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Schweiz, mtneral. petrogr. Mitt. 57, 361—396, 1977

A Model for Fluids in Metamorphosed Ultramafic Rocks
Observations at Surface and Subsurface Conditions

(High pH Spring Waters)

By Hans-Rudolf Pfeifer (Zürich) *)

Abstract

Subsurface waters issuing from ultramafic rocks all over the world show unusually high
pH values. Two compositional groups can be distinguished: (1) high Mg and Si, carbonate
as the dominant anion, pH 9-11, found both in peridotite and serpentinite areas (Mg-
HCC>3-type); (2) high Ca, low Mg and Si, hydroxyl ion as the major anion and normally
no carbonate, pH 11-12, usually only found in peridotite areas (Ca-OH-type). A saturation
test shows that both waters reflect their parent rock composition : Both are highly
supersaturated with respect to most low temperature Mg- and Ca-Mg-silicates (chrysotile, talc,
sepiolite, diopside, tremolite, etc.). Their relatively narrow composition range can
nevertheless bo explained with buffering by silica and carbonate minerals for Mg-HCC>3-waters,
and by forsterite, in part by enstatite, a Ca-silicate and a hypothetical high soluble serpentine

phase for Ca-OH-waters. Observed water compositions can be reproduced by a
quantitative computer simulation of a rock dissolution process by meteoric water (rain water
like) at 20° C, 1 bar. These computations suggest that: (1) the high pH-values observed
are due to the fact that saturation values for most Mg- and Ca-Mg-silicates lie in the high
pH-region and are reached through hydrolysis-type dissolution reactions which consume
H+, (2) silica minerals (quartz, etc.) do only form if the fluid contains CO2, (3) Mg-HCOs-
waters can form by two different mechanisms : through interaction with a serpentinite rock
close to the surface or through mixing of a Ca-OH-water from a peridotite with
atmospheric CO2 and subsequent calcite-precipitation, (4) Ca-OH-waters can form by dissolution

of a Ca-bearing peridotite, either directly from C02-poor rainwater or through a
Mg-HC03- stage by loosing CO2 through carbonate mineral precipitation. High Ca reflects
the inability to reach clinopyroxene- or calcite-saturation (disequilibrium and lack of CO2

respectively). Ca-OH-waters represent a highly metastable state and are therefore less
commonly found in nature.

A. Introduction

Various field and phase equilibrium studies in metamorphosed ultramafic
rocks have shown that already a few percent C02 in a H20-dominated fluid are

*) Institut für Kristallographie und Pétrographie, ETH-Zentrum, CH-8092 Zürich,
Switzerland.



362 H.-R. Pfeifer

sufficient to dissolve anhydrous and hydrous silicates and convert them into
carbonate minerals and more silica-rich phases (Greenwood, 1967 ; Johannes,
1969 ; Trommsdoref and Evans, 1977). Furthermore, the occurrence of hydrogen

gas at some spring localities in ultramalic rocks (Barnes and O'Neil, 1969)
and petrological reasoning (common occurrence of magnetite-rich spinell in
ultramafics) suggest that reducing conditions are predominant in these fluids.
Despite these many studies, little is known about aqueous species concentrations

like H+, OH-, Mg, Ca (free ions and complexes), Si02, etc., which are
undoubtedly present in these fluids in the whole range of metamorphic conditions
(Helgeson, 1967, 1970; Eugster, 1977).

There are four major methods to provide more data on these fluid solution
parameters in metamorphic ultramafic rocks: (1) experiments involving
minerals and fluid solutions (see references in Moody, 1976; Poty et al., 1972;
Hemley et al., 1977 a, b), (2) studies of natural active fluid-rock systems (geo-
thermal wells, mineral springs), (3) fluid inclusion studies (Roedder, 1965,
1972) and (4), petrological studies of fossil fluid-rock systems (metamorphic
rocks) combined with theoretical interpretation based mainly on thermodynamic

theory of electrolyte solutions (Helgeson and Kirkham, 1974a, b,
1976).

A combination of (2) and (4), based on the presently available observations
and thermodynamic data, allows a good prediction for "ultramafic" fluids under
metamorphic conditions. It also allows a useful comparison of the predicted
parameters with a still active and explorable part of this fluid-rock system.
Data on an active low temperature fluid-ultramafic rock system (spring waters)
are used to find the relevant parameters and reaction mechanisms for the
chosen electrolyte-type fluid solution model. On the basis of these observations
made at low temperatures and pressures, it is planed to use the same model
for the metamorphic region, by taking into account all theoretically predictable
changes in the fluid with increasing P and T. Such changes involve the increasing

association of free ions to ion pairs or complexes and the (normally) decreasing

log K-values for silicate hydrolysis equilibria (Helgeson and Kirkham,
1976; Helgeson, 1969).

This paper deals only with the low temperature observations and is in part
an extension of the earlier work done by Barnes and O'Neil (1969), and
Barnes et al. (1972). First, all available geological and chemical data on
surface and subsurface waters issuing from ultramafic rocks are compiled and
compared. Second, an equilibrium model for the aqueous fluid is used for a saturation

test of these waters with respect to minerals of the ultramafic system and
to determine possible control factors and reaction mechanisms. Third, these
results are then used in a fluid-rock dissolution model, in which the fluid is
treated with the same equilibrium model as before, to explain how these waters
reached their characteristic compositions. However, the overall irreversible dis-
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solution process is only treated with equilibrium thermodynamics, that is, rates
and transport processes are not explicitely considered.

B. Geological features of high pH-waters from ultramaiics

Table 1 is a list of water samples to be considered and summarizes available
geological data. Samples 1—5 represent new data, the rest is compiled from the
literature. Two main rock groups are distinguished: (1) largely serpentinized
ultramafics ("serpentinites") and (2) only slightly serpentinized ultramafics
("peridotites, dunites", including pyroxenites and hornblendites).

C. Chemical and physical features

Table 2 summarizes the chemical and physical properties of the 23 waters
under consideration. Among samples 1 to 20, obviously two groups can be
distinguished: (1) sample 2-15 with pH 9-11, carbonate present, high Si02- and
Mg- and low Ca-contents (Mg-HC03-waters, Barnes and O'Neil, 1969), (2) sample

1 and 16-20 with pH 11-12, no carbonate present, low Si02- and Mg- and
high Ca-contents (Ca-OH-waters). A comparison with the related rock types
(table 1) shows that group (1) occurs in both peridotites and serpentinites, but
group (2) usually only in peridotites. Thus, the presence of C02 in the solution
seems to be an important factor. Stable isotope data for samples 6, 7 and 12-20
and the geological situation of 1-5 and 8-11 suggest a meteoric origin of those
waters. Samples 21-23 are at least partly non-meteoric (Baenes et al., 1972)
and form a separate group which has only its pH-values in common with the
other samples but otherwise is less influenced by ultramafic rocks (Na-Cl-HC03-
waters).

D. Saturation state of the waters (equilibrium model for the fluid)

1. THE MODEL

The fact that a fluid solution is saturated with respect to certain minerals
can reveal possible relations between rocks and fluids. In order to determine the
degree of saturation (saturation test), the activities of the uncomplexed fluid
species must be known, which in turn can be calculated with an equilibrium
model from analytical concentrations. Several computer programs exist for
such a fluid species distribution calculation (Baenes and Claeke, 1969; SOL-
SAT: Leeper, 1969, Helgeson et al., 1970; SOLMNEQ: Kharaka and
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Table 2. Chemical analyses of high pH-waters as totals in mgjliter and some parameters used
in or resulting from fluid species distribution calculations

References see table 1. NA: not analysed. Analysis 1 was done by T. S. Presser, chemist U.S.
Geol. Survey, Menlo Park, California; analyses 2-5 : EAWAG, Dübendorf, Switzerland (done with
standard analytical methods similar to those in chapt. 27 ofSchweizerisches Lebensmittelbuch, 1972).
Remarks: l) Field measurements. 2) The sample which the presented analysis is based on did not
contain carbonate. However an earlier partial analysis had carbonate (pH 10.1, 104 mg/1 CO§~,
O. Högl, Univ. Bern, pers. communication 1974). 3) Determined on the basis of the calculated

species distribution. 4) Temperature used to calculate species distribution.

Temp. Ca2+ Mg2+ Na+ K+ CI" SOJ" H2S CO|-
No. Name pH [°C] [milligrams/liter]

1 Val Plavna 10.8 6 63 0.14 29 1.5 49 44 NA 1022)

2 Senevedo 10.61) 8.7 8.4 0.24 119 6.7 81 9 NA 122

3 Franscia 1 9.1x) 4 8.16 116.7 1.1 0.57 3.4 21 NA 551

4 Frariscia 2 9.0 5 12 0 77.82 7.3 1.6 12 18 NA 372

5 Scerscen 9.04) 1.8 4.0 51.07 2.1 0.75 2.0 17 NA 232

6 Table Mt. A 8.97 *) 30 7.9 260 10 0.3 34 13 NA 1,437

7 New Idria B 8.881) 16 9.1 223 14 1.9 18 26 NA 1,150

8 Lake Roland 8.3 15 9.5 51 4.0 2.2 12 2.6 NA 271

9 Soldiers
Delight 7.9 15 3.04 31.8 1.16 0.3 23 19.8 NA 138

10 Dyer Quarry 8.76 15 5.4 25 1.7 0.4 3.4 9.5 NA 96

11 Cedar Hill 8.78 15 2.6 67 3.8 0.6 10 19 NA 276

12 Burro Mt. A 8.151) 26.7 14 72 5.5 0.7 12 5.4 NA 431

13 Cazadero B 8.87') 23.5 2.9 40 3.6 0.2 5.8 0.4 NA 215

14 John Day
Ray Ranch 7.841) 14.4 10 58 2.6 0.5 0 0.6 NA 324

15 Red Mountain
Adobe Creek 8.881) 22 3.3 103 7.6 0.4 5.0 22.0 NA 509

16 Burro Mt. B 11.541) 20 40 0.3 19 1.1 6.3 0.4 NA 0

17 Cazadero B 11.771) 18 53 0.3 50 1.2 55 0 NA 0

18 John Day
Warm Spring 11.251) 31 35 0.1 33 2.3 19 0 0.4 0

19 Red Mountain
Adobe Canyon 11.781) 15.6 48 0.4 40 1.1 32 1.4 NA 0

20 Red Mountain
Blackbird
Valley 12.01x) 10.6 51 0.06 22 0.54 26 0.5 0.1 0

21 Complexon
Spring 12.07 ^ 10 0.7 0.8 12,000 350 18,200 60 0 985

22 TC-2 10.8 10 1.2 0.2 7,550 210 7,500 132 74 4,270

23 Aqua de Ney 10.9 10 0.6 0.3 11,300 220 7,500 123 430 6,025
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Fe2+ Mn2+ Al Si02 OH-
[milligrams/liter]

B nh3 02aq.
Calcul.

logpCCV)
[p in bar]

Calcul,
ionic strength3)
[mole/kg H20]

Temp.
calc.4)

[°C]

0 NA 0 43 36 NA NA <0.5 — 6.582) 6.2 X 10-3 5

<0.02 <0.01 0 34 2 NA 0.8 7.8 — 6.04 6.9 X 10~3 10

<0.02 0.01 0 5 0.053) NA 0.73 11.1 — 3.58 1.2 X 10-2 5

<0.02 <0.01 0 4 0.043) NA 4.65 NA — 2.52 9.4 X 10~3 5

<0.02 0.01 0 0.6 0.023) NA 0.12 NA — 3.62 5.7 X lO"3 0

NA 0 0 31 0.28 0.4 0.17 NA — 2.96 2.3 X 10-3 25

0 0.01 0 17 0.08 2.3 0.1 NA — 3.02 2.2 x 10-2 15

NA NA 0 31 0.023) NA 1.86 NA -2.96 6.9 x 10-3 15

NA NA 0 21 0.0083)i NA 0.32 NA -2.85 4.3 x 10-3 15

NA NA 0 14 0.053) NA 1.59 NA — 3.78 3.5 x 10"3 15

NA NA 0 10 0.083) NA 2.41 NA -3.47 7.7 x 10"3 15

0.01 0.02 0 22 0.031 0.1 0.23 NA -2.53 9.9 x 10"3 25

0 0.04 0 5.4 0.123 0.02 0 NA -3.57 4.9 x 10"3 25

0 0.02 0 32 0.006 0 0.01 NA -2.43 7.8 X 10"3 15

0.02 0.0 0 5.7 0.12 0.06 0 NA -3.30 1.1 X 10"2 20

0 0.02 0.2 0.4 42.8 0.02 0.19 NA 0 3.8 X 10~3 20

0 0.05 0 0.3 62.3 0.01 0.1 NA 0 6.1 x 10-3 20

0 0.01 0.7 5.9 50.5 0.1 0.2 NA 0 4.0 X 10~3 25

0 0.02 0.4 5.2 51.9 0.1 0.2 NA 0 5.3 X 10-3 15

<0.5 0 0.1 3.2 57.0 0.06 0.21 NA 0 6.0 x 10-3 10

0 NA NA 24 92 20 210 NA -8.66 5.2 x 10"1 10

0.13 NA NA 765 4.8 130 121 NA -5.34 3.5 xlO-1 10

0.3 NA NA 4,000 6 303 169 NA -5.54 5.0 x 10-1 10
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Barnes, 1973; WATEQ: Truesdell and Jones, 1974, Plummer, Truesdell
and Jones, 1976; EQUIL: Fritz, 1975, Droubi, Fritz and Tardy, 1976;
EQ3: Walters and Wolery, 1975). Here, SOLSAT was used, in order to be
consistent with the program for the numerical treatment of dissolution
processes, which will be used later (PATH, PATHCALC).

A summary of basic assumptions and equations of SOLSAT is given in
appendix 1 and is thought as a base for comparison with other above cited
programs. In contrast to e.g. WATEQ, SOLSAT is based on a consistent set
of thermodynamic data for aqueous species (Helgeson, 1969). However, the
activity coefficient calculations are based on NaCl as the supporting electrolyte,

Table 3 A. Three examples of species distributions calculated with program SOLSAT, based
on the chemical analyses in table 2 (mg/lj

9 3 19
Soldiers Franscia 1 Red Mountain
Delight Adobe Canyon

Al3+ 0.29 0.57 1.3 X 10-22
K+ 0.29 0.57 1.09
Na+ 1.16 1.09 39.98
Ca2+ 2.90 6.72 46.43
Mg2+ 30.77 82.74 0.23
Mn2+ - 0.01 0.02
Si02 aq. 20.65 4.04 0.04
HS- <10~10 <10~l° <io-10
sop 17.85 17.98 1.23
CO§- 0.46 20.81 -
ci- 5.32 3.40 45.12
OH- 0.006 0.03 47.01
H+ 1.4 X 10"5 8.8 X 10-6 1.79 X 10~9

KSOi" 9 X IO-4 0.001 2 x 10-4
NaCl° 5 x IO-5 4x 10-8 0.02
NaCOj 3 X 10-" 0.006 -
NaSOj" 0.007 0.005 0.02
CaC03 0.004 2.69 -
CaHCOJ 0.14 0.63 _
CaSO° 0.22 0.37 0.22
Ca(OH)+ 2 x 10~5 1.6 x 10-4 2.16
MgCO° 1.21 112.0 -
MgHCOJ 0.74 3.01 -
MgSO° 2.23 3.43 0.001
Mg(OH)+ 0.005 0.05 0.28
MnSOJ - 3 X 10-4 6x 10-5
H3SiOr 0.54 1.52 8.2
HSO4 1 X 10-6 7 x 10-' 1 X 10-10
s2" < 10-10 <io-10 < 10"10
h2s° <io-'° <10-10 <io-10
HCOS 134.34 453 _
h2co3* 3.68 0.78 -
HCl <io-10 < 10"10 <io-10
Al(OH)2+ - - 6.5 X 10-"
Al(OH)j" - - 1.41
A1SOJ - _ 10-20
pC02 10-2.8 0-3.6 0
p02 10-65 10-68 10-68
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Table 3B. Complex-formation of major ions in percent

Complexing is quite considerable, especially for the carbonate bearing waters (all except 1, 16-20).

No. Name Ca Mg Na K AI Fe Mn
1 Val Plavna 4.23 6.63 0.25 0.15 _ _ —

2 Senevedo 42.06 61.30 0.78 0.4 _ _ —

3 Franscia 1 17.64 29.05 0.23 0.06 - - 1.11
4 Franscia 2 12.28 19.98 0.17 0.06 _ _ —

5 Scerscen 59.14 75.21 0.85 0.06 - - 1.21
6 Table Mountain A 46.00 51.9 1.27 0.04 _ - -
7 New Idria B 28.04 37.3 0.5 0.07 - - -
8 Lake Roland 6.07 6.20 0.05 0.01 - - -
9 Soldiers Delight 4.53 3.19 0.13 0.08 - - -

10 Dyer Quarry 4.68 5.66 0.09 0.04 - - -
11 Cedar Hill 11.07 14.48 0.2 0.07 _ - -
12 Burro Mountain A 11.37 9.91 0.11 0.02 - 34.38 0.36
13 Cazadero B 14.06 17.71 0.19 0.002 - - 0.04
14 John Day Ray Ranch 5.06 3.49 0.02 0.002 _ - 0.04
15 Red Mountain Adobe Creek 21.38 27.41 0.4 0.08 - 69.4 1.35
16 Burro Mountain B 3.03 30.64 0.008 0.002 100 - 0.04
17 Cazadero A 4.78 52.80 0.007 0 _ _ 0
18 John Day Warm Spring 2.44 36.03 0.01 0 100 - 0
19 Red Mountain Adobe Canyon 3.29 41.95 0.02 0.006 100 _ 0.11
20 Red Mountain Blackbird Valley 3.37 43.04 0.03 0.002 100 - -
21 Complexon Spring 33.03 64.91 4.41 0.04 - - -
22 TC-2 75.37 88.78 8.68 0.11 - 98.09 -
23 Acqua de Ney 75.38 89.22 9.73 0.08 - 98.37 -

redox reactions are calculated from sulphide-sulphate reactions (which are
influenced by organic activity at low temperature) instead of 02 aq.-measure¬
ments and the calculations are only done for a discrete P,T-net (5°-25° C inter-
vails

Equations and data for the considered equilibria are given in appendix 2
and 3. The following minerals could not be considered because appropriate
thermodynamic data are lacking: lizardite, most zeolites, most Ca-silicate
hydrates (Taylor, 1968; Harmk and Harnik, 1976). Instead of the latter, port-
landite, wollastonite and monticellite have been used, although they might only
metastably exist at these low pressures and temperatures, but serve as substituts

for any type of Ca-silicate.

2. RESULTS OF THE SATURATION TEST

General remarks: Three typical calculated species distributions and the
calculated complexing of all waters are given in table 3. The results of the saturation

test are given in table 4 (details in appendix 4). Because of the many
uncertainties in this approach (reaction of water when reaching the surface, chemical

analysis, equilibrium assumption for the fluid, thermodynamic data,
especially activity coefficients), a deviation of up to 1000 cal/mole for A (A Gr) (ap-
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Table 4. Summary of observed saturation states of waters issuing from ultramafic rocks with
respect to Fe-Al-free phases

Compare with appendix 4. Q: close to saturation, •: supersaturation, empty: undersaturation.

Serpentinites (chrysotile/ Slightly serpentinized mixed
lizardite and antigorite) peridotites and dunites sources

12|3|4 5|6|7|8 9 110 11 12|l3|l4|lö|l6 17 18|l9 20 21122123

Antigorite • • • • ••• •! • • | «1 ••• *1*1* *1*1*
Brucite II II II II 1 1 1 1 *1 * o|*|o *1 1

Halite Il II 1 1 1 1 1 1 II 1 1 1 1 1 1 1 1

Sylvite M 1 1 II II 1 1 II 1 1 1 1 II 1 1

Calcite I« OI•I•I•I•IoI |o|o o|o|o| Mill o|o|o
Magnesite | |o|*|*|•|«|o|o|o|• •1*1° °l 1 II 1 o| |o
Dolomite ••••••••• • ••• 1 *1 * *
Hydromagnesite I I I I !*M 1 1 1

Anhydrite 1 1 1 1 1 1 1 1 II Il II II 1 1 1 1

Gypsum 1 1 1 1 1 1 1 1 1 1 1 1 1 II 1 1 1 1 1 1

Quartz o|o|o o|o|o|o|*l*l°l° o|° *1° 1 1 1 * *
Sepiolite • ••• ••• •• • | • | o 10 1 I *1*1° *1*1*
Chrysotile •••• ••!• •• •1*1 ••• *1*1* *1*1 *
Chrysotile-asbestos 1 II 1 oMil I* 1 1 1 l°l° o|*|o 1 °
Talc • ••••• *1*1* *1*1*
Artinite I 1 °l III 1 1 1 1 1 1 1 1 1 o| I

Tremolite • ••• ••• •• *1*1 1 1*1* *1*1* * *1 *
Enstatite OI I I I IO OI I I 1 II II O | O I o|o|o
Diopside • *l I j•ioi i i i 1 1 1 1 * * * * * *1*1*
Wollastonite o I 1 INI 1 1 1 1 1 o o|o 1 1

Forsterite II 1 1 1 1 1 1 1 1 1 1 1 1° ° o|*|o * 1*
Huntite | •;•>! | • | O | | I« *1*1 1 1 1 1 1 1

Amorphous silica M ill | o 101 I Mo|| 1 1 1 |o|o
Nesquehonite 1 II 1 1 1 1 1 1 1 1 1 1 1 1 1 1 II 1 1

Aragonite |«|o|o|*|*|*|o| |o|o ° 10101 1 I 1 1 o|o|o
Periclase 1 1 1 1 1 II 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

Chalcedony o|o|o|o| o o o o o|o o|o| |o| I 1 1 1*1*
Mg-Anthophyllite • •• | *| *1 | | | • 01 • 1 1 1 I

Merwinite 11 II 1111 1 1 1 1 1 1 1 1 1 II 1 1 1

Monticellite 1 1 1 1 1 1 1 1 1 1 1 1 1 | o I • *1*1* 1 1

Akermanite 1 1 1 1 1 1 II 1 1 1 1 1 1 1 1 1 II 1 II
Hexahedrite 1 1 1 1 II 1 1 1 II 1 1 II 1 1 1 II 1 1

Epsomite 1 1 1 1 1 1 1 1 1 1 II II 1 1 1 1 1 1 1 1

Keriyaite 1 II 111 1 1 1 1 1 II 1 1 1 1 |o|*
Magadiite 1 1 1 1 1 1 1 1 1 1 1 II 1 1 1 1 1*1*
Rhodochrosite 1 1 ° 1 • 1 1 1 | O [ 101 I 1 1 1 1

Portlandite II 1 1 1 1 1 1 1 1 1 1 M 1 M I I I I M



A Model for Fluids in Metamorphosed Ultramafic Rooks 371

A Contact with
other rocks

Groundwaters from
other rocks

SOURCE ROCKS

I Peridot i(e, dum te

9 Serpentinite

A Contact with
other rocks

Groundwaters from i

Other rocks

ARAGONiTE

câlcïtF

20

'Si02
lo9 aMg2-/a2H*

Fig. 1. Calculated free silica- and Mg-activitios of 23
"ultramafic" water samples and their relative saturation

state with respect to Mg-silicates, shown on a
logarithmic activity diagram. Note: The saturation
lines are drawn for a mean temperature (15° C) and do
only in some cases correspond exactly to the measured
temperatures of the waters (open symbols). The size
of the symbols corresponds to the estimated analytical
uncertainties. There are obviously two major groups
of compositions: one close to the saturation line3 of
silica minerals (Mg-HC03-waters) and one close to
forsterite saturation (Ca-OH-waters). Mean groundwater

compositions from other rocks plot, with a few
exceptions, at lower aMg2+/&2H+-rations.

Fig. 2. Calculated free Ca2+- and
Mg2+-activities and some carbonate
mineral saturation lines. As the
shown points correspond to different

temperatures and foch-values,
the shown lines, which are for
fC02 — 10~2-5 bar, 15° C, only
correspond exactly to the open symbols.

For other conditions, the lines
would show parallel displacement.

pendix 1 and 4) was allowed for saturation. Unfortunately Fe- and Al-concen-
trations were often below detection limit for most waters (0.02 and 0.1 mg/liter
respectively). For this reason important minerals like magnetite, zeolites and
clay minerals could only in a few cases be checked for saturation (appendix 4 B
and C). Fig. 1 is a graphical representation of some of the calculated free ion
concentrations and the corresponding degree of saturation with respect to Mg-
silicates. Fig. 2 shows similar relations for carbonate minerals. An inspection
of these tables and graphs clearly shows that the previously distinguished water
types also show distinct saturation conditions, however, in part metastable
ones.

Mg-HCOz-waters (sample 2-15) seem to have their composition determined
by being close to saturation with respect to silica minerals, like quartz,
chalcedony and amorphous silica (possibly determining Si02) and carbonate min-
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erals such as calcite/aragonite and magnesite (determining Ca and Mg). Only
a few show saturation with hydromagnesite, hunite and artinite. Their carbonate

content varies considerably (log pC02 in table 2). About half of the samples
seem to be close to equilibrium with atmospheric C02 (log pC02 «a — 3.5), others
seem to be determined by organic activity (log pC02 > — 3.5). In sample 12

saturation with goethite seems to determine the Fe-content. However, most samples

are strongly supersaturated with respect to common hydrous Mg- and Ca-

Mg-silicates of ultramafic rocks, such as serpentines, talc, sepiolite, anthophyl-
lite, tremolite. Also quite typical is the supersaturation with respect to dolomite.

Ca-OH-waters (sample 1, 16-20) : Most of them seem to be close to saturation
with forsterite and some also with enstatite and wollastonite, which determine
Mg, Si02 and Ca in the fluid. Al-bearing samples show saturation with gibbsite.
However, most samples are supersaturated with respect to brucite. Also typical
is their quite strong supersaturation with diopside, tremolite and monticellite.

Na-Cl-HCOs-waters (sample 21-23) usually stem from contacts with other
rock types and exhibit less clear saturation conditions. As outlined by Babnes
et al. (1972), they might be of rather complex origin (mixture of meteoric water
influenced by ultramafics and non-meteoric water).

Groundwaters from other rock types (cf. figs. 1 and 2) show in most cases
distinctly different compositions and saturation states than waters from ultra-
mafic areas.

The redox state of these waters is commonly difficult to determine because

only a few 02 aq. measurements or simultaneous SOf" and HS" determinations
are available for the considered waters. Most Mg-HC03-waters are probably
saturated with atmospheric 02 which had access after they reached the surface.
This effect also keeps soluble Fe2+ often below the detection limit (0.02 mg/1).
However, the few cases in which the redox state could approximately be
calculated from SO|"/HS" data (sample 18, 20, 22, 23: p02 between 10~76 and
10~80 bar) and the fact that H2 gas was reported from Burro Mountain (sample
16), indicate an originally reducing character of the fluid, especially for the
Ca-OH-type. For water in equilibrium with olivine, orthopyroxene and spinel
a theoretical redox state can be calculated e.g. from the equilibrium:

3Fe2Si04 (in Olivine) + H20 Fe304 (in spinell) + 3FeSiOs (in opx) + H2 (gas)

2H20 2H2 + 02

assuming the presence of magnetite (R. Garbels, pers. communication). If data
from Helgeson, Delany and Nesbitt (1977) are used, the calculated pH2 is
about 10 ~2 atm and p02 about 10"80 atm (no correction for solid solution made).
High SO|" contents in the Mg-HC03-waters could be the product of pyrite-
oxidation.
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3. CONCLUSIONS FROM THE SATURATION TEST

Both the Mg-HC03 and the Ca-OH-water type are potentially able to
precipitate those minerals which usually form part of the ultramafic source
rock (chrysotile, talc). The first type could, in addition, form ophicarbonate
(Trommsdorff and Evans, 1977; Folk and McBridge, 1976) and silica-carbonate

rocks (magnesite-opal/chalcedony, e.g. Bodenlos, 1949; Barnes et ah,
1973), both often found low temperature alteration products of ultramafic
rocks. However, with a few exceptions (samples 21-23), only carbonates have
been found as coatings and other spring deposits (table 1). Apparently all of
these water-types, though saturated or supersaturated with respect to these
minerals, do not precipitate quartz, chrysotile-serpentine, brucite, talc, sepio-
lite, tremolite and Ca-silicates, probably mainly for kinetic reasons.

One might also ask whether the in part quite high supersaturation could not
be attributed to insufficiency of the model. The lack of reliable thermodynamic
data for many low temperature silicate-hydrates, fine-grained precursors and
gels, with which the solutions might be in equilibrium, and the neglect of
certain components (e.g. Al), could lead to serious misinterpretations (apparent
disequilibrium states). On the other hand the presence of not considered fluid
complexes can be excluded. For some minerals constant supersaturation values
can be observed, e.g. for portlandite, nesquehonite, and especially for chrysotile.

A steady disequilibrium state or a displaced equilibrium state can be used
as explanation. Such a displacement can be caused by surface energy effects
(fine-grained precursors) or by impurity effects (a solid solution phase precipitates

instead of a pure phase). For both effects reliable data are largely missing.
Appendix 4D shows an attempt to consider solid-solution effects (Fe-Mg in
silicates, Ca-Mg in carbonates). Although the used data are rather hypothetical, it
seems that solid solution effects cannot compensate the observed supersatura-
tion with pure phases.

For chrysotile, another hypothesis is proposed. The occurrence of
finegrained chrysotile-asbestos on joint surfaces in most ultramafic rocks suggests
a formation at moderately low temperatures and pressures. Although, it could
not be proved yet for surface conditions, it is suggested as a working hypothesis,
that the observed formal "supersaturation" could possibly represent the
equilibrium point with a fine-grained impure serpentine phase such as chrysotile-
asbestos. As will be shown later, such a displaced saturation boundary for
serpentine could nicely explain the evolution of high pH-waters through dissolution

of adjacent ultramafic rocks. Therefore, the hypothetical phase
"chrysotile-asbestos", with a log K-hydrolysis value of 38.88, corresponding to 10 kcal
supersaturation for normal chrysotile, has been included in the saturation test
(table 4 and appendix 4) and in the following dissolution computations.
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E. A fluid rock-interaction model for the formation of low temperature
"ultramafic" fluids

1. INTRODUCTION
(SIMULATION OF DISSOLUTION AND MIXING PROCESSES)

As most of the investigated Mg-HC03- and Ca-OH-waters are of local meteoric

origin, it seems reasonable to look at a water-rock interaction process, in
which surface water (e.g. rain-water with low or high C02, depending on the
usually thin soil layer) enters an ultramafic rock body, starts dissolving the rock
in a pervasive joint and fault system and comes up to the surface, wherever the
local situation is suitable, and equilibrates with the atmosphere.

Thus, modeling of such processes involves a dissolution and a mixing part
(with the atmosphere). As the following calculations show, it is possible to get
a Ca-OH-water from rock/rain water-interaction through a "Mg-HCOs"-stage
close to surface where air still influences the dissolution process. On the other
hand, Mg-HC03-waters can be explained as Ca-OH-waters equilibrated with
atmospheric C02 and 02. Both processes seem to work in nature.

2. DISSOLUTION CALCULATIONS

The calculations were again done with a computer program (PATH 3, a
modified version of PATHCALC or PATH, Heloeson, 1968, Helgeson et al.,
1970, Heegeson et al., 1971; analogue to program DISSOL, Fritz, 1975;
Droubi, Fritz and Tardy, 1976) of which the fluid solution model corresponds
exactly to the one used previously in program SOLSAT (appendix 1). Since

program PATH is best described in terms of the equations on which it is based

(see references given above), only a short qualitative description is given in
appendix 5. All of the following calculations were performed at 20° C and 1 bar.

In order to separate the influence of the many factors which determine such

a fluid rock interaction process (composition of reacting rock, C02-content of
the fluid, kinetics which lead to supersaturation, open or closed system, i.e.
iso- or non isochemical process), two main groups of model calculations were
performed : (1) simple model, assuming equilibrium among fluid species and partial

(local) equilibrium among fluid species and new forming (precipitating)
minerals during the dissolution process, i.e. a stable equilibrium model, in which
reaction paths follow stable saturation curves or surfaces in activity diagrams
(see below), and which does not consider supersaturation, (2) improved model,
in which for some minerals reaction paths follow stable or metastable equilibrium

(saturation-) curves, for others disequilibrium is allowed. Thus, this model
considers supersaturation.
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For each model various rock types and initial fluid compositions were used
(combinations see table 5). With one exception the fluid compositions used to
start with correspond to a rain water dominated fluid as the major element
concentrations are concerned. The mean rain water composition of Garrels and
Mackenzie (1971) has been modified for this purpose in the following way:
CO§~~ and S0|~ (as totals) have been chosen within the limits observed in natural

Table 5 A. Model rock compositions for which dissolution calculations have been performed

No. Composition
Monomineralic rocks Model-peridotiles
R 1 100% forsterite R5 90% forsterite, 8% enstatite, 2% diopside
R 2 100% chrysotile R 6 70% forsterite, 10% enstatite, 20% diopside
R 3 100% enstatite R 7 80% forsterite, 10% enstatite, 10% diopside
R 4 100% talc

Model-serpentinites
R 8 90% chrysotile, 10% diopside
R 9 85% chrysotile, 5% diopside, 10% brucite
R 11 70% chrysotile, 30% diopside

Sligthly serpentinized peridotites (model)
R 10 70% forsterite, 15% chrysotile, 5% diopside, 10% brucite

Table 5B. Fluid compositions which were used as initial solutions in dissolution, calculations
(with program PATH3), mg/l

Fl1) F22) F33) F43) F 5 ") F65) F 7«)

pH 5.7 5.7 5.7 5.7 5.7 5.7 6.5
Ca2+ 1.3 1.3 1.3 1.3 1.3 1.3 40
Mg2 0.4 0.4 0.4 0.4 0.4 0.4 2.5
Na+ 3.5 3.5 3.5 3.5 70 690 70
K+ 2.0 2.0 2.0 2.0 20 390 20
ci- 20 20 20 20 20 20 20
sol" 15 15 15 15 15 15 15
HS- 3.3 x 10~e1 3.3x10-" 3.3 x 10-« 3.3 X 10- « 3.3x10 -« 3.3x10- « 3.3 x
co2- - 3 10 30 246 1,436 246
SiOaaq. 6x 10'« 6 X 10-" 6x 10-« 6x 10-« 6x 10-« 6X.10-« 0.6

1) No C03. 2) Very low C03. 3) Low C03. 4) Medium C03 observed in "ultramafic" waters. 5) Maximum

C03 observed in "ultramafic" waters. 6) Similar to mean river water according to Stumm
and Morgan (1970).

Table 5 C. Rock-fluid pairs for which dissolution processes have been calculated, based on the

simple model, not considering supersaturation

C03-bearing fluids
C03-free fluids Monomineralic rocks Composite rocks

Rl/Fl R1/F2 R2/F2 R5/F2 R6/F2
R2/F1 R1/F3 R2/F3 R5/F3 R6/F3
R3/F1 R1/F4 R2/F4 R5/F4 R6/F4
R4/F1 R5/F5 R6/F5
R5/F1 R3/F2 R4/F2 R5/F6 R6/F6
R6/F1 R3/F3 R4/F3

R3/F4 R4/F4
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"ultramafic" waters, because those concentrations cannot increase during the
dissolution calculations, unless carbonate or sulphate had been included in the
reacting rocks, which was not the case. Na and K have then been adjusted to
ensure electrical neutrality in the starting solution. The low diopside content in
most model rocks was chosen to demonstrate that also low clinopyroxene
contents can lead to a high Ca-water (see below).

2.1. Model not considering supersaturation

Although this model assumption is obviously not obeyed at surface conditions,

it nevertheless shows the ideal behavior and allows a better understanding

of the influence of the above mentioned control factors. Of the many runs
performed (table 5 c), only those for model-peridotites and model-serpentinites,
dissolved by solutions of different C03-content, will be given here (fig. 3-5).

The peridotite dissolution path reaches, instead of overall equilibrium (with
forsterite, diopside and enstatite), a "steady" state, in which the fluid solution
composition stays invariant, i.e. all peridotite material that is dissolved, is

directly used to form the corresponding stable assemblage at surface conditions :

brucite-chrysotile (-monticellite). The calculated serpentinite dissolution path,
on the other hand, reaches overall equilibrium (simultaneous precipitation of
chrysotile and diopside). The calculated final pH-value is lower here (11.1—11.25)
than for the peridotite dissolution (12.5).

Decreasing C02-contents in the initial fluid moves reaction paths to higher
aMg2+/aH+2-ratios and to lower asjo2-values. As a consequence, calculated paths
with C02-contents equal or less 10 mg/1 (Fl, F2, F3, table 5) did not lead to

- o BEGINNING
AOVERALL

EQUILIBRIUM
A "STEADY'

I STATE

CO3 of fluid:
j •••1ow(F4> c

] — medium (F5)
j. ••high(F6)

-10
log :

S1O2 'Si02

Fig. 3. Simple dissolution model, supersaturation not considered: calculated reaction paths for
composite model rocks reacting with fluids of different C03-contents, shown on a logarithmic
activity diagram (compare fig. 1). A : peridotite model rock (R 5), B : serpentinite model rock (R 8).
The appearance of the different carbonates is marked with the following abbreviations : cc calcite,

do dolomite, mgs magnesite.
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Fig. 4. Simple dissolution model, supersaturation not considered: reaction paths for composite
rocks in terms of Ca and Mg of the fluid, shown on a activity diagram portraying saturation as
projected planes (equilibria written with Si02 conserved in the solid phases). For carbonate abbre¬

viations see fig. 3. A: peridotite model rock (R5), B: serpentinite model rock (R8).

CO3 of fluid
•••low(F4)

j — medium (F5)
"-high(FG)

L —no(F1)

i i -i iAij«... 1

— TALC I

CHRYSOTILE

BRUC1TE

1

A "STEADY-
STATE i

B

SERPENTINITE
1 OVERALL

EQUILIBRIUM!

3^
TREMOLITE

DIOPSIDE ^

CALCITE

Fig. 5. Simple dissolution model, supersaturation not considered : pH at the appearance of different
minerals as a function of the CQ3-content in the fluid solution. A: peridotite, B: serpentinite.

quartz nor to carbonate mineral saturation, but directly to talc- or chrysotile-
saturation.

2*2. Model considering supersaturation

The saturation test of the naturally observed ultramafic fluids suggested that
they are controlled by only a few mineral/fluid equilibria: silica minerals
(mainly quartz), forsterite, a hypothetical serpentine phase ("chrysotile-asbes-
tos"), carbonate minerals, except dolomite, and a Ca-silicate, possibly wollas-
tonite. Therefore, model calculations were performed with identical rock and
fluid compositions as before (table 5), but allowing the solution to get
supersaturated with respect to all but the above mentioned mineral phases. This
seems to correspond to the natural situation.

In addition, the effect of a non-isochemical development of the dissolution
process was studied. In the former computer runs, product minerals were dis-
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solved again at partial equilibrium if the saturation condition was not satisfied

anymore. That way, all which had been removed from the fluid was added to
it again upon dissolution. A non-isochemical process can be approximated by
assuming that the fluid flows and therefore can not dissolve its own deposits

anymore when saturation is lost. However, since the amounts of minerals
formed and possibly dissolved later are usually quite small (table 6 and 7, fig. 7),
the difference in solution composition in such "open system" runs does not
change the process significantly. Usually only the amounts of product minerals
that form during a certain intervall of the progress variable are slightly
decreased for an "open system" run.

Of the many computer runs performed, only two examples are given here,
both non-isochemical runs (peridotite- and serpentinite dissolution, table 6 and
7, fig. 6, 7 and 8). For both the final saturation state is given in appendix 4 A.
The first one, the model peridotite dissolution, offers a possibility how, first of
all, Mg-HCOs-waters can develop from peridotite interaction (stage A -L) in
table 6 and fig. 7) and secondly how Ca-OH-waters develop from Mg-HC03-
waters (fig. 6, stage E-G in table 6) : the solution follows quartz saturation up
to the hypothetical chrysotile-asbestos saturation, which seems to correspond
to the upper limit for water from serpentinite rocks (compare second run,
table 7). Then the solution composition takes off towards forsterite saturation,
continuously precipitating hypothetical chrysotile-asbestos, and becomes
enriched in calcium because diopside is still dissolving (though eventually
supersaturated). When forsterite saturation is reached, then only enstatite and diop-

1 aSi02

Fig. 6. Second dissolution model, supersaturation

considered: calculated reaction paths
for the dissolution of a peridotite model rock
by a carbonate bearing fluid (245 mg/liter
CO|~, F5/R5, full line in figure) and by a
carbonate-free fluid (F1/R5, dashed line in
figure). Shaded symbols correspond to
observed water compositions (cf. fig. 1). A non
isochemical process is assumed (fluid flows,
see text). Compare with table 6. Instead of
using the hypothetical "chrysotile-asbestos"
phase as shown on this figure, R. Garrels
suggested (pers. communication), to use Natj-
mov's value for enstatite in Tardy and
Garrels (1977), which would place the enstatite
saturation line below the one shown here, but
would intersect the forsterite-line at the same
location as "chrysotile-asbestos" does and
where most Ca-OH-waters are located. It
could therefore control the fluid path instead
of "asbestos". However, as a consequence,
also several waters from serpentinite areas
would then be supersaturated with Nau-
mov's enstatite, which seem to be quite un¬

likely.
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Fig. 7. Calculated mass transfer from dissolved
rock to the solution and to precipitating minerals
for the peridotite dissolution process of fig. 6 and
tabic 6, shown as a function of reaction progress
(I). Vertical lines point to very small amounts

(lim log M — — oo M : mass).

— REACTANTS
-- PRODUCTS

LOG REACTION PROGRESS (LOG?)

Fig. 8. Calculated concentrations
of major fluid solution

species during the dissolution
of a model peridotite by a
carbonate bearing solution
(F5 in table 5) as a function
of reaction progress. Letters
at the bottom refer to important

events (appearance and
disappearance of phases) also
marked in fig. 7 and table 6.

LOG REACTION PROGRESS (LOG?)

side are dissolving, adding more silica than magnesium to the solution and
driving its composition away from forsterite saturation, back towards Mg-
HCOj-compositions. As soon as saturation with forsterite is lost, but forsterite
still present in the parent rock, it will again dissolve to restore equilibrium with
the fluid solution. If, however, such a water moves on its way to the surface



382 H.-R. Pfeifer

through e.g. a serpentinite-shell, where there is no forsterite but diopside, it
might easily move back on the asbestos saturation line to quartz saturation and
resemble a Mg-HC03-type water except for carbonate.

This run also explains the absence of carbonate in the Ca-OH-waters : the
carbonate could get lost through precipitation of carbonate minerals. The
calculated total carbonate (as C0§~) is close to the analytical detection limit. On
the other hand, waters with Ca-OH-composition can as well form by interaction
of a pure carbonate-free rain water with a peridotite rock. However, this is

unlikely because in the soil layer organic C02 is usually added to such water
before it reaches the rock. Such a carbonate-free dissolution path is nevertheless

indicated in fig. 6.

The final solution of the second run, the model-serpentinite dissolution
(table 7), shows strikingly similar pH, Mg-, Si- and Ca-contents and a similar
degree of supersaturation as the natural water from Val Plavna, Switzerland
(sample 1, table 2, serpentinite area). Different CO|~-contents in the starting
fluid and other rock compositions led, for both serpentinite and peridotite model
rocks, to similar results when supersaturation was considered. It is important
to note that in nature, none of the above calculated processes must go as far as

shown here. If the fluid is isolated from its host rock or if one of the reactant
minerals is used up or armoured, the process will obviously stop or change
its path.

3. MIXING CALCULATIONS

To change a Ca-OH-water to a Mg-HCOs-type, Ca and pH have to be
lowered, C03, Mg and Si02 increased. One possible back reaction was mentioned
above (addition of C02). However, it is difficult to model it as a whole, including
all of these changes. Program SOLSAT and a few hand calculations allow to
determine how much C02 had to be added in order to reach 1 equilibrium with
the atmosphere (pC02 «ü 10~3-5) and (2) saturation with calcite at pH 9, the

average value for Mg-HC03-waters. E.g. for sample No. 20 (Red Mountain,
Blackbird Valley), a C02-input of about 300 mg/1 and 100 mg calcite precipitation

per liter was calculated. Through the strong pH-drop caused by adding
C02, the solution even reached approximate saturation with quartz. The
calculated new solution composition is as follows : pH 9.0, Ca 1.43, Mg 0.06, Na 22,
K 54, CI 26, S04 0.5, C03 370, Al 0.1, Si02 3.2, pC02 10~3-55. The correspondance
with some of the Mg-HC03-waters is good except for Mg and Si02 whose totals
were not modelled and are still the same as in the original Ca-OH-water (No. 20,
table 2). Sample 1, Val Plavna, seems to exhibit such mixing effects (compare
footnote 2 in table 2).
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4. VALIDITY OF THE DISSOLUTION MODEL

Aluminium as impurity in minerals certainly influences the real dissolution
process in nature, e.g. as clay minerals and zeolithes, which could also buffer
Si02. The effect of Fe is probably, as outlined above, limited on the redox state
of the fluid. What kind of rôle silica minerals and chrysotile-asbestos really play
during these processes could only be revealed through careful studies of deposits
on cracks inside the ultramafic aquifer, which are usually not accessible.

F. Summary and conclusions

The compositions of natural fluids issuing from ultramafic rocks at surface
conditions are quite different from other subsurface waters. They seem to be
controlled by only a few stable and metastable fluid-mineral equilibria: C02-
bearing waters (Mg-HCOa-type) are determined by stable carbonate- and silica-
mineral/solution equilibria but being in a disequilibrium state with hydrous
Mg-silicates (supersaturated with serpentines, talc, sepiolite). C02-free waters
(Ca-OH-type) are usually determined by metastable equilibrium with anhydrous

Mg- and Ca-silicates (forsterite, enstatite, wollastonite).
The unusual high pH-values of both water types are due to the special position

of these equilibria in the high pH-region. Subsurface waters from other
rocks do usually not reach that high pH-values because their appropriate
saturation boundaries are reached before the hydrolysis-type of dissolution process
increased pH that much. pH of 12 in ultramafics can only be reached through
the above mentioned metastable equilibrium state. A stable equilibrium state
between fluid and ultramafic rock would correspond to pH values close to 11.

The commonest type is the Mg-HCOa-water which can either stem from ser-
pentinite dissolution or from mixing of a Ca-OH-water with atmospheric C02
at surface. Carbon dioxide-free waters from serpentinites are apparently rare
and are then probably buffered by a silica-, a serpentine- and a Ca-silicate-phase
(e.g. sample 1, Val Plavna). The Ca-OH-type, which is usually only found in
peridotite-areas is less common, because of its highly metastable state (olivine
saturation, 02 low, C02-free). High Ca reflects the inability to reach equilibrium
with clinopyroxene (supersaturation) and calcite (no carbonate present).

Whether or not present day serpentinization occurs at surface conditions, as

Babnes and O'Neil (1969) suggested is difficult to prove. Theoretically at least,
not only Ca-OH-waters would be suitable for that, as the same authors
concluded. The potential of these waters to form silica-carbonate, ophicarbonate
and serpentinite rocks is probably only effective at higher than the observed

temperatures. However, it can be shown with theoretical activity diagrams for
the studied system (similar to fig. 1-5) for higher P- and T-conditions that the
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described and modeled dissolution and equilibration processes will not change
their character up to 200° C and some 100 bars. It can be expected that reaction
processes will approach stable equilibrium (e.g. with brucite-serpentine or
serpentine-talc, instead of metastable forsterite-enstatite) at higher metamorphic
conditions, because reaction rates will be less influenced by activation energy.
This effect and the increasing ion product of water (Helgeson and Kirkham,
1976, fig. 2) will probably lower the pH of fluids in ultramafic rocks by 3 to 5

units for such conditions.
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Appendix 1

Basic assumptions and equations usedfor the interpretation ofnaturalwater analyses
(species distribution model of program SOLSAT)

A. Biogenic influences are neglected.

B. The aqueous fluid is a dilute electrolyte solution consisting of the slightly polarized
solvent H2O and as aqueous species free ions, electrically charged or neutral complexes
and molecules. NaCl is the main (supporting) electrolyte (Helgeson, 1969).

C. The species distribution (speciation) is only determined by predominantly homogeneous

equilibria among the chosen species (see appendix 2) and is calculated by
simultaneous solution of mass action equations for the chosen fluid equilibria, the electro-
neutrality equation and total mass equations (mass balances) for each of the involved
elements :

2"iAi 0, (1)
i

which is the conservation law for a chemical reaction process, where Aj : mass or chemical
potential (only at equilibrium), vi : reaction coefficient, v — | v | for reactants, v \ v | for
products.

AG° (P,T) -RTlnK(P,T) (2)

corresponds to the free energy change of reaction, where R: gas constant, T: absolute
temperature, P: pressure, K: equilibrium constant. Calculation of P,T-dependance of
A Gr and K based on data given in Helgeson (1969).

K n(yimi)vi n (a,)gg (3)
i i

expresses the mass action law, where K : equilibrium constant, i : index of aqueous species,
mi: molality (mole/kg H2O), y\ : individual ion activity coefficient, ai: activity.

Standard states used: For H2O: a 1 if pure, at any P and T. For CO2, O2, H2, etc. :

ideal gas at P 1 bar and T of interest, i.e. a f/1, therefore agas fgas (f: fugacity). For
aqueous species : hypothetical one molal solution at any P and T, i. e. yi 1 if mi -> 0.

2miZi 0
i

(4)
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is the electroneutrality equation where zi is the electrical charge.

mtot.j (^)
i

is the total mass equation for each element, where j : index of elements, A, : number of the
j-th element in the i-th species.

Calculation of 71 (Debye-Hiickel theory) :

For ions :

A(P,T)z?F/2
logyi(P,T)= j + b(P,T)l, (6a)6 l+âiB(P,T)p/2 '

1.825 X 106pjj 0(P.T)
A(P,T) (6b

[,H2o(P,T)T]3/2

50.292 x 10» [m (p,T)]i/!
B(P,T) (6c)

[XHaO (P' T)T]!/2

where ejizO' pjj20 : dielectric constant and density of H2O respectively, after Helgeson
and Kibkham (1974b), äi: hydrated ion size (distance of closest approach) of which the
data is taken from Butler (1964, p. 434), b(P,T) : deviation function, assumed to be

indépendant of species other than NaCI, i.e. taken for pure NaCI-solutions (Helgeson,
1969), I: true (nonstoichiometric) ionic strength which is calculated by:

I l/22miZ?. (6d)
i

For neutral species (Helgeson, 1969):

71 7co2(mNan'P>T) • (7)

Exception: yksi02aq.
1

•

Redox equilibria: calculated from and HS- determinations with the following
reaction relation :

02 (g) + 0.5HS- 0.5H+ + 0.5 SO|_ (8)

and for Me3+/Me2+ pairs (e.g. Fe3+/Fe2+) reactions of the type
Me3+ + 0.125HS" + 0.5H2O 1 Me2++ 0.125SOir + 1.125H+ (9)

are used.

Activity of HiO:
aH20 1 f°r dilute solutions (mNafi[ tot < 0.25). (10)

For more concentrated solutions:

2mNaCl,tot®Naf](I>'T) M1,lnaH2o (11)
55.5

where 0NaC;l(P,T): molal osmotic coefficient of NaCl, interpolated for actual mNaC1 tot
from table 2 in Helgeson (1969).

D. Relationship between fluid solution and rock:

Q IAP 77af1: which is the ion activity product. (12)
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It is assumed that equilibrium between minerals and the fluid solution is reached
through hydrolysis reactions of the type given in appendix 3.

Saturation with respect to minerals: Q(P,T) K(P,T), (13a)

supersaturation: Q > K, (13b)

undersaturation : Q < K. (13 c)

Measurement of the saturation state is done with :

A(AGt) RT(lnQ-lnK), (14)

where A (A Gr) 0: saturation,

A (A Gr) > 0: supersaturation,

A (A Gr) < 0: undersaturation.

Solid solution in minerals (binary with the two endmember indices h and 1, cf. Helge-
son et al., 1970) :

n
a, —-, where i h or 1 (15)

Kj Kj

and a: activity, v: reaction coefficient, K: equilibrium constant, Q: ion activity product.
Activity can be expressed as:

aj AjXj, j h or 1, (16)

where X: mole fraction, A: rational activity coefficient. In addition holds:

Xh + Xi=l. (17)

For regular solid solutions:

i /w;x?
_
w;x?\InAh — ——— I (18a)RT 2 3

1 '

i w;xi w^'xn
InAj —+ (18b)RT 2 3/

From (16) and (18) follows:

ah Xh exp
i /Wh(i—Xh)2 w:<i-Xh)=

"rt\ 2 3
(19)

For a solid solution phase which can be described with a regular solution model (18),
first of all a hypothetical ah is calculated from (15) and then used in (19) to calculate Xh.
Xi follows from (17), which allows then to calculate Ai with (18b) and then &i with the
help of (16). ai is then used to calculate

Qi ac'lla^'d, (20)

which can then be checked with Ki for saturation [cf. (13), (14)].
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For ideal solid solutions:

0 and therefore
Ah Ai =1 and therefore

ah Xh and ai Xi. (21)

Hypothetical ah Xh are calculated from

Xh Qh—'
(22)

Kh/Ki + Qh/Qi '

which can be derived from ai,/ai with (15) and the condition that ah + ai 1.

E. Program set up: As in most of these programs, the distribution calculation in
SOLSAT is based on an iteration of the ionic strength calculation, which starts with y 1

and ionic strength 1 0 and hence activities equal to total molalities. In an inner loop the
non-linear equation system is solved with successive substitution into the different mass
action- and other equations. After each cycle, the total mass equations (6) for carbonate
and sulfur are checked, and if the calculated values are close enough to the analyzed ones,
a new ionic strength (10) and subsequent y's (7) are calculated and the appropriate new
activities are then used to recalculate the species distribution. The calculation stops if
two successive ionic strength calculations do only differ by a small choosable amount. If,
after this speciation calculation, the electrical neutrality (5) does not hold anymore, it is

adjusted by adding or subtracting Cl~ to the solution.

Appendix 2

Equilibria considered, among aqueous and gaseous species in the fluid phase

A. The data for the dissociational equilibria for the following aqueous species were
taken from HelGeson (1969, table 4 and 5) :

H20, KSOl, NaCl0, CaCOg, CaSO^, MgSO^, MnSOj, HS04", HS-, H2S°,

HCO3-, H2C03*, HC1°, Mg(OH)+, Al(OH)2+, Al(OH)4, Fe(OH)+, FeCl2+,

Felda FeCb, KeC!,j. * apparent H2CO3 C02aq. + H2COo

B. The data for the following species were taken from Helgeson et al. (1971):

NaCoV, NaS04, CaHCOJ, MgCOg, Ca(OH)+, Fe(OH)2+

C. The following equilibria were calculated with program SUPCRT (Kibkham et al,
1975, see also appendix 3):

Si02aq. + 2H20 H3SiOl + H+: log K (25° C, 1 bar) -9.65
S2(g) + 2H20 1.5HS- + 0.5SOi" + 2.5H+: log K(25°C, 1 bar) 7.15

O2(g) + 0.5HS- 0.5H+ + 0.5SO;T: log K(25° C, 1 bar) 66.28
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Appendix 3

Reaction equations used for saturation check and log K-values at 25° C

for comparison

Log K values without footnotes (and their PT-variation) are calculated with program
SUPCRT (Kirkham et ah, 1975) based on data from Helgeson and Kiekham (1974a,
1976), Walther and Helgeson (1977), Helgeson, Delàny and Nesbitt (1978) and

Holloway (1977)

log K 25°,
1 bar

Fe-Al-free minerals

Akermanite : Ca2MgSi20, + 6 H+ 2 Ca2+ + Mg2+ + Si02 aq. + 3 H20 45.4
Amorphous silica : Si02 Si02aq. — 2.71
Anhydrite : CaS04 Ca2+ + S0t~ -4.15
Antigorite : Mg2 82Si205(0H)3 65 + 5.65 H+ 2.82Mg2+ + 2Si02aq. + 4.65H20 29.321)
Mg-Anthophyllite : Mg,Si8022(0H)2 + 14H+ 7Mg2+ + 8Si02aq. + 8H20 67.79
Aragonite : CaC03 Ca2+ + C0|- -8.36
Artinite : Mg2(OH)2COa • 3 H20 + 2 H+ 2 Mg^ + COjj" -| 5 H20 9.59
Brucite : Mg(OH)2 + 2 H+ Mg2+ + 2 H20 16.44
Chalcedony : Si02 Si02aq. -3.73
Calcite : CaCO» Ca2+ + C02- -8.36
Chrysotile : Mg3Si206(0H)4 + 6H+ 3Mg2+ + 2Si02aq. + 5H20 31.55/38.88')
Dolomite : CaMg(COs)2 Ca2+ + Mg2+ + 2CO|~ -18.06
Diopside : CaMgSi206 + 4 H+ Ca2+ + Mg2+ + 2 Si02 aq. + 2 H20 21.08
Enstatite : MgSi03 + 2H+ Mg2+ + Si02aq. + H20 11.47
Epsomite : MgS04 • 7 HaO Mg2+ + SO|- + 7 H20 — 2.142)
Forsterite : Mg2Si04 + 4H+ 2Mg2+ + Si02aq. + 2H20 28.15
Gypsum : CaS04 • 2 H20 Ca2+ + SOJ- + 2 H20 — 4.85
Huntite : Mg3Ca(C03)4 Ca2+ + 3 Mg2+ + 4C0|~ -30.52
Hexahedrite : MgS04 • 6 H20 Mg2+ + SOf- + 6 H20 -1.692)
Hydromagnesite : Mg4(C03)4(0H)2-4H20 + 2H+ 5Mg2+ + 4C0l~ + 6H20 — 9.82
Kenyaite : NaSi11O20 5(OH)4-3H2O + H+ Na+ +11 SiOaaq.+ 5.5H20 — 25.03)
Magadiite : NaSi,013(0H)3 • 3 H20 + H+ Na+ + 7 Si02 aq. + 5 H20 - 14.3
Magnesite : MgC03 Mg2+ + C02- — 7.91
Merwinite : Ca3Mg(Si04)2 + 8H+ 3Ca2+ + Mg2+ + 2Si02aq. + 4H20 68.57
Monticellite : CaMgSi04 + 4 H+ Ca2+ + Mg2+ + Si02aq. + 2 HaO 29.86
Nesquehonite : MgC03 • 3 H20 Mg2+ + CO|" + 3 Ha0 4.99
Periclase : MgO + 2 H+ Mg2+ + H20 21.48
Portlandite : Ca(OH)2 + 2 H+ Ca2+ + 2 H20 22.64)
Quartz (a) : Si02 Si02aq. -4.0s)
Rhodochrosite : MnC03 Mn2+ + C03- -10.54
Sepiolite : Mg4Si6015 • 7 H20 + 8 H+ 4Mg2+ + 6 SiOa aq. + 11H20 31.0
Talc: Mg3Si4O10(OH)2 + 6H+ 3 Mg2+ + 4 Si02 aq. + 4 H20 21.56
Tremolite : Ca2Mg6Si8022(0H)2+ 14H+ 2 Ca2+ + 5 Mg2+ + 8 Si02aq. + 8 H20 61.88
Wollastonite : CaSi03 + 2H+ Ca2+ + Si02aq. + H20 13.73

Al-bearing minerals

Analcime : NaAlSi206 • H20 + 4H+ Na+ + Al3+ + 2 Si02aq. + 3 H20 9.41
Boehmite : AIO(OH) + 3 H+ Al3+ + 2 HaO 8.78
Clinochlore (7 Â) : Mg5AlAlSi3O10(OH)8+ 16H+ 5Mg2+ + 2Al3+ + 3Si02aq.+

+ 12H20 70.81
Clinochlore (14 Â) : Mg5AlAlSi3O10(OH)8 +16 H+ 5 Mg2+ + 2 Al3+ + 3 Si02aq. +

+ 12H20 67.15
Clinozoisite : Ca2Al3Si3012(0H) +13 H+ 2 Ca2+ + 3 Al3+ + 3 Si02aq. + 7 H20 40.55
Diaspore : AIO(OH) + 3H+ Al3+ + 3 H20 7.93
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log K 25°,
1 bar

Gibbsite: Al(OH)3 + 3H+ Al3+ + 3H20 7.25
Grossular : Ca3Al2Si3012+12H+= 3Ca2+ +2 Al3+ +3SiOäaq. + 6H20 51.86
Mite: K0.6Mg0.26Al2.3Si3.6O10(OH)2 + 8H+ 2.3 AP+ + 0.6K+ +

+ 3.5Si02aq. + 5H2Ö 10.344)
Kaolinite : Al2Si206(0H)4 + 6H+ 2Al3+ + 2Si02aq. + 5H20 6.30
Laumontite: CaAl2Si4012 • 4H20 + 8H+ Ca2+ + 2 Al3+ + 4Si02aq. + 8H20 14.42
Ca-Montmorillonite : Ca0167A12 33Si3 87O10(OH)2 + 7.33H+ 0.167 Ca2+ + 2.33 Al3+ -|-

+ 3.67 SiÔ2aq! +4.67 H20 6.24)
K-Montmorillonito : K0 33A12 33Si3 87O10(OH)2 +7.33H+ 0.33K++ 2.33A13+ +

+ 3.67S'i02aq.-t-4.67H20 6.II4)
Mg-Montmorillonite : Mg0187A12 33Si3 67O10(OH)2 + 7.33H+ 0.167 Mg2f + 2.33 Al3+ +

+ 3.67 SiÖ2aq.'+4.67 H20 6.104)
Na-Montmorillonite : Na0 33Ala 33Si3 87O10(OH)2 + 7.33H+ 0.33Na+ + 2.33Al3+ +

+ 3.67 SiÔ2aq. +4.67 H2ö 6.354)
Phlogopite: KMg3AlSi3O10(OH)2+ 10H> K+ + 3Mg2+-(- Al3++ 3 Si()2aq.+

+ 6H20 40.46
Prehnite: Ca2AlAlSi3O10(OH)2+10H+ 2Ca2+ +2 Al3+ +3 SiOaaq. +

+ 6H20 34.73
Wairakite: CaAi2Si2012 2H20 + 8H+ CaäT + 2 Al3+ + 4SiOaaq. + 6H20 17.8
Zoisite: 0a2Al3Si3O12(OH) + 13H+ 2Ca2+ + 3 Al34 + 3Si02aq. + 7 H20 40.59

Fe-bearing minerals

Ferroactinolite : Ca2Fe5Si8022(0H)2 + 14 H+ 2Ca2++ 5Fe2++ 8SiOaaq. + 8 HaO 36.32
Andradite: Ca3Fe2Si3012+12H+= 3Ca2+ + 2Fe2+ + 3Si02aq. + 6H20 24.98
Fayalite: Fe2Si04 + 4H+ 2Fe2 + Si02aq. + H20 15.31
Fe(OH)2 amorphous: Fe(OH)2 Fe2+ + 20H~ —15.092)
Fe(OH)3 amorphous: Fe(OH)3 Fe3+ + 30H~ — 4.985)
Ferrosilito: FeSi03+2H+= Fe2+-|-Si02aq. + H20 5.85
Goethite: FeO(OH) + H20 FeSi + 30H- -41.25)
Greenalite: Fe3Si2Os(OH)4+6H+= 3Fe2+ +2 Si02aq.+ 5H20 17.54e)
Hematite: Fe203 + 6H+= 2Fe3+-f 3HaO —4.05
Hedenbergite : CaFe(Si03)2 + 4H+= Ca2+ + Fe2+4-2Si02aq. + 2H20 15.56
Magnetite: Fe304 + 8H+= Fe2+ + 2Fe3+ + 4H20 3.83
Minnesotaite : Fe3Si4O10(OH)2-h6H+= 3Fe2+ + 4Si02aq. + 4H20 7.246)
Pyrite: FeS2 + HaO Fe2+ + 0.25SO2" +1.75HS- f-0.25H+ -26.88
Siderite: FeC03 Fe2+ + CO!~ -12.73

1 Retrieved from Johannes (1975) with data of Helgeson, Delany and Nesbitt and the
condition that antigorite is stable with respect to talc and chrysotile only above 200° C at one bar.
2) Fritz (1975). 3) Droubi et al. (1976). 4) Helgeson (1969). 5) Trtjesdell and Jones (1974).
6) Provisional, Helgeson, personal communication 1976. ') Hypothetical chrysotile-asbestos.
8) Waether and Helgeson (1977).

Appendix 4A

Saturation state of known waters issuing from ultramafic rocks with respect to Mg-
Ca-minerals, expressed as A(AG), in kcal, from equilibrium value

(cf. appendix 1, part D)

Numbers on top correspond to spring localities in table 1, except 24 and 25, which
correspond to the final computed fluid solutions for peridotite and serpentinite dissolution by
an originally carbonate-bearing fluid (see text). + : supersaturation ; — : undersaturation.
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Appendix 4B

Saturation state of some "ultramafic" waters with respect to some Al-bearing phases

Sample number
Mineral 16 18 19 20

Laumontite -12.19 - 3.94 - 5.70 - 7.84
Gibbsite - 0.55 + 0.21 - 0.13 - 0.90
Analcime -11.13 - 6 77 - 7.44 - 9.20
Kilt iliiutc - 8.90 - 3.81 - 5.36 - 7.77
Na-Montmorillonite -17.99 - 9.55 -11.93 -15.26
Muscovite -11.90 - 4.08 - 6.42 - 7.53
Illite -14.34 - 6.39 - 8.52 -10.51
Zoisite - 2.43 + 4.51 + 3.27 - 0.006
Prehmte - 3.70 + 2.41 + 1.63 - 0.82
Phlogopite + 6.61 f 10.11 + 12.12 + 9.59
K-Montmonllonite -18.31 - 9.85 -12.39 -14.86
Ca-Montmorillonite -17.12 - 8 76 -11.23 -14.48
Mg-Montmorillomte -17.49 - 9.19 -11.60 -15.05
Wairakite -16.91 - 8.55 -10.51 -13.54
Clmozoisite - 2 37 + 4.57 + 3.33 + 0.06
Diaspore - 1.52 - 0.72 - 1.14 - 1.95
Boehmite - 2.69 - 1.87 - 2.33 - 3.15

7Â Clmochlore + 12.79 + 15.14 + 19.01 + 11.31
14Â-Clmochlore + 17.77 + 20.15 + 23.97 + 16.24
Grossular - 0.32 + 5.40 f 5.26 + 2.94

Appendix 4C

Saturation state of some "ultramafic" waters with respect to Fe-bearing phases

Sample number
Mineral 12 15 22 23

Goethite + 0.71 + 2.27 + 2.44 + 2.86
Fe(OH)a am. - 5.06 - 3.52 - 0.41 + 0.18
Fe(OH)3 am. - 4.87 - 2.90 - 1.98 - 1.55
Pyrite -25.25 -24.39 + 14.86 + 16.81
Magnetite + 10.94 + 15.63 + 18.98 + 20.41
Hematite + 9.13 + 12.24 + 12.41 + 13.26
Siderite + 1.69 + 2.51 + 3.51 + 3.91
Ferroactmolite + 9.97 + 13.42 + 46.62 + 55.50
Fayalite - 0.48 + 1.95 + 9.80 + 11.76
Mmnesotaite + 8.98 + 10.76 + 26.38 + 31.30
Andradite f 7.05 + 10.10 + 22.69 + 25.36
Hedenbergite - 0.87 - 0.06 + 8.73 + 10.71
Greenalite + 4.38 + 7.68 + 20.38 + 23.72
Ferrosilite - 0.13 + 0.71 + 5.38 + 6.75

Appendix 4 D

Saturation state with respect to some hypothetical solid solution minerals compared
with pure end members

Data used: An ideal model was assumed for forsterite-fayalite, tremolite-ferroactmolite,
talc-mmnesotaite and chrysotile-greenalite. A regular model was used for calcite-dolomite.
For the latter the following rather hypothetical "solvus" data was used for 25° C, 1 bar:
Xdoi 0.02-0.99 with the following Margules parameters (cf. appendix 1, part D) :

W; - 12,708, - 7,990.
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Sample
number Solid solution series (ss), A (A G) in kcal

forst.-fay.
Xfay.
d(dG)ss
A (A G)fay.

trem.-ferroact.
Arerroact.
d(dG)ss
A (A G)ferroact.

talc-minnes.
-Xminnes.
A (A G)ss
A (A G)minnes.

ehrys.-green.
Agreen.
d(dG)ss
A (A G)green.

ealc.-dolom.
Adolom.
A (A G)ss
A (A (' )do 1 om.

12 0.99992 0.9998 0.94 0.89 1.0

- 0.48 + 9.97 + 8.98 + 4.38 + 1.95
— 0.48 + 9.97 + 8.95 + 4.31 + 1.95

15 1.0 1.0 0.94 0.89 1.0

+ 1.95 + 13.42 + 10.80 + 7.75 + 2.35
+ 1.95 + 13.42 + 10.76 + 7.68 + 2.35

22 1.0 - 1.0 1.0 1.0

+ 9.80 + 26.38 + 20.38 + 1.05

+ 9.80 + 26.38 + 20.38 + 1.05
23 1.0 - 1.0 1.0 1.0

+ 11.76 + 31.3 + 27.72 + 1.0
+ 11.76 + 31.3 + 23.72 + 1.0

Sample 2—11, 13. 14, 21* The only solid solutions which could form are carbonates (because
there is no Fe in the fluid). A check resulted in supersaturation with pure dolomite-end member
for all samples except for No. 2, which showed supersaturation with practically pure calcite.
Appropriate A {A G)-values can be found in appendix 4 A.

Appendix 5

Basic assumptions of program PATH

A. The program essentially simulates what hypothetically happens if a certain rock
type (to be specified at the outset) is titrated, i.e. added in small amounts, into a fluid
solution of a certain initial composition which is also specified at the outset.

B. It simulates this - as a whole, irreversible (initial rock is out of equilibrium with
the initial fluid solution) - process with small steps which hold the solution in internal
homogeneous equilibrium and as soon as saturation with one or more minerals is achieved
or lost, the program is set up to precipitate or dissolve these minerals at partial or local
equilibrium.

C. The calculation is carried out with a similar type of equation system for mass,
electrical charge and mass action laws as in program SOLSAT, but written in terms of
differentials like drm/df, dx^/df (where mi: molality, x^ : grams of a mineral relative to
1000 g H2O, £ : progress or reaction variable, see short summary in Helgeson, 1971,

p. 460). The progress variable, which is proportional to the amount of original reactant
rock already dissolved, is increased in steps and after each a redistribution of aqueous
species and a saturation check are made, as in program SOLSAT.

D. The calculated mass transfer from rock to fluid solution and from there to newly
formed minerals is always relative to 1000 g of water.

E. The solution is assumed to be homogeneous, i.e. no compositional gradients nor an
explicit transport equation for diffusion, bulk transport or both have been considered. The
rate limiting step (with respect to f) is the irreversible dissolution process, i.e. it is

implicitly assumed, that equilibrium in the solution and between the solution and minerals
precipitating therefrom is reached at least as quickly as the dissolution process evolves
(Helgeson et al., 1970).

Manuscript received October 28, 1977.
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