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Abstract.-The temperature and chemical conditions (pH, gas pres­
sme, and ion activitics) in a geothc'rlnal aquifer supplying a producing 
bore can be calculated from the enthalpy of ·the total fluid (liquid + 
vapor) produced and chemical analyses of water and steam separat.ed 
;;nll ~olJe rted at known pn:ssures. Alternativ"ly, if a single water phase 
exists in Ill(' ar{1lifcr, the complete analysis (including gases) of a sample 
.'olkctcd from the a'luifa by a rlom1hok sampler is sufficient to 
d"t<:rminp. the a'luifcr dw.mistry without a measured value of the 
enthalpy. The assumptions made arc that the tluid is produced from a 
single 3'1llifa and is hornng<:neous in enthalpy and chemical composi­
tion. These calculations of aquifer c.hemistry involving large amount.s of 
ancilbry information and Illany iterabollS require computer methods. A 
r.omputr.r prof,'l"am in PL-l to pr.rform thr.se calculations is available 
from tJ1e National Tedmic.al Information Service as document PB-219 
;176. 

In active hydrothamal systems that have been drilled, 

luincral alteration and deposition ean he related to observecl 
kmpcrat.nres and fluid compositions. Chemical analyses of 

waler and st.,~am produced from many types of p;eothermal 
syst.ems an" now available. 'However, analyses of t1uids col­
lected at the surface do not describe t.he ehemistlY of fluids as 
the~y occur at depth. The chemical differences between the 
fluids at the surface and ill the deep aquifer are riue lo the 
(kcrcase of pressure and tcmperature Juring production. 
Adiabatic expansion during passage up the driil hole may 
result in steam separation, (:ooling, and an increase in the 
concentration of tIl<: solutes in the water phase. Loss of 
dissolved CO2 and I! 2 S irmll the waler' to the vapor increases 
the I' ll value of the water. The increase in pH arid solute 
concentration and the decrcas," in tc:mpcrature may cause the 
water to become sup,:rsaturatt.:d with calcite or silica minerals 
alld may result in ~('.alillg of well (~a~ings . The cont.inued 
production of a g,~olh(~rJnaI ;:; yst(~lfl is iikdy to decrease the 
reservoir pressures t:nough to form sleam in the aquifer 
(Mahon, 1970). 'flu: resulting dcerc;Jse in gas pressures, 
increase in aquifer plI, and temperature lowering may cause 
inerc;Jsed calcite ckposition in the casing and possibly in the 
3Ijuifc:r. Putential mineraI deposition may be calculated if the 
chelJlistry of aquifer J1uids is known . 

. -.- ~ .. pl--__ 

Underground water temperatures may be calculated from 
known mineral solubility or ion exchange reactions that 
control wale;r compositions; for exa mple, quart~ solubility 
(Fourni,~r and H.owe, 1966; Mahon, 1966), Na:K ratio~ (White, 

1965; Ellis, 1970), or Na:K:Ca ratios (Fournier and Truesdell, 
1973). The assumptions underlying these calculations have 
been discussed by White (1970) . 

Thus, for practical reasons as well as to increase our 
knowledge of natural systems, it is of interest to calculate the 

chemical properties of geothermal fluids before they arc 

changed during production. This is the purpose of the 
computer program described here. 
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ASSUMPTIONS 

These calculations assume that fluid from a geothermal well 
(1) is produced from a single aquifer, (2) does not gain or lose 
si::,rnificant heat or matter during passage up the well and 
through surface pipes to sampling points, and (3) maintains 
ehemical equilibrium at each point of steam-water separation. 

The first assumption that the fluid is produced from a single 
aquifer must be judged in each situation . In general, wells in 
which discharge en tltal py and silica contents indicate the same 
aquifer tClllperature are most probably from a single aquifer 
and existed inthal aquifer as a single liquid phase. Two or 
more aquifers may, however, contribute fluids to a producing 
hore. This circumstance can be deduced from the drilling log, 
the ralios of gaseous components in the steam (Glover, 1970), 
or a eomparison of the water composition with that of other 
wells in the fiel d (Mahon, 1970). 

The second assumption is most probably true for the 
well-studied and long-producing Wairakei, New Zealand, geo­
thermal systcm in which the composition of produced fluids 
has been nearly constant over a decade of observation and in 
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272 AQUIFER CHEMISTRY, GEOTHERMAL SYSTEMS 

which the mass of scale deposited is negligible (Mahon, 1970; 
Grindley, 1965, p. 58). Here also the conductive heat flow is 
small compared with the heat delivered to the surface in the 
fluid (Daw'son and Dickinson, 1970; Grindley, 1965). This 
assumption is probably true also for many but not all other 
hot-water geothermal systems. 

The assumption of chemical equilibrium is more difficult to 
justify. It has been observed that, in the aquifer, saturation 
""ith quartz is exactly maintained (Mahon, 1970), and most 
equilibria involving species dissolved in the aquifer water phase 
should be more rapid than saturation equilibria with a solid 
phase. However, during passage up the well and through the 
separator, CO 2 may not maintain an equilibrium distribution 
between the steam and water, as shown by Glover (1970), who 
found at . Wairakei that the distribution coefficient for CO2 
between vapor and liquid water was about 70 rather than the 
equilibrium value of 460 (Ellis and Golding, 1963). The 
calculated total CO2 based on analyses of the separated steam 
may be low by 2 percent or less. This would not significantly 
change the calculated CO2 pressures or aquifer pH. 

The difference between the actual total pressure in the 
aquifer and the saturated water-vapor pressure at the aquifer 
temperature is assumed to have a negligible effect on the 
equilibrium constants. The constants used in the program all 
refer to satur;'ced water-vapor pressure conditions. 

CHEMiCAL AND PHYSICAL CHANGES ON PRODUCTiON 

The calculations performed in the program can be best 
illustrated by following the chemical and physical changes in 
the flu id produced from a representative aquifer. Analyses of 
water and gas samples from well 20 of the Wairakei, New 
Zealand, geothermal field are used as an example. The changes 
are discussed in the · order that they occur; that is, from 
inaccessible conditions to the separated water and steam as 
analyzed. The program works backwards along the line of 
these changes and reconstructs the inaccessible states . . 

The calculated conditions prior to entering the bore are 
given in table 1. Note that the pH of 6.34 is nearly the neutral 
pH at the temperature 246°C and that virtuall y all boric and 
oilieie acids and nearly all carbonic acid and hydrogen sulfide 
arc~ ullclissoeiated. A suLstantial proportion of total sulfate 
exists as hisulfate ion, fluoride as neutral hydrogen l1uoride, 
and ammonia as ammon ium ion. Ion pairs such as NaC1, KC1 , 
NaS04 ;ll1d CaS04 arc more stable than at low temperatures 
(S(; (~ tables 4 and 5) and are present in moderate amounts. The 
( ~ lIl"'dpy (ell th alpy refers to specific ellthalpy tl lroughout) of 
the fluid is slightly less thall that of waler in eCjuilibrium with 
stearn (table 1), and a gas phase is probably not present. 

The aquifer flui d flo ws toward and into the well along a 
1,'I"ati icnt of d,,(;reasing pre~sure rc::;ulting from the lower 
d(:n~ity o f the two-p h;]se stearn-water mixtur/; in Lhe well . The 
(kcr(;ase ill pres~lIre eallses sLe;]m separation and a deere;]se in 
tClI1fJ';ratllre. These processes continue in the well and in the 

Table I. - Aquifer j1uid adjacent to hole 20, Wairakei, New Zealand 
[1 cal = 4.184 abs J] 

Temperature . ....... . . . .. .... .. ... . .. .... °C 
Pressure ........ ... ... . . ... ....... . .. bars abs 
Enthalpy' ....................... . ...... cal/g ..... . 
pIF . .. .. . . . . .. ... . ..... .. .. .. . .. . .. ...... _ . .. .. . 
CO 2 partial pressure .. ... . ..... . ... .... .. .. bars ..... . 
Hz S partial pressure . ..... . .. ... . ........... do ..... . 

246 
37.6 

252.8 
6.34 
0.79 

0.0093 

Dissolved Concentrations ill 
constituents mmol/],OOO g H2 0 

Li+ .. . .. .. . . ................ ... ... 1.5 
Na + •• •. ••••. . . . ' .. .• . : ", ' ... .•.... .. 38.3 

~~ +' : : : : : : : : : : : : \ : : : : : : :": : : : : : : : : :: 4:~25 
Cs + • • . • • •••..•.• ' • •..•••. •.••• • .. . , .014 
Ca +2 .................. . .. . ........ .43 
Mg+2 .. .. . ... . . . ... .... . ........ . .. .0 
F- ...... . . . . . . . . . . . . . . . . . . . . . . . . .. .29 
Cl - . ..... ... ... .... ... ........ . .... 42.9 
Br- . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. .05 
1- ... . .... .. . .... ... . . . ..... ... .... .002 
SO;' . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .079 
H3 B0 3 ....•.. . .. . _ ............. .... 1.74 
H2B0 3 - . . . . . . . . . . . . . . . . . . . . . . . . . . . .. .002 
H2 C03 o"{;02 . . . . . . . . . . . . . . . . . . . . . . .. 7.89 
HC0 3 - ... a~ . . . . . . . . . . . . . . . . . . . . . . . .. .35 
CO;' ... . ... ... . . . . . . . . . . . . . . . . . .. .00001 
H4 Si04 ° . . ..... ........... ... ....... 7.85 
113Si04 - .. .... .. .... ... ........ , .. .. .OOG 
H2S~04 - 2 . .. .. .. ... ....... ........ . . .00001 
NH4 ........................ .. . ... .002 
NH 3aq .... .. .... . . . . . ...... . ... . . ' . ' .Oll 

~§~aq . . : : : : : : : : : : : : : : : : : : : : : : : : : : : :: :~~2 
HFo ... ..... ..... .... .. . .. . ... . . ... .050 
HS0 4 - •••••. . ... .. , ... .... .. .. .. .. . .0023 
HClo . . ..... .... ... . . ........... .. . .00006 
NaClo . ...... . ...... .. . . ............ 1.27 
KClo .. ... . .. .... ,..... .... . . .... .. .097 
MgS0 4 ° . . . . . . . . . . . . . . . . . . . . . .. .0 
CaS04 ° . . . . . . . . . . . . . . . . . . . . . . . . . . . .. .025 
KS0 4 - ....•... • .. •.. . ........... . .. .015 
NaS04 - . . . . . . . . . . . . . . . . . . . . . . . . . . . .. .15 
CaC0 3 ° . . . . . . . . . . . . . . . . . . . . . . . . . . . .. .0002 
MgOH + . . .... . . . . . . . . . . . . . . . . . . . . . .. .0 

1 Saturated-water enthalpy is 254.6 eal/g. 
2 Neutral pH is 5.6 at 246°C. 

steam-water separator, willch was operated at a pressure of 
16.3 bars absolute and a temperature of 202°C. With the 
dcereasc of pressure and temperature, the fl uid separates into 
10.1 percent steam with an enthalpy of 667.4 eal/g and 89.9 
percent water with an enthalpy of 206.1 eal/g. (1 eal::4.184 
aus J.) The total en thalpy remains 252.8 cal/g 
(0.101X667.4+0.S99X206.1) because no significant amoullt 
of heat has been lost in the passage up the well. The gases 
originally dissolved in the waLer have largely exsolved into the 
gas phase (experimental distribution coefficients for CO2 and 
1-12 S, t ables 4 and 5, greatly favor the gas phase, particularly 
ncar 200°C). From the separator, the steam is eolleeled and 
analyzed for CO2 and H2 S. Collection and analysis methods 
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Table 2.-Analysis as reported on water and steam from 
well 20, Wairahei, New Zealand 

TW1peraturc of steam separation . . ........ ... ... ° C. . 202 
Temperalure of water separation .... . .. . .. . . . . .. ° C. 99 and 202 
CO, in high pressure steam .. , .... mmo1/100 mol H, O. . 142 
Il, S in high pressure steam ...... mmol/l00mol H, O. . 4.5 
Waler pH measured at 20°C . .. .. . . . .. .. .... .. .. . .. , 8.0 

Concentra tions in 
Dissolved 

constituents 
water as analyzed at Dissolved 

Concentrations in 
water as analyzed at 

20° C in mg/kg 20° C in mg/hg constituents 

Li... . .. . .. .. . . 14.8 Br .. ... ... .. . . 
Na . ....... . . ... 1,260 I . . . '" .. . . . . .. . 
K . . ....... . ... 228 SO •. . . . . .... .. 
Rb . . ....... . .. 3.0 B . .. .. .. .. .. .. 
Cs. .. .. . .. ... . . 2.5 HC0 3 ••••• ••• • • 
Ca...... ... .. . . 25 C03 • •••• •• • • •• 

Mg..... . ...... 0 SiO, . ... .. . . .. . 
F .. . ... . . . .... 3.8 NH 3 •• • • •• •••• • 

Cl. ............ 2.164 . H,S ..... ..... . 

5.4 
.4 

35 
26 

7.7 
o 

650 
.3 

o 

for steam and water are given in Ellis, Mahon, and Ritchie 
(1968). Thc gas analysis is given in table 2. The steam and 
water leavc the separator in separate lines, and the water enters 
a silencer, which discharges to the atmosphere. In the silencer 
an addi tonal 20 percen t of the original water is flashed to 
steam , and the remaining water flows out the weir box where 
it is samplcd. The proportions of steam and water at each 
separation point are calculated from an enthalpy balance with 
thc assumption of constant enthalpy. The water sample in a 
capped polyethylene bottle is cooled and taken to the 
laboratory where it is analyzed and the pH is measured. The 
amoun t of CO 2 and H2 S dissolved in the wa ter after 
separation is negligible relative to that which partitions into 
thc gas phase and is not analyzed. The enthalpy of the wholc 
fluid is calculated from measurements of the flows of steam 
and water under con trolled conditions . 

The properties of the water as analyzed are given in table 2. 
The steam and water analyses were made by the staff of the 
Chcmistry Division, D.S.I.R., New Zealanu. The water analysis 
has been rccalculated in table 3 to show what species ,,,ere 
prescnt in the analyzed solution at 20° C. The wa ter composi­
tion uiffers substantially from the composition of the aquifer 
fluid . Thc separation of stcam has increased the concentration 
of mincral constituen ts that arc insoluble in steam (compare 
Lt in thc tables) . The scparation of CO2 and H2 S into the 

steam phase has increased the pH by 1.7 units. -

Thc pI-I increase and tcmp eraturc decrease have increased 
the ionization of weak acids, particularly boric acid, silicic 
acid, and cariJOnie acid. Ion pairs arc generally less stable at 
lower temperatures (tables 4- and 5) and arc thus less in 
evidcnce . The most important change is the purtition of acid 
gases (C0 2 , 112 S) ill to the steam wi th the resultant increase in 
pI L The aquifer [Ill, th e activity coefficient of H+ , and the 
potassium cOlltenLs ean be comb ined to calculate a K:H 
coneen lration r:ltio of 103

.
83 which is similar to thc extrapo-

Table 3.- Calculated composition at 20°C of separated well water from 
well 20, Wairakei, New Zealand 

[Water pH measured at 20° C is 8.0] 

Dissolved 
constituents 

Concentrations in 
mmolli ,000 g H2 0 

Li+ · ... .. ... 2.1 
Na+ · .... ... . 54.9 
K + ... .. ... . . 5.85 
Rb+ ... .. .... .035 
Cs+ · . ..... .. .019 
Ca +2 . .. . ... . . 62 
1\1,,+2 

.0 ..... ... . 0 
F - . . ... . . .. . .47 
CI - .. . ....... 61.3 
Br- . . .. . . . . . • .068 
I- . . . . . .. . .. .003 
S04 -2 .. . . . .. . 315 
H3 B03 .. ... .. 2.26 
H2B03 - .• • • • •. .15 
H2CO~0+C02aq .. . 003 
HC03 . ..•• .. .126 
CO~ -2 . .. .•.. .001 
H4 Si04° . - . - 10.6 

Dissolved · Concentrations in 
constituents mmoll i, 000 g H2 0 

H3 Si04 - . . .. . . .25 
H2Si04 - 2 .00009 
NH/ · .. ... .. .017 
NH 3 ° · .. ..... .0006 
H2S · . . ..... . .0 
HS - · .. . ... .. .0 
HFo · ... . ... . <.000005 
HS04 - . . . .. . . <.000005 
HClo ...... .. <.000005 
NaClo · ...... . .05 
KClo · . .. .. . . .005 
MgS04 ° . ... . . .0 
CaS04 ° . . . ... . .007 
KS04 - . .. .... .005 
NaS04 - . .... .. .04 
CaC0 3 ° . .. . .. . .0002 
MgOH + ..... .. .0 

lated, pressure-corrected experimental value of 10 3
.
92 for 

water in equilibrium with K-mica, K-feldspar, and quartz near 
250°C (Hemley, 1959; R. O. Fournier, oral. commun., 1972; 
Ellis and McFadden, 1972). This similarity suggests that 
mineralogical buffer systems are the major control on the pH 
of this aquifer fluid . 

DATA REQUIRED 

Data necessary to the calculation of aquifer chemistry 
consist of (1) a chemical analysis of the water separated from 
the water-steam · mixture produced from the well, (2) the 
content of carbon dioxide and hydrog.~n sulfide in the 
separated steam, (3) the pressures of water and steam 
separation and the atmospheric pressure, and (4) the enthalpy 
of the whole fluid. The water analysis must include the pH, 
the temperature of pH measurement, and concentrations of all 
major dissolved constit uents, particularly those that form 
weak acids or bases at low or high temperatures (HCo, -, S04 -2, 
BO;-, F~ Si02, and so fOlth . A silica analysis is essential 
because lhe temperature of the aquifer is calculated by 
assuming that the aquifer water phase is saturated with quartz 
(Mahon, 1966). . 

The CO2 and H2 S contents of separated steam must be 
known because both of these gases dissolve in water to form 
wcak acids and their separation from water raises the pH. The 
pressure of stcam scparation is introduced because the 
separation and collect ion of steam for gas analysis is most 
efficiently done at high pressure (to achieve a maximum gas to 
H2 0 ratio) and the collection of water is usually from the 
silcnccr at atmospheric pressure (Ellis, Mahon and Ritchie, 
1968). If thc sample is from a downholc sampler, the watcr 
analysis and the CO2 and H2S contents are sufficient to 
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calculate the aquifer chemistry, provided that the fluid 

sampled was a single liquid phase. 

AQUI FER TEMPERATURE CALCULATION 

The temperature of an aquifer feeding a geothermal well is 
measured infrequently, and the measurements when made are 
Wleertain. It has been shown (Fournier and Rowe, 1966; 
i\lahon, 1966, 1970) to be preferablc to calculate the aquifer 
temperature from the silica content of the discharge , assuming 
equilibrium with quartz in the aquifer, rather than to measure 
the temperature directly . The original silica content in the 
deep water must be calculated from analytical data allowing 
for concentration from stearn separation and for the. presence 
of steam in the aquifer. The calculation of the aquifer 
temperature requires enthalpy values of saturated steam and 
water at that temperature, and therefore an iteration proee­

durc is neecssary . 
If thc pH of the aquifer fluid is greater than about 7, some 

silica is prescnt as silicate ions, and the indicated temperature 
from total siliea will be too high. In this instance, eon centra­
tions of ionic silica species arc ealeulaterl and subtractcd from 
total silica eonccntrations because the silica eoncentration 
used for thc temperature estimatc is speeifieally Si02 (aq). 

CALCULATION OF THE EFFECTS OF STEAM 
SEPARATION AND EXCESS ENTHALPY 

The enthalpies of the total iluid and of water and steam at 
the pressure and temperature of the af[11i fer and at each point 
of separation are necessary for caleulating the proportion of 
water and steam separ:lteel and the clegT(~e of concentralion of 
the uissolved mineral constituents in the water and of the 
dissolved gases in thc strcam. For thcse calculations, the 
program uses thcrmorlynamic data for pure wa ter from 
Keenan, Keyes, !-lill, and Moore (1969). The dfeet of lhe low 
miner:!l eontenLs «0.3 wt percent NaCl) of most gcothermal 
watcrs on thc thermodynamic properties of water is ne~ligible 
(J . L. Hass, written eommun., 1971). The tontent of dissolved 
f!:ases ill steam from most geothermal tlisehargcs is low «2 wt 
perecnt) , ane! their cffect on the thermod ynamic properties 

has heCll neglectcd. 
With the assumption or constant total enthalpy, the fraction 

of wale~r or steam in the f1uid can be (:alculated for :!ny 

tempcrature (t) from the cq uations, 

ent halpy of stearn at t - fluid (:ntllalpy 
fradion water = enthalpy of vaporization al t 

fluid enllwlpy - e~nthalpy of watcr at t 
and fraelion sleam = cnthalpy of vapori:t.alion al t 

calculated from the following: 

Origiml concentration = concentration in complete discharge 
= (analyzed concentration in water) X (fraction of water in 
separator 1) X (fraction of water in separator 2) X (fraction 

of water in silencer). 

If, however, the enthalpy of the fluid is highcr than that of 
steam-saturated water at the aquifer temperature, the presence 
of steam in thc aquifer is indicated. The presence of steam 
causes the mincral constituents in the original waters a<; 

calculated above to be too low, so that the following 

correction factor is applied: 

Conccntration in original watcr 
concentration in complete discharge 

fraction of water in the aquifer 

The presenec of steam is often the result of lowered pressure 
owi.ng to extensive production. Because CO 2 and fI2 S are 
strongly partitioned into the steam phase, the development of 
steam in thc aquifcr may result in a decrease in gas pf<~ssures 
ancl an incrcasc in aquifer pH with the possibility of earhonate 
scale deposition in the aquifer and in the well casing. 

Becausc of instrument:!l inaccuracies, measurement of the 
enthalpy of drillhole discharges is necessarily sonh:what 
approximatc; therdore, samples with i1ui(1 enthalpies wi th in 
±28 cal/g (50 Btu/lh) of the enthalpy of water in equilibrium 
with stcam at the aquifer temperatures are reealculated 

assuming exact equilibrium. 

GAS PARTIAL PRESSURES 

If the gas (C0 2 , H2 S) contents of the sampled steam and the 
fraction of steam in the fluid at the sampling point. are known, 
the total gas content') of the aquifer fluids may be ealculaled. 
If a single liquid phase exists in the aquifer, the gas partial 
pressures may be caleulated uireetly from experimental nata 
on the solubility of gas in water at high temperat1ll"es (Ellis and 
Golding, 196:-1; Kozint.seva, 19M.). If both steam and water 
exist in the aquifer, a large fraction of the gas partition"s into 
the aquifer steam phase, and the partial pressnre of lhe gas is a 

quadratic function of the total gas content. 

CHEMI CAL MODEL 

The calculation of the chemistry of lhe aquifer fluids 
rc~quircs knowledge of the total con tent of all solution 
components and of the dissociation constants of ;Ill weak acicl~ 
and b~lses and all ion pairs. The total con tents of eomponents 
other than gases and hydrogen ions are easily calculated from 
the watcr analysis with allowanee for the effecls of s team 

If the: enthalpy of the f1uid is the same or low::r than lhat of 
water saturated with steam at the a(luifer temperalure, then no 
sl<'am is present in lhe aquifer, :md the eoneen t ralions of 
mineral eonslitucnLs owing to later steam separation are 

" separation and of steam in the aquifer as described earlier. The 
conten ts of dissolved gases in the waler may be caleulated 
h'om their solubilities, their contents in the separaled :; t.~am, 
the steam fraction, and if there is excess enthalpy, from lhe 
fractions of steam and water in the aquifer. For the calculation 
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of thc total contcnt of hydrogcn ion, thc state of ionization of 
all wcak acids and bascs undcr the conditions of analysis must 
first be asccrtaincd. This is done through thc calculations of a 
chemical model (GalTels and Thompson, 1962; Ellis, 1967). 

SO LUTION OF MASS ACTION AND MASS 
BALANCE EQUATIONS 

The value of mH. SiO. is then substitutcd into the mass acl.ion 
cquations to solve for mH, SiO~ and ml-l

1 
SiO;2. Activity 

coeffjcients are calculated from the cxtcndcd Debye-Huckel 
equation as dcscribed later, and the ionic strength is calculated 
by iteration. Calculation of the concentration of ion pairs is 
accomplished by a slightly ' different procedure , which is 
illustrated by the calculation of the calcium ion species. The 
mass action expressions, 

In the chcmical model for thc water as analyzed, the 
analytical concentrations, experimental dissociation constants, 
mass balanccs, and the measured pH are used to calculate the 
clistribution of weak acid species and experimental dissociation 
constants, and mass balance equations are used to calculate and 
that of ion pairs. Weak acid9 clissociate to form hydrogen ions 
by equations such as those fo r silicic acid as follows: 

Kl 
mCa+2 I'Ca+2 mSO~2 I'SO~2 

mCaS04 I'CaS04 

mCa+2 I'Ca+2 mCO;2 I'CO;2 

mCaCO, I'CaCO, 
H4 Si0 4 =H+ + H3 Si04', 

and H3 Si0 4'= H+ + H2Si04'2. 

The concentration of each species is determined by the total 
concentration , the pH, thc activity coefficients of the species, 
and the equilibrium constants for distribution of species at 
chemical equilibrium. For the preceding reactions we can write 
the equilibrium equations as follows: 

T.r _ mI-13SiO ~ I'H SI'O- lO-pH 
J\. I - ' -'" 

mH.SiO.I'H SiO 
4 4 

K 
_ mH

2
Si0

4
- 2 'YH SiO- 2 lO -pH 

2 _ 2 4 

mH,SiO~ I'H,SiO~ 

The mass balance cquation for total silica (silicic acid and 
silicale ions) is 

mSi totaI =m1-I 4 SiO. +mH,Sio~+mH2SiOZ" 

The mass action equations can bc combincd with thc mass 
balancc cquation to solve for mH SiO . 

. 4 4 

K2 

are combined with the mass balance expression, 

mCa total = mCa+z\, + mCaSO. + mCaC03' 

to produce an expression for free (uncomplexed) Ca+ 2 ion, 

mCa+ 2 -

mCa total 

( 
mSO:' I'S <J..2 

1 +I'Ca+
2 

K! 'Y CaSO. 

mCO;2I'CO-,2\ 
+ - - ; 

K2 1'CaCO , 

mSi total 

mlI.SiO. = (f(j ]QpH /(1 K'l 102PI-I) 

The value of mea +2 may be substituted into the ma.,s actio;; 
expressions to solve for .. he ion pairs. In thesc equations Ca 
total is from the analysis, the dissociation cons tants depend' 
only on temperature, and the activity coefficients are calcu­
lated fTom the ionic strcngth, which changes slowly during 
iteration. The molalities (.f the anions (SO~2, CO~2) are 
corrected in each iteration loop by summing the calculated 
species (for example, mS0;+mHso~+mKS04+"') and com­
paring the sum with the analytical concentration of total 
anion . If the sum calculated differs from the analytical concen­
tration by more tban 0.1 percent, the free anion concentration 
is correctcd by an amount depending on the difference. When 
all anions have bcen checked (and corrccted if necessary), the 
program iterates if corrections have been made to any of them. 
Thus, the program leavcs the loop when the concentrat ions of 

- all species satisfy thc mass balances to 0.1 pcreent. 

1+. -1------
. I'II.SI04 I'll SiO- I'Il2SiO~2 , . 

TOTAL IONI ZABLE HYD ROGEN ION CONTENT 

Thc total contcnt of hydrogen ions in an aqueous so lution 
includes not only frec ions but also those in combination in 
weak acids and in water itsclf. Only part of these can bc 
ionized undcr thc range of conditions found in )1atural wa lcrs. 

~. 

" 
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This part, the total "ionizable" hydrogen ion content, is 
calculated by summing the contents of H+ ion and of all the 
un dissociated and partly dissociated weak acids-HCO;, 
I:-lB0 2 , B2 S, NBt, BSO::;, HF, HCl , H3 Si04 , H4 Si04 , (two 
times), and H2 C0 3 (two timcs). When the total ionizable 
hydrogen ion content has been corrected for electrolyte 

. concentration changes due to steam separation and the pres­
ence of aquifer steam as discussed earlier, thc H2 S and CO2 
originally dissolved in the water are added (the CO 2 two times 
asH2 C0 3 ). 

AQUI FER CHEMICAL MODEL 

The aquifer chemical model is calculated using the analysis 
corrected for steam separation and aquifer steam contents, 
values of dissociation constants at the aquifer tempcrature and 
saturatcd watcr vapor pressure, and the total ionizable 
hydrogcn ion content. The mcthod of calculation of the 
chemical model is the same as before except that the pH is 
now a dependent rather than an independent variable . Because 
almost all of thc hydrogen ion occurs in complexes, changes in 
the calculatcd pH cause relatively large changes in the anion 
mass balances, and the program converges very slowly. A 
changc in the criteria of convergence from 1 percent to 
0.1 percent of the anion mass balances doubles the number of 

iterations and changes the final calculated pH by 0.1 to 0.15 
units. 

The correctness of the calcula ted model is dependent on the 
existence and validity of high-temperature quartz solubility 
values, gas solubility constants, and dissociation constants for 
the weak acids and bases and ion pairs present in the water. 
The data used in the program are given in tables 4 and 5 with 
their sources. They are of uneven quality, and as better data 
become available, the program can be easily updated. Tabular 
data are interpolated by a program written by P. C. Doherty of 
the U.S. Geological Survey. Single-ion activity coefficients 
have been calculated from the extended Debye-Hlickel equa­
tion, with a small hydration coefficient (the "B." of Helgeson, 
1969) assumed constant "'>1th temperature. This equation 
differs little from that suggested by Davies (1962). The ionic 
strength (I) of most geothermal waters is moderate «0.08m), 
and the ionic activity coefficients are not very sensitive to the 
ion size (a) and hydration parameters chosen. The equation 
used is: 

-A z~ jYz 

log 'Y i 1 + ~L ElYz + 0.04 I . 
I 

The constants A and Bare fTom a tabulation by Helgeson 
(1967) and are for molal units. Values of a are taken from 
Kielland (1937). 

Table 4.-Solubility constants and dissocia t ion constants in KA(I) and KT(l) arrays, ana lyt ical expressions 

Reaction 
Analytical expression if used 

(T in K, t in ° C) 

LogK 
250 250° Note Reference 

I ....... H, C0 3 app=H++HCO; . 
2 ..... .. H,S=W+!lS-
3 . .. .... HBO, +Olr=H, BO, -

4 ....... H. SiO, =H++H3 SiO,-
5 ... .. . JIF=n++F' 
6 . . . . . .. HSO.-=H++SO; ' 
7 . . ... .. H, 0=1l++0l-f 
8 ....... NH3(1l, O)=NH, ++OH-
9 . . . .. . . HCI=!-f++cr 

10 . . ..... NaCI =Na++Cr 

II . ..... . KCI =K+ +Cr 

12 ... . ... M~SO,. = ~l :;+ ' + SO;' 
D . . . ... . GS0

4
=Ca +' +SO,-' 

14 .... . . . KSO; =K++SO;' 

10, . . ..... NaSO;=i\b \I- SO,-' 
16 . .... . . CIC O,=C,, + , 1.0; ' 
17 . . . .. .. M:.: Ol if =M;.: I·' +O lr 
18 ....... 1l3 SiO.; =II ++lJ,Sio;' 

Log K= -2382.3/7'+8.153-0.02194.T 
Log K= -3279.0/T+ 11.17-0.02386T 
Log K=1573.21IT+28.6059+0 .012078T 

-13.2258 lor; T 

·6.38 
·6.94. 
+4.76 

See table 5 .... ... ..... : . . . . . .. ·9.63 
· . .. do . . • . . . . . . . . . . . . . . . . . .. -3.18 
Log K= -557 .2461/T+5.3505-0.0 183112T .J .99 
Log K= ·4170.99/T+6.0875·0.01706T -13.995 
Sec table 5 ........... ' . . . . . . . .. A.75 
· ... do . . . . . . • . . . . . . . . . . . . . .. ·6.10 
· .. . do ... ... . ........ -. . . . • . . +1.60 

· ... do 

· . . . do 
. .. . do 
... . do 

· . .. do 
. .. . do 
· .. . do 
Log K= ·:H50/T+(J.31 .. 0.0216T 

+1.59 

-2.25 
-2.30 

·.83 

·.il3 
·2.:\0 
·2.60 

-11 .7 

19 ....... IIC 0 3=III- +CO; ' ]'0;;](=- 2730.7/1'+5.388·0.021991' ·9.12 
KS ... . .. 1I,Sg"s ~ ·I I , S ·"q K=357+1:; .6U8l·l1.038253t' +2.U6 
K ....... CO, g;ls+lI , 0 =1l, C0 3 "pp S'·C talde 5 ... ... . ... .. ..•... .. +3.21 

-7.88 
-7.6 
+1.98 

-9.6 3 
·5.80 
-5.31 

-1 1.38 
·6.00 

-. 67 
-.25 

-.1 

-S.7 
-4.1 
-2.35 

·2.3S 
-5.90 
-1 .6;' 

· j ·I.5 

-11.31. 
+:3 .28 
+3.72 

(1) Ryzhcnko (1963). 
D'yachkova and Khodakovskiy (1968). 

(') Mesmer, Baes, and Sweeton (1972). 

(3) Cobble (1964); Ryzhenko (1967). 
(,) Ellis (1963). 

Lietzke, Stoughton, and Young (1961). 
Harned and Owen (1958. p. 645). 
Wr ight, Lindsay, and Druga (1961). 
Helgcson (1969). 

(s) Pearson, Copeland, and Benson (1963); 
Dunn . and Marshall (1969) ; Hanna, 
Pdhybrid~(". :l lI d Pruc (l971). 

lIel~("S'Hl (1 c)()9); lIanna, Pcthybridg", 
a lld I'fII,' (1971). 

(6) Do . 
(3) Do . 
(3) Quist and others (1963); Truesdell and 

llostctlcr (1968). 
(6) 
(3) Helgeson (1969) . 
(3) Do. 

Naymov, Ryzhcnko, and Kodakovskii 
(1971 ). 

Ryzh,' nko (1963). 
Kozinlscva (196 '~) . 

(I) Ellis ;Ind Golding (1963). 

1 II,CO, aflp:Jr('n t incl lld, 'S II,C0 3 alld CO, a (j1I~ous. 
, II, BO, ~ivl" n i" prilll 0 11 1 as BO,. Reaction wri (ten by Mcsrnr.r .. Uaes, and Sweeton (1972) as B(OH), +0 I-r=B(OH);. 
, Ex l ra po ial" d above ZOO" C. 
·.· ~:x t rapo l a l (·d "bovl" ~OO° C. Awees with Ryzhenko (1965) t(} ~OO°C. 
' Ex lra p(}lakd bel ow LOO° . . 
6 A" sumni idnllical to K KSO 4 . 
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Table 5.--Log K(pK), and CO2 and quartz solubility, data in tabular form interpolated by look-up subroutine 
[For reaction equations and source of data, see table 4] 

(4) . (5) (8) (9) ~10) (ll~ (12) (13) (14) (16) (17) CO Quartz 
°C H4Si04 ° IlFo NH 3(H2 O)0 HClo \ aClo KCl MgS04 ° CaS040 KS0 4 - CaC0 3 ° MgOH+ sOlubirrty solubility' 

(p/m) 

0 10.2 2.96 4.87 -7.5 - 1.65 - 1.65 2.05 2.3 0.65 . 3.0 2.58 700 2.4 
JO 9.94 ·3.00 4.80 - 6.8 - 1.63 - ].62 2.10 2.3 .71 3.05 2.58 1000 3.6 
25 9.63 3.18 4.75 - 6.1 - 1.60 - 1.59 2.25 2.3 .83 3.20 2.60 1630 6.6 
35 9A8 3.25 4.70 -5.7 -1.40 - 1.50 2.35 2.35 .90 3.27 2.63 2100 8.6 
50 9.30 3.40 4.70 - 5.0 -1.20 - 1.40 2.60 2.40 1.00 3.40 2.7 2900 13.5 
75 9.11 3.64 4.75 - 3.8 - .90 - 1.20 2.90 2.55 1.15 3.65 2.9 4000 27 

100 9.03 3.85 4.85 - 2.9 - .55 - 1.00 3.20 2.7 1.30 3.90 3.1 5200 48 
125 9.03 4.09 4.97 - 2.0 -.55 - .90 3.55 2.9 1.45 4.15 3.33 6000 80 
150 9.10 4.34 5.10 - 1.23 - .45 -. 75 3.90 3.1 1.60 4.50 3.6 6600 125 
175 9.23 4.59 5.33 - .60 -.30 - .60 4.40 3.35 1.78 4.35 3.85 6800 190 
200 9.36 4.89 5.53 -. 07 -.15 - .40 4·.80 3.6 1.93 5.20 4.1 6400 265 
~:25 9.48 5.3 5.73 .30 .05 -. 20 5.25 3.8 2.10 5.55 4.35 5900 367 
250 9.63 5.8 6.0 .67 .25 .10 5.7 4.1 2.35 5.90 4.65 5300 490 
275 9.83 6.2 6.3 .95 .60 .30 6.1 4.3 2.55 6.20 4.9 4600 615 
:300 10.2 6.8 6.75 1.2 .95 .6 6.4 4.5 2.75 6.45 5.15 3900 680 
325 10.5 7.1 7.25 1.6 1.35 1.0 6.7 4.75 2.9 6.65 5.45 3100 720 
350 11.0 7.4 8.0 2.5 2.0 1.7 7.0 5.0 3.1 7.0 5.7 2100 (750) 

I Quartz solu~ilit); in watcr at saturated water vapor pres-<urc. 0° -24.00C from Morey, Fournier, and Rowe (1962); 260°- 325°C from Kennedy (1950). 
An incorrect 350 value is included because the look-up subroutine requires a monotonic function. 

The algol version of this program (Truesdell and Singers, 
1973) has just been published. 

REFERENCES CITED 

Cobble, J. W., 1964, The thermodynamic propcrties of high tcmperature 
aqucous solutions- [part] VI, Application of entropy correspon­
dence to thcrmodynamics and kinetics: Am. Chem. Soc. Jour., 
v. 86, p. 5394-5401. 

Davies, C. W., 1962. Ion association: London, Buttcrworlhs, 190 p. 
Dawson, G. B., and Dickinson, D . .T., 1970, Heat flow studies in thermal 

areas of the North Island of New Zealand-U.N. symposium on the 
development and ut ilization of geothermal resources: Geothermics 
special issue 2, v. 2. pt. I, p. 466- 473 . 

Dunn, 1. A., and Marshall, W. 1., 1969, Electrical conductances and 
ionization behavior of sodium chloridc in dioxanc-water mLxtures at 
100° C: Jour. Phys. Chcmistry, v. 73, p. 2619-2622. 

D'yachkova, 1. B., and Khodakovskiy, 1. L., 1968, Thermodynamic 
equilibria in thc systcms S- H, 0, S~-H, 0 and Te-H,O in the 
25-300° C temperature range and their geochemicai interpreta­
tions: Geochemistry Internat., p. 1108- 1125. 

Ellis, A . .T., 1963, Thc effcct of temperature on the ioniza tion of 
hydroOuorie acid : Chern. Soc. [London) ]our., p. 4.300-4.304 .. 

-- 1967, The chemistry of somc explorcd geothermal systems, 
Chapler 2 in Barncs, H. 1., cd ., Geochemistry of hydrothcrmal orc 
deposits : New York, Hol t, Rinehart and Winston, p. 4.65-514. 

-- 1970, Quantitativc interpretation of chemical characteristics of 
hydrothcrmal systeffis - U. N. symposium on the development and 
utilization of geothermal resources: Gcothermies special issue 2, 
v. 2, pl. 1, p. 516-528. 

Ellis, ·A. J., and Goldin,;, R. M., 1963, The soluLility of carbon dioxide 
abovc 1 00° C in watcr and in sodium chloritlc solutions: Am. Jour. 
Sci., v. 261, p. 47-60. 

EIii.>, A. ~ . , and McFadden, l. M., 1972, Partial molar volumes of ions in 
hydro thermal solutions: Geochim. ct Cosochim. Acta. v. 36, p. 
·1·13-4-26. 

Ell is, A. J., Maho n, W. A . .J., and Ritchie, J . A., 1968, IVlethods of 
collecti on and analysis of g,:ot hermaJ fluids. New Zealand Depl. Sci. 
and Indus. Resea rch Chem ist ry Div. Rcpl. CD21.03, 51 p. 

Fournier, R. 0. , and Rowc, J., 1966, Estimation of under,;round 
temperatu res from the silica content of water from hot springs and 
wet-steam wells: Am. Jour. Sci., v. 264, p. 685-697. 

Fournier, R 0., and Truesdell, A. H., 1973, An empirical Na-K-Ca 
geothermomctcr for natural waters: Geochim. et Cosmochim. Acta. 
v. 37, p. 1255-1275. 

Garrels, R. iVl., and Thompson, M. E., 1962, A chemical mode! for sea 
water at 25° C and one atmosphere total pressure: Am. Jour. Sci., v. 
260, p. 57-66. 

Glover, R B., 1970, Intcrpretation of gas compositions from the 
Wairakei field over 10 years- U.N. symposium on the developmcnt 
and utilization of hydrothermal resources: Geothcrmies, special 
issue 2, v. 2, pt. 2, p. 1355- 1366. 

Grindley, G. W. , 1965, The geoiogy, structure, and exploitation of the 
Wairakei geothermal field Taupo, New Zealand: New Zealand Geol. 
Survcy Bull. 75, 130 p. 

Hanna, E. M., Pethybridge, A. D., and Prue, J. D., 1971, Ion associa tion 
and the analysis of precise conductivity data: Electro chim. Acta, v. 
16, p. 677- 686. 

Harncd, H. S., and Owcn, B. B., 1958, The physical chemistry of 
electrolyte solutions: New York, Reinhold, 801 p. 

Helgeson, H. c., 1967, Solution chemistry and metamorphism, in 
Abelson, P. H., ed., Rescarches in geochemistry, volume 2: New 
York, John Wilcy and Sons, p. 362-4.04-. 

--1969, Thermodynamics of hydrothermal systems at elevated 
tempcratures and pressures: Am. J our. Sci., v. 267, p. 729-804. 

Henllcy, J . ]., 1959, Some mineralogical equilibria in the system 
K2 0 -Al2 03 -SiO, -H20 : Am. Jour. Sci., v. 257, p. 241 - 270. 

Keenan, J. H., Kcycs, F. G., Hill, P. G., and Moore, J. G., 1969, Steam 
tables, Thcrmodynamic properties of water including vapor,liquid, 
and solid phases: New York, John Wiley and Sons, 162 p. 

Kennedy, G. C., 1950, A portion of the system silica-water: Econ. 
Gcology, v. 45, p. 629-653. 

Kiclland, J., 1937, Individual ion activity cocfficicnts of ions in 
aqueous solutions : Am. Chem. Soc. J our., v. 50, p. 1675-1678. 

Kozin tseva, T. N., 1964., Solubili ty of hydrogen sulfide in water at 
elevatcd tempera tures: Geochemistry Internat., p. 750-756. 

Lietzke, M. H. , Stoughton, R. W., and Young, T. F ., 1961, The 
bisulfate acid constant from 25° to 225° as computed from 
solubility data : Jour. Phys. Chcmistry, v. 65, p. 2247 -224.9. 

Mahon, W. A. ]., 1966, Silica in hot watcr dischargcd from drillholes at 
Wairakei, New Zealand: New Zealand Jour. Sci., v. 9, 135-144-. 

-- 1970, Chemistry in thc exploration and exploitation of hydro­
th~rmal systcms-U.N. symposium on the devclopment and utiliza­
tion of geotherm .. l resources: Gcothermics, special issue 2, v. 2, 



:278 AQUIFER CHEMISTRY, GEOTHERMAL SYSTEMS 

pt. 2, p. 1310-1322. 
I\'lesmer, R. E., B3CS, C. F., Jr. , 3nd Sweeton, F. H., 1972, Acidity 

measurements 3t elcva ted tempr<:3tures: VI. Boric acid equilibria: 
Inor~an j e Chemistry, v. 11, p. 537-543. 

Morcy, G. W., Fournier, R. 0., and Rowe, j. j., 1962, The solubility of 
qU3rtz in water in the temperature interval from 25° to 300° C: 
Geoeh im. ct Cosmochim. Acta, v. 26, p. 1029-1043. 

Naymov, G. B., Ryzhcnko, B. N., and Kodakovskii, 1. L., 1971, 
Spr,lVochnik termodinamicheckikh vclichin dlia geology: Moskow, 
Atomi7.dat, 239 p. 

Pearson, D., Copeland, C. S., 3nd Benson, S. W., 1963, The electrical 
conductance of aqucous sodium chloride in the range 300° to 
383°C: Am. Chcm. Soc. Jour., v. 85, p. 1044.-1047. 

Quist, A. S., Franck, E. U., Jollcy, H. R., and Marshall, W. L., 1963, 
Electrical conductances of aqueous solutions at high temperaturcs 
and prcssures- [part 1 I, The conductances of potassium sulfate­
water solutions from 25° to 800° C and at pressures up to 4000 
bars: Jour. Phys. Chemistry. v. 67, p. 2453-2459. 

Ryzhenko, B. N., 1963, Determination of dissociation constants of 
carbonic acid and the degree of hydrolysis of the CO-3

2 
and HCO; 

ions in solutions of alkali carbona tes and bicarbonates at elevated 
temperatures: Geochemistry, no. 2, p. 151-164. 

-- 1965, Determination of the dissociation constant of hydrofluoric 
acid and the conditions for the replacement of calcite by fluorite' 

Gcochemistry Internal., v. 2, p. 196-200. 
-- 1967, Determination of the hydrolysis of sodium silicate and 

calculation of dissociation constants of orthosilicie acid at elevated 
temperatures: Geochemistry Internal., v. 4 p. 99-107. 

Truesdell, A. B., and Hostetler, P. B., 1968, Dissociation constants of 
KSO~ - from 10° _50° C: Geoehim. et Cosmoehim. Acta, v. 32, p. 
1019-1022. 

Truesdell, A. B., and Singers, Wendy, 1973, Computer calculation of 
downhole chemistry in geothermal areas: New Zealand Dept. Sci. 
Indus. Research, Chemistry Div. Rept. CD2136, 145 p. 

White, D. E., 1965, Saline waters of sedimentary rocks, in Fluids in 
subsurface environments-a symposium: Am. Assoc. Petroleum 
Geologists Mem. 4, p. 342-366. 

-- 1970, Geochemistry applied to the discovery, evaluation, and 
exploitation of geothermal energy resources-U.N. symposium on 
the development and utilization of geothermal resources: Geother­
mies special issue 2, v. 1. 

Wlight, ]. M., Lindsay, W. T., Jr., and Druga, T. R., 1961, The behavior 
of electrolytic solutions at elevated temperatures as derivcd from 
conductance measurements: Washington, D.C., U.S. Atomic Energy 
Comm. R&D W APD-TM-204, 32 p. 

----~,....,,-----~-~-,.,--,.---,..--~---.,----.--.-.. ~. ~ 

A bs 
five (-
ogou!-o 
mate" 
distri 
~urf a< 

and i 
expOl 
tivc \ 
expo. 
terral 
di>' lI.!. 
nC'g3! 

Li vc 
little 
and 
lunar 
tri bv 
di I'~', · 

In 
R an 

196 

, 

I 
1..,,_. 

--

Fi" 
(. 

j :. 


