)
FORMAT (1%, *CHECK FOLLOWING ¥ OUTPUT*,LD10.4)
FURMAY (/Z1X¢ *CUTHPUT LVERY Hyw MANY CYCLESDY)
FURMAT (1Xe *H0a MANY EQUATIUNIS?Y)

FORMAT (1X¢ *15PUT 15T ORDUR EGUATIONS®)

FORMATAOLIX, tEHPUT MOLALLTILLY)

FurMAT (1Xe tInPul ACTIVITY COEMFICIENTSY)
FORMATCLX e ¢ 11,PUT DLITIAL wiLTA X510)
FORMAT (1% 0 0 25005 10 DIAGOHAL s CHARGL PATRIX¢START AGALfIY)
FORMAT(EXe v oo rAOLINTTE SATURATION e K=v,013,4)
FURMAT UL X tas R=SPAK SATURATION #+ KZ'ef1o.4)
FURMAT(IXe *as AUSCOVITE SATORATION »a  KIZteF13.4)
FURMAYT (21X s v es OIRESITE SATURATION #s  KZ*,E13.4)
FurdnAT(LX s toe fLUGITE SATULATIw  te KZ'eL13.4)
FORMAT(IXe YSATURATION FEACHID LD ALLT)
FurMAT (I X e P20 Hy COLCENTRAT O

SULKOUTILL SUBC tEei oliled e LeHT o NNT)
Ouuutt PROCISIVh Bt
NLEENSICT e (LT T

F = £ul.1)

TH(F L 0Ly RETIRN o
v 3 u=lstlai

Etied) = E(1sV}/F

Cut T lul

DU 4 uZlews

Irtlstued) € 10 4

F oz Liuell

20 5 K=lenih

Etusk) = Elder) = Hof{Llen)
Cu TUWLL

CulsThnug

RLTUk

SULROLTINE SUGOU XL e Y21 X e Xb et 7 e NMT o XL o XPL [ 3)
DULsLE FRECISIUL XooY2e Xire Ko XLo UL

TN EGEI HT» 1 7P)

DLmENSTUN YO (NT) o £ T) o 7LANLT)

WhITE(os2u0) X, N
LU o I=lels

Wi TE(Gr201) TaY2(IY
CunTIwE

wWhITE(L202)

QU 7 ustleld
WRITE(or2ub) e XL
CulTIIVE

H7P1 = HT +
whiTE(br2u3) XL HTP1

k)

FURMAT(E13.4)

FURMAT (/31X2 *XSZ ' C1 3.4+ /11X *APPROX, REACT]O1 COEFFICIEMTS', /)

FURMAT(3XeI3¢3n = 4£13,4)
FUKMAT{/1Xe*NEw LOG MOLALITIES? /)

FURMATU/IX e "REACTIONH PHOGRESS S 4F10,803HXSTe/1Xe *E10 OF CYCLEY,

00uL284
000285
0Gs286
oou287

H lee/)

204 FORMAT(3X»13,3H
Re TURN
ENU

+F10,.4)

LS



APPENDIX TWO

MASS TRANSFER PROGRAM FLOW CHART



OUTPUT EVERY WO ACTVITY
HOW MANY CYCLEST COEFFICIENTS /

X

YD 1N

[HOW MANY EQUATIONS?)

o

INPUT 3t .
DELTA XS
N IWPUT FIRST
ORDER EQUATIONS
NN=NT Xs L
;__j<90 15 1= N> INPUT FIRST ORDER
s l’ " PARTIAL EQUILIBRIUM
- EQUATIONS
H7:0
M3 0
| H6=0 |
Mli-0
=00 29 | N
<5029J:|,NN
PR W
CREwo] 2ER0ES 1 RONAL ] 2
S CHANGE MATRIX
FIRST ORDER

MATRIX OF MASS
BALANCE EQUATIONS

65



DO I61:IN

E2(1 J)F0 ]

= -0

DO IT[=IN

DO 17 J=4,NN)

-

'CONSTANTS COLUMN
—2nd DERIVATIVE €Q._

g
o

L9221,

lw_ =18
—={ DO 19 J;E>
i

[caLL 5uB 40]

1
soaniuniter ( | 9)
‘

——X DO2i1=iN
o

L

[xsTD=x(1 ]

R——t 38)

[——=< D023 I=I,N
(CXM@=Y{i+Yi{D ]

x(n-07 M
i

[X5709+%5)
1

GO 10 45

YHI=(Y2(I) %X S) +
{E(L.NN) *((XS)**2))/2)

S

[Cya(=Y3(D =x2 ]

@3

2
(Cnor e

yes

{_xB=xB+x5__ ]

CxBL= DLi)G IO(XBi ]

EQUILIBRIUM CONSTANT
EXPRESSIONS WRITTEN
IN THE FORM

Keq = G; Qi
Ex: KAQUINITE
E1B= ({4 (3)»e2)
#{Y4(10)%x2)) /(Y4(2)%%6)

|

09



NOTE SATURATION

TESTS FOLLOW EXAMPLE

FOR KAOLINITE ONLY

No

1
(@8> exLeE

X2={1L-(EX()
/EIB)#00

KAOLINITE
%ATURATI(\!‘

DO 251=IN

(Cwms:0?

o~
CALL SUB 50

STOP

He=0? )20
yes

CALL suB 50

H7=H7+ ]
tAll = Mit+]

(385
Car-or re—

yES

(INITIAL " SCLUTION
SATURATID OR

[HeHo 1]

XS 104 LARG

@3—-,-'(];2@

L
R OSE

[ReTURr 08|

E(TJEQN7F ]

=< DO 4 J=iN

[EUK-EQK)
L -FYE(K)

SuB 50

REACTION
COEFF;(ISIENTS

1,Y2(1)

(T NEW LOG MOLALITIES )

DO 7 J=IN

H7PI=HT +1

REACTION PROGRESS
XBL, END OF CYCLE
H7P)

RETURN

L9
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