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ABSTRACT 

A theoretical model of the hydrolysis of microcline by a hydro-

thermal solution has been determined for a closed 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 equilibrium 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 the model 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 in a 

closed hydrothermal system at constant temperature 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 geothermal 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 chemical reaction 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^, KSO^", HSO^", SO^", Al"̂ "̂ , AKOH)^", 

+2 + 
HoSiO^ , and H.SiO,. Other species such as AlOH and AISO^ 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: 

(1) KAlSi303 + n^^o H^O + n^^ H^ + 030^= K ^ \ ^ ^' ^ ^OH'^" 

" \S0,- ^504- + HHSO^- HSO4- + ^^1+3 Al"3 , -^^^^^^^. ̂ 1(0^^)^-

^ XSiO^ "3̂ "̂°4 •" XSiO^ V^'°4 "• ̂ SiO^ ̂ ^^2-

The n.'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) HgO = H"̂  + OH" 

(3) AKOH)^" = Al"^^ + 40H" 

(4) KSO4" = K"" + SO^^ 

(5) HSO4" = H^ + SO4" 

(6) H4Si04 = H"̂  + H3Si04~ 

(7) SiOg + HgO = H^SiO^ 

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

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

(8) [H"^] [OH"] = K^ Q 

(9) [Al''^][0H-f/[Al(0H)4"] = K^^(Q^) 

(10) [K"'][S04"]/[KS04"] = K^3Q -

(11) [H'^lCSO^^l/CHSO^"] = K^5Q -

(12) [H'*'][H3Si04-1/[H4SiO^] = Kĵ  3.Q 

(13) [H^SiO^l = K3.o^ 

Reaction progress is a time dependent term defined as: 

(14) dC = d^. 
^ • 

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

called the reaction progress variable, dm. is the rate of change of 



the molality of species i or phase i and n. is the reaction coeffi

cient of the ith species or mineral phase, dc is always positive and 

dm. 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 d5 produces: 

(15) d[H'']/dC ^ d[0H"]/dC = 0 

[H""] [OH"] 

(16) d[Al'^^]/dg ^ 4d[0H"]/dg _ d[Al (QH)^"]/dg ^ Q 

[Al""^] [OH"] [AKOH)^"] 

(17) d[K'']/dg ^ d[SO^n/dg _ d[KSO^"l/dg , Q 

[K""] [SO4"] [KSO4"] 

(18) d[H'']/dg ^ d [SO/ ] /dg _ d[HSO^"l/dg ^ Q 

[H""] [SO^i [HSO4"] 

(19) d[H"̂ ]Alg + d[H3SiO^"]/dg _ d[H^SiQ^]/dg _ Q 

[H""] [H3Si04"] [H4Si04] 

(20) dLH^SiO^J/di ^ Q 

. [H4Si04] 

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 phase 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. = a./Y. 

into equation (21) we obtain: 

(23) n. = i da^ _ dm^ 
^ "̂i dC d5 

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

(24) V , ::OH: ^ 0 

"̂ H" '"OH" 

(25) n ^ ^ %(£ _ V l M U : ^ Q 

"^Al"'^ % - ' 'AKOH)^" 

(26) V ^ ho^l _ 3so3 , Q 

\ ^ 0̂4= \s04-

'"K^ "̂ 50̂ = '"KSO4" 

(28) y - ^ n^^siO^" _ ^ S i O ^ ^ Q 

V '"H3Si04" \siO4 

^^^^ \S20^ - 0. 

\SiO4 

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: 

(3°) "^0 ^ "^X^ ^ "̂ '̂ SÔ " ^ SSO4- "̂  '^'^AKOH)^-

"- S3Si04" "• "̂ '"Ĥ SiÔ  •" ^ns^-o^ = 8 

(3^) 2nH^0 + nH+- + nHso^- + S K O H ) ^ " "" ^V''°4 

+ ^̂ H4Si04 = 0 

(̂ 2) ^H3Si04" + '̂ H4Si04 + "̂ SiOg = 3 

(33) n^^+3 + ^AKOH)^- = '' 

(34) nK+ + n^so^- = -, 

(̂ )̂ ^50^= ^ ^HSO^" ^ ^SO^" = °-

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.(dc). 

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, AC 



(37) Am. = n.AC + n'.-^ + î - ^ + . . .• 

_ I _ i i 

Where n.j and n are the first derivative and second derivative 

respectively of the reaction coefficient, n.. 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 computer time a large enough ^E, must be used 

so that at least the quadratic 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 n.. The 

second derivatives of these equations are given below. 

(3̂ ) V ^ ^ OH" _ ^ Ĥ  ̂  ^ OH" 

V '"OH" •" H^ "̂  OH" 

(39) n ;̂ i+3 4"nQĵ - n A I ( 0 H ) / "^^1^^ ^ "^^V 
+ - 4- - "2 + -"2 

'"AÎ ^ ""OH- > I ( O H ) / ""AI^^ '"OH" 

-2 
:i^AlMl4l 

•" Al(OH)/ 

(̂ 0̂  V ; , iso^i 
m^+ "̂ SO 

4 

_ 1 

' KS04" . 

^KSO/ 

-2 ^ -2 
- ' K^ , ' SO -
- 2 h 2 4 • 

'" K̂  '" so / 

-2 
' KSO^ 

\so," 



(41) 

(42) 

l iL 
m^+ 

m +̂ 

SO 4 -
HSO, 

_ I 

iiijsio^ 
"H3SiO, 

m HSO, 

-2 
Tl 

. - ^ 
HSO 4 -

m SO. m HSO, 

-2 

iH^iiU - -
m H4Si04 

*" H4Si04 

H" , " H^SiO 

m j^+ ^ H3SiO, 

(43) n\^^siO,^ ^ ^ S i O 

m.. ^-^ m H4SiO^ H4SiO^ 

(44) H'H^O "• ^"^'s04= "̂  "̂̂  KSO4- ^ '^"^HS04- ' ^^Al(OH)^ 

^ 4'̂  H3Si04- ^ ^^ H4Si04 ^ 2n SiO, 0 

(45) 2n H,0 ^ ' H"" ^ ' HSO ̂  ^ ^'^ A1(0H)4" ^ ^"' H.SiO. 1301^4 

+ 4n H.SiO, = 0 
V ' " 4 

(46) n'H3Si0,- " • '̂ H^SiO^ ' '^SiOg "• ° 

(47) 

(48) 

(49) 

-;,i^3 . 1 A 1 ( 0 H ) 4 " 
= 0 

^ K"" ^ "̂  KSO, 
= 0 

^ 3 0 = ' ^ HSO, 
+ n KSO 

- = 0. 



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 n. of each 

species or phase. Then the initial molalities and the reaction co

efficients n. are substituted into equations (38) to (49) to solve 

for each n.. The reaction progress increment A5, the reaction co

efficient n-. and its first derivative n. 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 (Schaimber, F. H., 1975) for an NS-880, 

PDP-ll minicomputer. The minicomputer's 8K memory was inadequate so 

the program was translated to Fortran 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 description of the program 

used. The description proceeds with the flow of the prpgram. The 

line numbers refer to the program listing 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 line 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 

+38 
precision on all variables that may exceed the Univac 1108's 10" 

limit of number size. Double precision increases this limit to 10" . 

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 



n 

mineral whose saturation is tested for (EX(I)), 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 "OUTPUT EVERY HOW MANY 

CYCLES". Line 12 then reads H9 on an 15 format and line 13 outputs 

H9. Line 14 outputs "HOW MANY EQUATIONS" and line 15 reads N on an 

15 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 execution proceeds 

downward. This method of input requires that the number of minerals 

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 (lines 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 El0.4 format will be read from 

each line 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 Mil. 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,J)) 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 line 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. 

DO 29 I + 1,N 

WRITE (6,101) (E (I,J), J=1,NN) 

29 CONTINUE 
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From line 75 the program goes directly to line 106 where lines 106 

to 109 store matrix (E(I,J) in matrix El(I,J). The loop from line 

n o to 112 calls subroutine 40 (lines 247 to 262) N times to solve 

E(I,J) to produce the reaction coefficients ii.. In this process 

E(I,J) is destroyed and n-. is stored in the array E(I,NN). The loop 

from 113 to 114 stores E(I,NN) and Y2 (I). Comparing equations 

(24) 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 ri. can be used to solve for n. 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 El(I,J). Equations on lines 124 

to 133 place the constant terms from equations (38) to (43) into the 

constants column of E2(I,J). 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 ii. 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 moles at each mineral 

phase. Line 144 has the same form as equation (37) with Y1(I), 
_ _ I 

Y2(I), XS, and E(I,NN) being Am, n., AC and ii. respectively. The 

loop line 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 line 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 

line 154 sets the reaction progress increment (XS) equal to 90% of 

its previous value. Line 155 returns the program to line 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 log 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 on 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 is 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. All have the same 

form. The test for kaolinite is given below. 

171 IF(E11 .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) Ell 

175 M9 = 1 
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If the calculated equilibrium constant Ell 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 Ell is 

greater the EX(1) then X2 is calculated. X2 is percentage by which 

Ell is greater than EX(T). If this percentage is less than or equal 

to 0.01% then line 174 outputs "**KA0LINITE SATURATION**" and line 

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. This 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 values 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 line 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 line 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 line 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 

-32 
or number of moles of each species in solution is greater than 10 

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 

-32 
less than or equal to 10 then line 203 sets MB equal to 1 and line 

204 outputs "ZERO CONCENTRATION". Line 206 causes lines 207 and 

208 to be skipped 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 Mil 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 El(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 lines must be 

added. 
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E(l,13) = 9.000 

E(4,13) = 2.000 

E(n,13) = 4.000 

E(12,13) = 2.000 

E(13,2) = -6./X(2) 

E(13,3) = 2./X(3) 

E(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 the 

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

used was 10" and the smallest was lO" . 

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 lb), Utah. All six hypothetical 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. All are saturated with resoect 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. Estimating initial 

pH is difficult. For natural systems activities of hydrogen may be 

calculated from activity diagrams like those in Figure 7 if the alter

ation mineralogy and the activities of potassium and sulfate ions are 

known. These values assume overall equilibrium. The overall process 

of alteration in granite rocks is controlled by the dissolution of 

feldspar: 

(50) '<AlSi30g + 4H'̂  + 4H2O -> K"̂  + Al"*""̂  + 3H4Si04 
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Species 

Table la - Assumed Initial Solution Compositions 

Concentration (Log Molality) 

Group 1 Group 2 

100' 200' 300' 100' 200 300' 

H" 
Al"3 

AlOH." 

K" 

KSO4" 

HSO4" 

204= 

H3Si04" 

H^Si04 

OH" 

K'̂  Total 

SO4" Total 

SiOo Total 

-4.54 

-8.89 

-8.05 

-1.97 

-3.82 

-4.64 

-2.65 

-7.33 

-3.06 

-7.50 

425 

193 

52 

-4.01 

-9.88 

-6.57 

-1.97 

-3.63 

-3.02 

-2.92 

-7.32 

-2.26 

-6.95 

-3.83 

-10.77 

-6.02 

-1.97 

-4.23 

-2.65 

-3.96 

-7.48 

-1.57 

-6.74 

Concentrations 

425 

193 

330 

425 

193 

1617 

-3.54 

-6.89 

-10.05 

-1.97 

-3.86 

-3.68 

-2.68 

-8.33 

-3.06 

-8.50 

(parts per mi 

425 

193 

52 

-3.01 

-7.38 

-8.07 

-1.97 

-4.28 

-2.68 

-3.58 

-8.32 

-2.26 

-7.95 

llion) 

425 

- 193 

330 

-2.83 

-7.82 

-7.07 

-1.96 

-5.20 

-2.62 

-4.94 

-8.48 

-1.57 

-7.74 

425 

193 

1617 

Table lb - Roosevelt Hot Spring Water Compositions 

Constituents 
in ppm 

Na 
Ca 
K 
SiO, 
Mg ' 
Cl 
SO. 

2210 
83 
425 
170 
-

3800 
122 

2400 
9 

565 
775 
19 

4800 
200 

2500 
22 
488 
313 
0 

4240 
73 

1840 
122 
274 
81 
25 

3210 
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 the pH is at its maximum value. 

Therefore pH values calculated from activity diagrams represent an upper 

limit 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 limit. No reliable values for aluminum concentrations 

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

+3 
Hot Springs (Parry, personal communication), Al 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-

Htlckel equation (Helgeson, 1969). 

(51) log Y = -A zJ >/7 0 
n I — + BI 

1+B§ ^Jl 

Where: y . is the activity coefficient of species i; z. is the valence 

number of species i; I is the ionic strength; a is a parameter depend

ing on the species; A, B, and B are parameters depending on the 

solution and temperature, a was taken from Kharaka, et. al (1973) 
0 

and A, B, B were taken from Helgeson (1969). 

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

except for the equilibrium constant for muscovite which was taken from 
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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 

Species 

H-̂  

A1^3 

Al(OH)/ 

K̂  

KSO/ 

HSO/ 

SO/ 

H3SiO/ 

H^SiO^ 

OH" 

Activi 

100°C 

.8100 

.1380 

.7534 

.7363 

.7672 

.7534 

.3253 

.7451 

1.011 

.7363 

ty Coefficients 

200°C 

.7572 

.0742 

.6860 

.6644 

.7032 

.6860 

.2268 

.6755 

1.011 

.6644 

(1=0.1) 

300°C 

.6432 

.0188 

.5479 

.5197 

.5707 

.5479 

.0989 

.5342 

1.000 

.5197 
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Table 3 - Summary of Equilibrium Constants 

Kaol 

K-spar 

muse. 

gibbsite 

alunite 

quartz 

HSO4" ^ ""̂  "̂  ̂ °4 

KSO^^ K"̂  + SO4" 

A1(0H)4^A1'^^ + 

40H~ 

H^Si04-H^ + 

HsSiO/ 

H20^H^ + OH" 

Am. silica 

2.29 

-0.33 

7.97 

-31.14 

-82.83 

-3.06 

'-3.0 

-1.30 

-32.10 

-9.03 

-12.26 

-2.36 

Log Keq 

-1.58 

-1.45 

0.93 

-30.90 

-84.29 

-2.26 

-4.51 

-1.93 

-32.80 

-9.3.6 

-11.36 

-1.82 

-3.68 

-2.04 

-3.31 

-31.61 

-88.19 

-1.57 

-6.08 

-2.75 

• 

-34.30 

-10.20 

-11.04 

-1.48 



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 C group one example 

but in general to all four reactions. The solution remains under-

saturated with all phases except quartz until enough microcline 

+3 
dissolves to raise the Al concentration high enough to produce 

kaolinite. As kaolinite precipitates the pH increases due to the 

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

(52} KAlSi30g + 4H2O + 4H"*' -> K"̂  + Al"^^ + 3H^Si04 

(53) Al2Si20g(0H)4 + 6H"^ -. 2 l \ 3 ^ + 2H4Si04 + H2O 

(54) Si02 + H2O -V H4Si04 

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 the appropriate 

reaction coefficient and summing, the result is: 

(55) KAlSi30g + H"̂  + 2.5H2O ^ 0.5Al2Si205(0H)4 + K"̂  + 2Si02 
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quartz precipitating 
microcline dissolving 

I kaolinite •̂  quartz precipitating 
' microcline dissolving 

muscovite muscovite + quartz 
+ quortz ] precipitating 
preeipitoting i /microcl ine dissolving 
koolinite + i t | - -, 
microcline ' i overall i 
dissolving i i equilibrium 

muscovite 

4.2 4.1 
— note scole chonge 

Figure 1 . Group one soluij ion a t 100°C. 
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quartz precipitating | kaolinite + quartz precipitating 
microcline dissolving i microcline dissolving 

I muscovite 
I •̂  quartz 
I precipitating 
I kaolinite > 
I microcline 
I dissolving 

muscovite + quartz 
^precipitating 

microcline dissolving 

I overall I 
I equilibrium 

muscovite 
KSO; 

2.9 2.8 
- ^ n o t e scole change 

-log? 

Fiffure 2 . Group one s o l u t i o n a t 200°C. 
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: equilibrium 

Figure 3 . Group one s o l 
u t i o n a t 3OO 0 . 

3.4 3.3 32 
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logC 
ro 
c» 
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This estimate indicates an increase in potassium ion, and pH. Note 

+3 
that Al is essentially conserved by equation (55) but since the 

reaction coefficient of kaolinite is slightly less than 0.5 some 

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

+3 
pH causes a decline in the activities of Al and HSO4 and an 

increase in the activities of HgSiO,', K , KSO4', OH* and Al(OH)/. 

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) KAlSi30g + Al2Si205(0H)4 -̂  KAl3Si30^Q(0H)2 + 2Si02 + HgO 

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) KAlSi30g + H"̂  -> 0.7K'^ + 2.1Si02 + O.lAl"*"̂  + 

0.3KAl3Si30^Q(0H)2 + O.2H2O 
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Again, though this reaction is only an approximation it shows the 

continuing increase of pH and potassium ion concentration. A small 

amount of aluminum is added to solution and quartz is produced at a 

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

+3 +3 

concentration but Figure 2 shows Al to be decreasing. Al de

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 to 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°C group two 

solution as well. The precipitation of alunite is approximated by 

this equation: 

(58) KAlSi30g + 2H"^ + 2/3S0/ ^ 2/3K'^ + 3Si02 + 

l/3KAl3(S04)2(0H)g 

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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quartz produced , quartz * alunite produced 
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I kaolinite+quartz 
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Fiffure 4 . Grout) two s o l u t i o n a t 100 C. 
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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. 

(59) KAlSi30g + 0.37KAl(S04)2(0H)g + 0.22H'^ + O.78H2O -> 

1.37K"^ + 0.74S0/ + O.llAl"̂ '' + Si02 + Al2Si205(0H)4 

This reaction unlike the reaction producing muscovite from kaolinite 

(equation (56)) does change the solution composition. The production 

of S O / causes the pH to increase as shown by equation (6). Total 

aluminum molality in solution increases as is indicated by equation 

+3 
(59) but the molality of Al ion 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 10 at 

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

sulfate exists as HSO^" than at higher temperatures. This shift 

effectively prevents there being enough sulfate as SO, 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 ve ry 

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 Hemley 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 , Al , and 

HSO/ always decrease and OH", Al(OH)/, H3SiO/, KSO^" and K^ 

always increase. H,SiO^ remains constant due to quartz saturation. 



Table 4 - Group One Solutions 

Mass Transfer Summary 

all in log molality or log number of moles 

Ĥ  
A1^3 

Al(OH)/ 

K̂  

KSO/ 

HSO/ 

S04= 

^ 3 ^ % 
H^SiO^ 

OH" 

microcline 

quartz 

kaolinite 

muscovite 

initial 

-4.54 

-8.89 

-8.05 

-1.97' 

-3.82 

-4.64 

-2.65 

-7.33 

-3.06 

-7.50 

produced 

-

-3.74 

-4.53 

-4.51 

100°C 

final 

-6.65 

-15.16 

-5.87 

-1.97 

-3.82 

-6.75 

-2.65 

-5.21 

-3.06 

-5.38 

destroyed 

-4.03 

-

-4.53 

-

initial 

-4.01 

-9.88 

-6.57 

-1.97 

-3.63 

-3.02 

-2.92 

-7.21 

-2.26 

-6.95 

produced 

-

-2.48 

-3.31 

-3.27 

200°C 

final 

-6.13 

-16.44 

-4.63 

-1.94 

-3.38 

-4.93 

-2.70 

-5.20 

-2.26 

-4.83 

destroyed 

-2.79 

.-

-3.31 

-

initial 

-3.83 

-10.77 

-6.02 

-1.97 

-4.23 

-2.65 

-3.96 

-7.48 

-1.57 

-6.74 

produced 

-

-2.29 

-3.78 

-3.07 

300°C 

final 

-5.32 

-15.44 

-4.72 

-1.92 

-3.19 

-3.15 

-2.97 

-5.99 

-1.57 

-5.24 

destroyed 

-2.59 

-

-3.78 

-

CO 
yo 



Table 5 - Group Two Solutions 

Mass Transfer Summary 

all in log molality or log number of moles 

H-̂  
Al"3 

Al(OH)/ 

K"' 

KSO/ 

HSO/ 

S04= 

H3Si0/ 

H^SiO^ 

OH" 

microcline 

quartz 

kaolinite 

muscovite 

alunite 

initial 

-3.54 

-6.89 

-10.05 

-1.97 

-3.86 

-3.68 

-2.68 

-8.33 

-3.06 

-8.50 

produced 

-

-2.82 

-3.60 

-3.59 

-4.15 

100°C 

final 

-6.67 

-15.29 

-5.89 

-1.95 

-3.80 

-6.78 

-2.65 

-5.19 

-3.06 

-5.36 

destroyed 

-3.12 

-

-3.60 

-

-4.15 

initial 

-3.01 

-7.38 

-8.07 

-1.97 

-4.28 

-2.68 

-3.58 

-8.32 

-2.26 

-7.95 

produced 

-

-2.03 

-2.83 

-2.81 

-3.54 

200°C 

final 

-6.07 

-16.24 

-4.70 

-1.87 

-3.32 

-4.87 

-2.71 

-5.26 

-2.26 

-4.90 

destroyed 

-2.33 

-

-2.83 

-

-3.54 

initial 

-2.83 

-7.82 

-7.07 

-1.96 

-5.20 

-2.62 

-4.94 

-8.48 

-1.57 

-7.74 

produced 

-

-2.03 

-3.05 

-2.81 

-

300°C 

final 

-5.27 

-15.30 

-4.77 

-1.87 

-3.17 

-3.14 

-3.00 

-6.03 

-1.57 

-5.29 

destroyed 

-2.33 

-

-3.05 

-

-

o 



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 Figure 9 indicates that musco

vite may not be a stable phase at temperatures less than 200°C if 

saturation with respect to opal rather than quartz exists. The mass 

transfer model used in this report does hot 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 fracture 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 C 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 fluid. (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°C/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) Supersaturation 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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250 

TEMPERATURE iX) 

Figure 10. 
Boiling-point curves for H2O liquid (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 U013 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 lines. Taken from Haas 1971. 
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Fiffure 1 1 . Maximum flow, c o n s t a n t 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 wall rock remains 

constant the alteration should become more complete. More host-

rock microcline is consumed. Since the permeability 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 is 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 H^S gas may lower 

pH in the upper oortions of active hot springs according to equation 

(60). 

(60) H2S(g^ + 202(g) - 2H^ ̂  ^ V 

At Steamboat Springs this reaction was described for areas where 

H2S 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 H2S 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 present near the surface, reactions such as equation (61) 

should contribute to a surface acid-sulfate environment. 
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(61) 2FeS2 + 4H2O + Ih^.^ ^ ^e,fi.^ + 4H2SO4 

Presumably the sulfide minerals 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°C 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 low 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 horizontal 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 monzonlte?) 

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 general 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 prooylitic 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 Springs 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 steep easterly 

dipping north-south fracture zone. The host rocks are mainly 

granodiorite with some andesite. Although plagioclase is dominant, 

orthodase 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 is a less intensely altered argillic zone in which 

montmorillonite, illite 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 montmorillonite 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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oou2ia II-(H7 .eo. o s r o p 
000219 Ou 39 1 = 1.N 
000220 X d ) = XSTd) 
C002i;l 39 COIiTlliUE 
000222 Xb = b.b'Xb 
000223 Mil = Mil • 1 
00o22t GO TO 2'Jlb 
00022b 
000226 ».F0«.-lATb»» 

tn 
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000227 
000228 
000229 
000230 
000231 
000232 
000233 
000231 
00U23b 
00U23b 
000237 
00U23b 
000239 
00o2t0 
0002tl 
0DU2t2 
000213 
00U211 
0OU21b 
00021O 
000217 
000213 
000219 
OOuZbO 
0002bl 
00L2b» 
0002bJ 
00u2b1 
00o2bb 
00u2bb 
00u2b7 
00o2b8 
00b2b9 
000260 
0002bl 
0002(.2 
000Zt3 
000261 
00U2bb 
000206 
000267 
0002ue 
000269 
00O27D 
00U271 
000272 
000273 
000271 
OOU27b 
00u27fa 
000277 
000276 
00U279 

ooozao 
000281 
000262 
000283 

100 
101 
103 
lot 
200 
201 
20^ 
203 
201 
20b 
20b 
207 
208 
209 
210 
211 
212 
21J 

F U K M A T 

FUKMAT 
F O K M A I 

FOhHAT 
FUHMAT 
FUHMAl 
FOkMAT 
FOHMAl 
FuhflAt 
FOHMAT 
FOKMAI 
F O K M A I 

F U K M A T 

F U K K A I 

FUH.'IAI 
FUrd-.AI 
FOhN.AI 
FuKllAl 

( 1 5 ) 

l e E i o . t i 
( I X . 
( I X . 
( / I X 
( I X . 
( I X . 
( I X . 
( I X . 
( I X . 

i i x . 
( I X , 
( I X . 
I I X . 
( I r . 
I I X , 
( I X . 
( I X . 

I I I I T I A L SOLUTIOU bATUHATrO, THY A r , A r i ' ) 
CHECK FOLLOWING K OUTPUT',bOlO.11 
•CUTI'UT LVEllY Ho'* MANY CYCLE'j?') 
HOK MANY E O U A T T O N S . " I 
i i iPuT 1S1 oi<t>;:n r o i i A n n i j ' ' , ' ) 
ItlPuT H 0 L 6 ( - n i L t , ' ) 
iNPu i ACI IVI7Y c n E r n c u n r s ' ) 
IM 'JT I I . J T I A L U L U T A X 3 I M 
/ f . i lU' j l l , l)IM-ONl.l.,CIIAIir-(. > 'A I»)* , ' .TAnT AGAIN' ) 
. . >,AOLit;ITL LAlD. IAHO' l • • K r > . ( l . ^ . ' l > 
. . ^-bPAH SATUHATIO:. • * K - ' , r i o . 1 ) 
.< .lUbCbVlTt. ^A l i lHAI ION .« K = ' , K ] . 1 . 1 ) 
I . j U l L ' b l T t SATi,WATl()l4 * . K z , , t L t 3 . 1 ) 
• • , ,L iJ l i ITt b.'.TUiST).j i. « . K- . ,L>13.11 
'^ATUI.ATIOP I'FAClill) Li:0 ALL") 
^Ll l . j COfiCimli 'Al i 'M! . ) 

j ; j , l , i . r iT , : jNT) 

000281 H l b . / I 
000285 201 F0 I<MAI (3X . I3 .3H s . F l O . t ) 
000286 Rt-TURN 
000287 ENU 

SUuliOuIII.L Sl ' l i . . ! i L , 
UOuuLl Pi;i.CI31i-f. t , l 
n i : . . t l lbH. ' I t ( l .T. I :UTl 
F r t ( l , I ) 
Ih IK.Li . . .n.OIJ)) UET'.ll ' l 1 
fio J o = l , l . i l 
C d . J l = E d , J ) / F 

J Cul.Tl l luL 
OO 1 j ; l , i < 
I r l l . L U . J ) 1,0 10 1 
F = L I J , I ) 
10 b K = 1 . NI. 
t l J . M : E ( . l , ^ I - I . t l l L M 

l l COi.Tll.UL 
1 Col l i I I .Ut 

RLTuKl-

but,nooT l i l t . r .WJJU(xL ,Y^ , r . , ' x , xh , l l 7 , ^ ' ^ ,XL , xPL , r 3> 
noui iL t PHLClSIui X j . r ; e , x i . . . x , X L , x t ) L 
INIEGLK H7,h7P l 
Ol i - i tub loN Y ; NJT ) , x ( ' r ) , y L ( i ] T ) 
, * l < i T E ( c i . 2 i l ' ) l Xo ; 

DO b 1 = 1,1. 
* l . i T r ( b . 2 0 1 ) I . Y Z d ) 

b CUiiTIIiuE 
kh I IE I t ) ,2021 
DO 7 u = l . N 
WKiTEI t ) .2o1) J , X L ( J ) 

7 ColiTIIJUE 
H7P1 = 1 ( 7 + 1 
WKlT£(b,2o3) XbL,H7Pl 

199 FoKMAT(i:i3.1l 
200 FOKMAI(/1X.<XS=',CJ3.1,/IX,'APPROX. REACTION CGEFFICIEnTS'./ ) 
201 F O K M A I (3X.lJ,3li = ,E13.1) 
202 F0hMAT( / lX . 'NE . . L0(- MOLALIT I t S ' , / ) 
20J FOKt lATI / lX, 'HEACTION PPCCiftLSS =• .F 1 0 . 1 . 3HXS t . / I X , ' E l i Q Or CYCLE' 

c n 



APPENDIX TWO 

MASS TRANSFER PROGRAM FLOW CHART 



OUTPUT EVERY 1 
HOW MANY CYCLES?/ 

H9 I 

H9 1 
I HOW MANY EQUATIONS?^ y 

3 X 
I NN^N*l L _ ^ 

[INPUT MOLALITIES^ 

——(60 4 0 I'I.N> 

EX(I) L^ 
( E X ( I ) ^ O ? 

rn'o 

^yes 

Y ( I ) M , 7 

INPUT ACTlv l lYn 
COEFFICIg.MTS/' 

3~ 
\yyyy3\ 

FIRST ORDER 
MATRIX OF MASS 

BALANCE EQUATIONS 

IIMPUT FIRST 
ORDER EQUATIONS ; 

i 
i r - f C O ' i S I=I,N 

E(I,J)J=I.NN 

[ G O TO 37] 

ZERCJES IN D I A G O N A L T ] 
CHANGE MATRIX / 

= ^ 0 11 J--|.NN> 

INPUT FIRST ORDER 
FftRTIAL EQUILIBRIUM 

EQUATIONS 

cn 
IO 



= ^ D 0 I 3 J ^ I , N N ) 

lEia. j) ;Ea,j) i 

AooTTtT) 

I CONSTANTS ClXUMN 3 
L 2nd DERIVATIVE EQ. 

" • " ^ t - " ^ " 
= < D 0 18 1=1,1 \,tA 

313 
/D0 I8 J = I ,NN) 

[E(i,jj=efa5l] 

r - . r r_-( DO 19 J=I,N 

|CALL3UB40j 
X ' 

- ~ : f l 9 ) 

i 
(45) 

T 

= / D O 2i I = I , N \ 

YKI)=(Y2(I)*XS) + 
((E(I.NN))*((XS)«''2))/2) 

D 0 3 8 I = I , N \ 

XST(I) = X( I ) ] 

I XBS=_XB ] 

^ D 0 23 I-l,N 

I X(I)=Y(l)^^YI(in 

~|flO 

f x S ^ 9 *"7s1 

:.i) 2 3 ) - -

Z / D 0 2 8 I « I , N S 

( H7»0?'~^)gg— 
lyes 

I XB=XB*XS I 

XBL=DIOG1O(XB) I 

EQUILIBRIUM CONSTANT 
EXPRESSIONS WRITTEN 

IN THE FORM 
K.q = Qi a,j 

Ex'KAOLINITE 
E I B = ( ( Y 4 ( 3 ) — 2 ) 

«<Y4(IO)><>t2))/(Y4{2)K)(6) 

O 



NOTE SATURATION 
^ TESTS FOLLOW EXAMPLE 

FOR KAOL INITE ONLY 

XpOZtl̂ TA) 

fTNTfri:i. SOLUf 10,-0] 
S A T L ' R A I L D OR 
XS TOO LARGE"/' 

SUB 40 SUB 50 

.MII = Mil-. 

[G() TO 2(5i5l 

ON I REACTION , 
COEFFICIENTSj 

XS y 

^00 6 1=3 

I ,Y2Ui ? 

NEW LOG MOLALITIES^ 

= ( D O 7 J=I,N)> 

J,XL(J) J 

\ H7PI--H7-H I 

REACTION PROGRESS 
XBL, END OF CYCLE 

H7PI 

RETURN \ 

CD 
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