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Sechweiz. maneral. 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 (Zirich)*)

Abstract

Subsurface waters issuing from ultramafic rocks all over the world show unusually high
pH values. Two eompositional groups can be distingunished : (1) high Mg and 8i, carbonate
as the dominant anion, pH 9-11, found both in peridotite and serpentinite areas (Mg-
HCOs-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 super-
saturated with respect to most low temperature Mg- and Ca-Mg-silicates (chrysotile, tale,
sepiolite, diopside, tremolite, ete.). Their relatively narrow composition range can never-
theless be explained with buffering by silica and carbonate minerals for Mg-HCO3z-waters,
and by forsterite, in part by enstatite, a Ca-silicate and a hypothetical high soluble serpen-
tine phase for Ca-OH-waters. Observed water compositions can be reproduced by a quan-
titative 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 COz, (3) Mg-HCOj3-
waters can form by two different mechanisms: through interaction with & serpentinite rock
close to the surface or through mixing of a Ca-OH-water from a peridotite with atmo-
spheric CO2 and subsequent calcite-precipitation, (4) Ca-OH-waters can form by dissolu-
tion of a Ca-bearing peridotite, either directly from COz-poor rainwater or through a
Mg-HCO3- stage by loosing COz through carbonate mineral precipitation. High Ca reflects
the inability to reach clinopyroxene- or calcite-saturation (disequilibrium and lack of COz
respectively). Ca-OH-waters represent a highly metastable state and are therefore less com-
monly found in nature.

A. Introduction

Various field and phase equilibrium studies in metamorphosed ultramafic
rocks have shown that already a few percent CO, in a H,0-dominated fluid are

*) Institut fur Kristallographie und Petrographie, ETH-Zentrum, CH-8092 Ziirich,
Switzerland.
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sufficient to dissolve anhydrous and hydrous silicates and convert them into
carbonate minerals and more silica-rich phases (GREENW0OD, 1967 ; JOHANNES,
1969 ; TrRoMMSDORFF and Evaxs, 1977). Furthermore, the occurrence of hydro-
gen gas at some spring localities in ultramafic 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 concentra-
tions like Ht, OH—, Mg, Ca (free ions and complexes), Si0,, ete., which are un-
doubtedly present in these fluids in the whole range of metamorphic conditions
(HerLgEson, 1967, 1970; EUuGsSTER, 1977).

There are four major methods to provide more data on these fluid solution
parameters in metamorphic ultramafic rocks: (1) experiments involving min-
erals and fluid solutions (see references in Mooby, 1976; Pory et al., 1972;
HeMLEY et al., 1977a, 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 thermody-
namic theory of electrolyte solutions (HeLerson and Kirkwam, 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 increas-
ing association of free ions to ion pairs or complexes and the (normally) decreas-
ing log K-values for silicate hydrolysis equilibria (HeLcESON and KirRkKHAM,
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
BArxEs et al. (1972). First, all available geological and chemical data on sur-
face and subsurface waters issuing from ultramafic rocks are compiled and com-
pared. Second, an equilibrium model for the aqueous fluid is used for a satura-
tion 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 ultramafies

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 dis-
tinguished : (1) sample 2-15 with pH 9-11, carbonate present, high SiO,- and
Mg- and low Ca-contents (Mg-HCO;-waters, BArRNES and O’NEIL, 1969), (2) sam-
ple 1 and 16-20 with pH 11-12, no carbonate present, low SiO,- 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 CO, 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 (BARNES 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-ClI-HCO,-
waters).

D. Saturation state of the waters (equilibrium meodel 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 (BarNEs and CLARKE, 1969; SOL-
SAT: Leerer, 1969, HrrLgeson et al., 1970; SOLMNEQ: KuArARA and
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Table 2. Chemical analyses of high pH-waters as totals in mg/liter 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. 8. PrRESSER, chemist U.S.

Geol. Survey, Menlo Park, California; analyses 2-5: EAWAG, Diibendorf, Switzerland (done with

standard analytical methods similar to those in chapt. 27 of Schweizerisches Lebensmittelbuch, 1972).

Remarks: 1) 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/l COZ-,

0. Hogr, Univ. Bern, pers. communication 1974). ?) Determined on the basis of the calculated
species distribution. *) Temperature used to calculate species distribution.

Temp. Ca?+ Mg+  Na+t K+ Cl- S0 H,S COZ-

No. Name pH [°C] [milligrams/liter]
1 Val Plavna 10.8 6 63 0.14 29 1.5 49 44 NA 102%)
2 Senevedo 10.61) 8.7 8.4 0.24 119 6.7 81 9 NA 122
3 Franscia 1 9.11%) 4 8.16 116.7 1.1 0.57 3.4 21 NA 551
4 Franscia 2 9.0 5 12.0 77.82 7.3 1.6 iz 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 8.971) 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 26 NA 271
9 BSoldiers
Delight 7.9 15 3.04 31.8 1.16 0.3 23 19.8 NA 138
10 Dyer Quarry 8.76 15 54 25 1.7 0.4 34 95 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 8.871) 23.5 2.9 40 3.6 0.2 58 0.4 NA 215
14 John Day
Ray Ranch 7.841) 144 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 11.54%) 20 40 0.3 19 1.1 6.3 0.4 NA 0
17 Cazadero B 11.774) 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 o
19 Red Mountain
Adobe Canyon 11.78%) 15.6 48 0.4 40 11 32 1.4 NA 0
20 Red Mountain
Blackbird
Valley 12.01Y) 10.6 51 0.06 22 0.54 26 0.6 0.1 0
21 Complexon
Spring 12.071) 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 7,600 132 74 4,270

23 Aquade Ney 10.9 10 0.6 0.3 11,300 220 7,500 123 430 6,025
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Fe+ Mn?+ Al

0 NA
<0.02 <0.01
< 0.02 0.01
<0.02 <0.01
< (.02 0.01

NA 0

0 0.01

NA NA

NA NA

NA NA

NA NA

0.01 0.02

0 0.04

0. 0.02

0.02 0.0

0 0.02

0 0.05

0 0.01

0 0.02
< 0.5 0

0 NA

0.13 NA

0.3 NA

8i0, OH-
[milligrams/liter]

0 43 36
0 34 2
0 5 0.053)
0 4 0.049)
0 0.6 0.029)
0 31 .28
0 17 0.08
0 31 0.029)
0 21 0.0083%)
0 14 0.053)
0 10 0.083)
0 22 0.031
0 54 0.123
0 32 0.006
0 5.7 0.12
0.2 0.4 42.8
Q 0.3 62.3
0.7 5.9 50.5
0.4 5.2 51.9
0.1 3.2 57.0
NA 24 92
NA 765 4.8
NA 4,000 6

B

NA
NA
NA
NA
NA
0.4

2.3

NA
NA
NA
NA

0.1
0.02

0.06
0.02
0.01

0.1

0.1

0.06

20
130

303

NH,

NA
0.8
0.73
4.65
0.12
0.17
0.1
1.86

0.32
1.59
2.41
0.23

0.01

0.19
0.1

0.2

0.2

0.21

210
121
169

0,aq. log pCO,?)

< 0.5

7.8
11.1
NA
NA
NA
NA
NA

NA
NA
NA
NA
NA

NA

NA
NA
NA

NA

NA

NA

NA
NA
NA

Caleul.
[p in bar]
—6.58%)
—6.04
—3.58
—2.52
—3.62
—2.96
—3.02
—2.98

—2.85
—3.78
—3.47
—2.53
—3.57

—2.43

—3.30
O
0

—8.66
—5.34
—5.54

Calcul.
ionic strength 3)
[mole/kg H,0]

6.2 < 103
6.9 103
1.2 102
9.4 < 10-3
5.7x 1072
2.3 x 1072
2.2x 102
6.9 1072

4.3 x 103
3.5 x 103
7.7x1073
9.9x 1073
4.9%x10-3

7.8x 1073

1.1 x10-2
3.8 x10-3
6.1 <103

4.0 103

5.3x 1073

6.0 1032

5.2x 101
3.6x 107t
5.0x 10t

367

Temp.
calc.?)
[°C]

5
10
5
5
0
25
15
15

15
15
15
25
25

15

20
20
20

256

15

10

10
10
10
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Barngs, 1973; WATEQ: TRUESDELL and JoNEs, 1974, PLUMMER, TRUESDELL
and Joxes, 1976; EQUIL: Frirz, 1975, Drourl, Frirz and Tarpy, 1976;
EQ3: WALTERS and WoLERY, 1975). Here, SOLSAT was used, in order to be
consistent with the program for the numerical treatment of dissolution pro-
cesses, 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 Na(Cl as the supporting electrolyte,

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

9 3 19
Soldiers Franscia 1 Red Mountain
Delight Adobe Canyon
Al 0.29 0.57 1.3 x 1022
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
8i0, aq. 20.65 4.04 0.04
HS- < 10-10 < 10-10 <1010
80%- 17.85 17.98 1.23
CcOz- 0.46 20.81 -
Cl- 5.32 3.40 45.12
OH~ 0.006 0.03 47.01
H+ 1.4 % 10-% 8.8x 108 1.79 x 10-*?
KSOy 9x10-¢ 0.001 2% 104
NaCl° 5% 10-% 4 % 109 0.02
NaCO; 3x10-% 0.006 -
NaSO7 0.007 0.005 0.02
CaCO? 0.004 2.69 -
CaHCOj; 0.14 0.63 -
CaSOj 0.22 0.37 0.22
Ca(OH)* 2x10-% 1.6 104 2.16
MgCO; 1.21 112.0 —
MgHCOF 0.74 3.01 -
MgSO; 2.23 3.43 0.001
Mg(OH)+ 0.005 0.05 0.28
MnSOj; - 3101 6x 108
H,S8i0, 0.54 1.52 8.2
HSO; 1x10-5 7> 10-7 1x 1010
52— <1010 < 1¢-10 < 10-10
H,S8° < 10-10 <10-10 <1010
HCO; 134.34 453 =
H,CO¥ 3.68 0.78 —
HCl < 1010 < 1010 < 10-10
Al(OH)2+ - - 6.5 1018
Al(ORH)y = = 1.41
AlISO} - - 10-20
pCO, 1028 1038 0

pO, 10-%5 10-s8 1058
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Table 3 B. 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 Al 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 X — o
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 0007 O — - 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 in-
fluenced by organic activity at low temperature) instead of O, aq.-measure-
ments and the calculations are only done for a discrete P, T-net (5°-25° C inter-
valls).

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 hy-
drates (TavLOR, 1968; HARNIK 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 substi-
tuts for any type of Ca-silicate.

2. RESULTS OF THE SATURATION TEST

General remarks: Three typical calculated species distributions and the cal-
culated complexing of all waters are given in table 3. The results of the satura-
tion test are given in table 4 (details in appendix 4). Because of the many un-
certainties in this approach (reaction of water when reaching the surface, chemi-
cal analysis, equilibrium assumption for the fluid, thermodynamic data, espe-
cially activity coefficients), a deviation of up to 1000 cal/mole for 4(4Gy) (ap-



H.-R. Pfeifer

370

Table 4. Summary of observed saturation states of waters isswing from ultramafic rocks with

respect to Fe-Al-free phases

Compare with appendix 4. (O : close to saturation, @: supersaturation, empty: undersaturation.
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Fig. 1. Calculated free silica- and Mg-activities of 23 Fig. 2. Calculated free Ca?*-. and
“ultramafic”’ water samples and their relative satura- Mg?t-activities and some carbonate
tion state with respect to Mg-silicates, shown on a mineral saturation lines. As the
logarithmic activity diagram. Note: The saturation shown points correspond to differ-
lines are drawn for a mean temperature (15° C) and do ent temperatures and fgo.-values,
only in some cases correspond exactly to the measured the shown lines, which are for
temperatures of the waters (open symbols). The size fco, = 10725 bar, 15°C, only cor-
of the symbols corresponds to tho estimated analytical respond exactly to the open sym-
uncertainties. There are obviously. two major groups bols. For other conditions, the lines
of compositions: one close to the saturation lines of wottld show parallel displacement.

silica minerals (Mg-HCO,-waters) and one close to

forsterite saturation (Ca-OH-waters}. Mean ground-

water compositions from other rocks plot, with a few
exceptions, at lower aMgz+/a®H +-rations.

pendix 1 and 4) was allowed for saturation. Unfortunately I'e- 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 distinet saturation conditions, however, in part metastable
ones.

Mg-HCO4-waters (sample 2-15) seem to have their composition determined
by being close to saturation with respect to silica minerals, like quartz, chal-
cedony and amorphous silica (possibly determining Si0,) 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 carbon-
ate content varies considerably (log pCO, in table 2). About half of the samples
seem to be close to equilibrium with atmospheric CO, (log pCO, ~ — 3.5), others
seem to be determined by organic activity (log pCO, > — 3.5). In sample 12 sat-
uration with goethite seems to determine the Fe-content. However, most sam-
ples are strongly supersaturated with respeect to common hydrous Mg- and Ca-
Mg-silicates of ultramafic rocks, such as serpentines, tale, 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, SiO, 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 monticeilite.

Na-Ci-HCO ;-waters (sample 21-23) usually stem from contacts with other
rock types and exhibit less clear saturation conditions. As outlined by BARNES
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 dis-
tinctly 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 O, aq. measurements or simultaneous SO%- and HS~ determinations
are available for the considered waters. Most Mg-HCO,-waters are probably
saturated with atmospheric O, which had access after they reached the surface.
This effect also keeps soluble Fe?* often below the detection limit (0.02 mg/1).
However, the few cases in which the redox state could approximately be cal-
culated from SOj/HS- data (sample 18, 20, 22, 23: pO, between 10-7% and
1078% bar) and the fact that H, 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:

3 Fe,Si0, (in Olivine) + H,0 = Fe 0, (in spinell) + 3 FeSiO, (in opx) + H, (gas)

assuming the presence of magnetite (R. GARRELS, pers. communication). If data
from HELGESON, DELANY and NESBITT (1977) are used, the calculated pH, is
about 10-2 atm and pO, about 10-% atm (no correction for solid solution made).
High SO}~ contents in the Mg-HCO,-waters could be the product of pyrite-
oxidation.
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3. CONCLUSIONS FROM THE SATURATION TEST

Both the Mg-HCO, and the Ca-OH-water type are potentially able to pre-
cipitate 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 McBRripgE, 1976) and silica-car-
bonate rocks (magnesite-opal/chalcedony, e.g. BopENLOS, 1949; BARNES et al.,
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 alt 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 cer-
tain 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 chryso-
tile. 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 precipi-
tates 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 sili-
cates, 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 fine-
grained 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 equi-
librium point with a fine-grained impure serpentine phase such as chrysotile-
asbestos. As will be shown later, such a displaced saturation boundary for ser-
pentine could nicely explain the evolution of high pH-waters through dissolu-
tion of adjacent ultramafic rocks. Therefore, the hypothetical phase “chryso-
tile-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
“altramafic” fluids

1. INTRODUCTION
(SIMULATION OF DISSOLUTION AND MIXING PROCESSES)

As most of the investigated Mg-HCO,- and Ca-OH-waters are of local mete-
oric origin, it seems reasonable to look at a water-rock interaction process, in
which surface water (e.g. rain-water with low or high CQ,, 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-HCO,"’-stage
close to surface where air still influences the dissolution process. On the other
hand, Mg-HCO,-waters can be explained as Ca-OH-waters equilibrated with
atmospheric CO, and O,. 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, HELGESON, 1968, HELGESON et al.,
1970, HELagESON et al., 1971; analogue to program DISSOL, Frirz, 1975;
DrovBt, Fritz and Tarpy, 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, CO,-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 par-
tial (local) equilibrium among fluid spectes and new forming (precipitating) min-
erals during the dissolution process, i.e. a stable equilibrinm 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 equilib-
rium (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 con-
centrations are concerned. The mean rain water composition of GARRELS and
MackEeNnzIE (1971) has been modified for this purpose in the following way:
COZ- and SO%~ (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-peridotites

R 1 1009 forsterite R 5 909 forsterite, 89, enstatite, 29, diopside
R 2 1009 chrysotile R 6 709 forsterite, 109, enstatite, 209, diopside
R 3 1009, enstatite R 7 809 forsterite, 109, enstatite, 109, diopside
R 4 1009 tale

Model-serpentinites

R 8 909 chrysotile, 109, diopside

R 9 859 chrysotile, 59, diopside, 109, brucite

R 11 709, chrysotile, 309, diopside

Sligthly serpentinized peridotites (model)

R 10 709, forsterite, 159, chrysotile, 59, diopside, 109, brucite

Table § B. Fluid compositions which were used as initial solutions in dissolution calculations
(with program PATH 3), mg/l

F11) F22) 733 F43) Fs54 F65) F76)

pH 5.7 5.7 5.7 5.7 5.7 5.9 6.5
Ca2t 1.3 1.3 1.3 1.3 1.3 1.3 40
Mpg2+ 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
Cl- 20 20 20 20 20 20 20
80% 15 15 15 15 15 15 15
HS- 3.3x10-% 3.3x10-% 3.3x10"% 3.3x10% 3.3x10% 3.3x10% 3.3x10-*
Cco%- - 3 10 30 246 1,436 246
Si0, aq. 6x10-8 6 x 10-8 6% 10-0 6 x 109 6x 108 6x 108 0.6

1) No COy4. %) Very low CQOjg. 3) Low COy. ) Medium CO,4 observed in ‘‘ultramafic’’ waters. %) Maxi-
mum CQOj; observed in “‘ultramafic’” waters. ¢) Similar to mean river water according to STumMM
and Moraan (1970).

Table 5 C. Rock-fluid pairs for which dissolution processes have been calculated, based on the
stmple model, not considering supersaturation

CO;-bearing fluids

COg-free fluids Monomineralic rocks Composite rocks
RI/F1 R1/F2 R2/F2 R5/F2 Rg/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
RG/F1 R3/F3 R4/¥3

R3/F4 R4jF4
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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 con-
tents 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 condi-
tions, it nevertheless shows the ideal behavior and allows a better understand-
ing of the influence of the above mentioned control factors. Of the many runs
performed (table 5c¢), only those for model-peridotites and model-serpentinites,
dissolved by solutions of different CO;-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 CO,-contents in the initial fluid moves reaction paths to higher
amg?t/agt2-ratios and to lower agjg,-values. As a consequence, calculated paths
with CO,-contents equal or less 10 mg/l (F1, F2, F3, table 5) did not lead to
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Fig. 3. Simple dissolution model, supersaturation not considered: calculated reaction paths for

composite model rocks reacting with fluids of different CO;-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: ce 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 3i0, conserved in the solid phases). For carbonate abbre-
viations see fig. 3. A: peridotite model rock (R 5), B: serpentinite model rock (R 8).
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Fig. 5. Simple dissolution model, supersaturation not considered : pH at the appearance of different
minerals as a function of the COj-content in the fluid solution. A: peridotite, B: serpentinite.

quartz nor to carbonate mineral saturation, but directly to tale- 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/fiuid 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 super-
saturated 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 suech “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 de-
creased 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 4A.
The first one, the model peridotite dissolution, offers a possibility how, first of
all, Mg-HCO,-waters can develop from peridotite interaction (stage A-D in
table 6 and fig. 7) and secondly how Ca-OH-waters develop from Mg-HCO;-
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 en-
riched in calcium because diopside is still dissolving (though eventually super-
saturated). When forsterite saturation is reached, then only enstatite and diop-

20°C,1bar
PERIDOTITE Fig. 6. Second dissolution model, supersatu-
DISSOLUTION ration considered: calculated reaction paths

~

WOLLASTONITE IN

o BEGINNING for the dissolution of a peridotite model rpck
a STEADY-{ by a carbonate bearing fluid (245 mgfliter

VOIS 'HdHOWY

20+
H 11.9 .
GRLIE L STATE CO%-, F5/R5, full line in figure) and by a
“CIV(I)TS%?(’M carbonate-free flutd (F1/R5, dashed line in

figure). Shaded symbols correspond to ob-
served 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 Nav-
MEGNESIE rore I Mov’s value for enstatite in TARDY and GAR-
RELs (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-agbestos’ 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 digsolution process of fig. 6 and
table 6, shown as a function of reaction progress
(£). Vertical lines point to very smalil amounts
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carbonate bearing solution
(F'5 in table 5) as a function
of reaction progress. Letters
at the bottom refer to impor-
tant events {appearance and
disappearance of phases) also
marked in fig. 7 and table 6.

side are dissolving, adding more silica than magnesium to the solution and
driving its composition away from forsterite saturation, back towards Mg-
HCO,-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
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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-HCO,-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 cal-
culated total carbonate (as COZ%™) 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 CO, is usually added to such water
before it reaches the rock. Such a carbonate-free dissolution path is neverthe-
less 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 CO2%~-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-HCO;-type, Ca and pH have to be low-
ered, CO5, Mg and SiO, increased. One possible back reaction was mentioned
above (addition of CO,). 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 CO, had to be added in order to reach (1) equilibrium with
the atmosphere (pCO, &~ 10-35) and (2) saturation with calcite at pH = 9, the
average value for Mg-HCO,-waters. E.g. for sample No. 20 (Red Mountain,
Blackbird Valley), a CO,-input of about 300 mg/l and 100 mg calcite precipi-
tation per liter was calculated. Through the strong pH-drop caused by adding
CO,, the solution even reached approximate saturation with quartz. The cal-
culated new solution composition is as follows: pH 9.0, Ca 1.43, Mg 0.06, Na 22,
K 54, Cl 26, 8O, 0.5, CO, 370, Al 0.1, Si0O, 3.2, pCO, 10-35_ The correspondance
with some of the Mg-HCO,-waters is good except for Mg and Si0, 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
Si0,. The effect of Fe is probably, as outlined above, limited on the redpx state
of the fluid. What kind of réle silica minerals and chrysotile-asbestos really play
during these processes could only be revealed through careful studies of deposits
on cracks ¢nside 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: CO,-
bearing waters (Mg-HCO,-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). CO,-free waters
(Ca-OH-type) are usually determined by metastable equilibrium with anhy-
drous Mg- and Ca-silicates (forsterite, enstatite, wollastonite).

The unusual high pH-values of both water types are due to the special posi-
tion of these equilibria in the high pH-region. Subsurface waters from other
rocks do usually not reach that high pH-values because their appropriate satu-
ration 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-HCOgz-water which can either stem from ser-
pentinite dissolution or from mixing of a Ca-OH-water with atmospheric CO,
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, O, low, CO,-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
Barnus 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 con-
cluded. 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 ser-
pentine-tale, 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 (HELcEsON and KIRKHAM,
1976, fig. 2) will probably lower the pH of fluids in ultramafic rocks by 3 to 5
units for such conditions.

Acknowledgement

I wish to thank V. TROMMSDORFEF, who encouraged me to undertake this study. His
field assistance in Val Malenco is also gratofully acknowledged. Without the computer
programs and data compilations of H. C. HeLcEsON’s group in Berkeley, this study could
not have been undertaken. Critical reviews and discussions with R. GARRELs, I°. PFEIFER,
W. StumMm, A. B. THoMPsSON, V. TROMMSDORFF and A. ZINGG contributed and clarified a
lot. H. ZoBrisT in W. StumMM’s water research group (EAWAG Diibendorf, Switzerland)
supervised the analytical procedures and provided instruments for field measuremonts.
I. BARNES introduced me to the Californian springs on a inspirating field trip and con-
tributed many helpful ideas. O. Hé6L, Berne, drew my attention to the Val Plavna spring.
J. P. Fanzun, Tarasp, assisted during sampling there. This work was supported by the
Schweizerische Nationalfonds (grant No. 2.616-0.76). The Zentenarfonds of ETH-Zirich
provided funds to publish this manuscript. Their support is gratefully acknowledged.

References

Barngs, [. and F. E. CLARKE {1969): Chemical propertics of ground water and their cor-
rosion and encrustation effects on wells. U.S. Geol. Surv. Prof. Pap. 498-D, 58 p.

Barngs, 1. and J. R. O’NEIL (1969): The relationships between fluids in some fresh alpine-
type ultramafics and possible modern serpentinization, Western United States. Geol.
Soc. Am. Bull. 80, 1947-1969. |

— (1971): Calcium-magnesium carbonate solid solutions from Holocene conglomerate
cements and travertines in the Coast Rangc of California. Geochim. Cosmochim. Acta
35, 699-T718.

Bagrxes, 1. et al. (1972): Metamorphic assemblages and the direction of flow of metamor-
phic fluids in four instances of serpentinization. Contr. Min. Petrol. 35, 263-276.

— (1973): Silica-carbonate alteration of serpentine: Wall rock alteration in mercury de-
posits of the Californian Coast ranges. Econ. Geol. 68, 388-390.

BoprnLos, A. J. (1950): Geology of the Red Mountain magnesite district, Santa Clara and
Stanislaus counties, California. Calif. Jour. Mines and Geol. 46,.223-278.

Bucrer, K. und H. R. Prrirer (1973): Uber Metamorphose und Deformation der 6st-
lichen Malenco-Ultramafitite und deren Rahmengesteine. Schweiz. mineral. petrogr.
Mitt. 53, 231-242.

BuTLER, J. N. (1964): Ionic equilibrium. Addison Wesley, Reading, Mass., 547 p.

Caniscu, J., A. Evesrer und E. WENK (1968): Erliuterungen zum Blatt 44, Scuol/Schuls-
Tarasp, Geol. Atlas Schweiz 1: 25000, Schweiz. Geol. Komm.

DE QUERVAIN, F. (1976): Dolomit, Aragonit und Magnesit im Serpentin von Tarasp.
Schweiz. Strahler, 89-95.



A Model for Fluids in Metamorphosed Ultramafic Rocks 385

Drousi, A., C. CHEVERRY, B. Fritz et Y. Tarpy (1976): Géochimie des eaux et des sels
dans les sols des polders du lac Tchad: Applications d’un modéle thermodynamigue
de simulation de ’'évaporisation. Chem. Geol. 17, 165-177.

Drousr, A., B. Fritz et Y. Tarpy (1976): Equilibres entre minéraux et solutions. Pro-
grammes de caleul appliquds a la prédietion de la salure des sols et des doses optimales
d’irrigation. Cah. ORSTROM, Sér. Pédol 14, 13-38.

Buester, H.P. (1977): Compositions and thermodynamics of metamorphic sclutions. 183—
202, in D. G. Fraser (ed.), Thermodynamics in geology. Reidel, Dordrecht, Holland,
410 p. ‘

Freanmanw, H. (1919): Der schweizerische Bergbau wihrend des Weltkrieges. Kitmmerly
& Frey, Bern, p. 284—-287.

Forx, R. L. and E. F. McBripar (1976): Possible pedogenic origin of Ligurian ophicaleite:
A mesozoic¢ calichified serpentinite. Geology 4, 327-332.

Frrrz, B. (1975): Etude thermodynamique et simulation des réactions entre minéraux et
solutions. Application & la géochimie des altérations et cdes eaux continentales. Thése
Univ. Strasbourg, 152 p.

GARRELS, R. M. and F. T. MackeEnzIE (1971): Evolution of sedimentary rocks. W. Norton

Co., New York, 397 p.

Gramaccronr, C. M. (1962): T mincrali valtellinesi nella raccolta di Pietro Sigismund.
Milano, 179 p. '

GrEENwWOOD, H. J. (1967): Mineral equilibria in the system MgO-SiOz2-HoO-CO3, p. 542—
567 in: P. H. Abelson (ed.): Researches in geochemistry : vol. 2. John Wiley and Sons,
New York, 663 p.

Harnix, A. B. und ¢. HarNTK (1876): Tobermorit, eine Modellsubstanz fiir synthetische
Kalziumsilikathydrate. Schweiz. mineral. petrogr. Mitt. 56, 145-160.

Hrrarsown, H. C. (1967): Solution chemistry and metamorphism, 362-404, in: P. H. Abel-
son, ed., Advances in geochemistry, vol. 2, John Wiley, New York, 663 p.

— (1968): Evaluation of irreversible reactions in geochemical processes involving minerals
and agqueous solutions. I. Thermodynamie relations. (Geochim. Cosmochim. Acta 32,
853-8717.

— (1969): Thermodynamies of hydrothermal systems at elevated temperatures and pres-
sures. Am, J. Sc. 267, 729-804.

— (1970): A chemical and thermodynamic model of ore deposition in hydrothermal sys-
tems. Min. Soc. Amer. Spee. Pap. 3, 155-186.

— (1971): Kinetics of mass transfor among silicates and aqueous solutions. Geochim. Cos-
mochim. Acta 35, 421-469.

— (1974): Chemical interaction of feldspars and agqueous solutions, p. 184-217 in: The
feldspars, proc. NATO adv. Study Inst., Manchestor 1972, editors: W. S. Mackenazie,
J. Zussmanw. Manchester Univ. Press.

Hrrerson, H. C., T. H. Brown, A. Nicrint and T. A. Joves (1970): Caleulation of mass
transfer in geochemical processes involving aqueous solutions. Geochim. Cosmochim.
Acta 34, 569-592.

Herceson, H. C., T. A. JonEs, T. MuxpT, T. H. BrRown, A. NigrixnI, R. H. LEEPER and
D. H. KirkaAM (1971, ms.): PATH1 and databank PATDAT, program No. 1000,
eomp. library H. C. Helgeson, U. C. Berkeley, USA.

Hrreeson, H. C. and D. H. Kirxuam (1974a): Theoretical prediction of the thermo-
dynamic behavior of aqueous electrolytes at high pressures and temperatures: I. Sum-
mary of the thermodynamic electrostatic properties of the solute. Am. J. Sei. 274,
1089-1198, ‘

— (1974 b): Theoretical prediction of the thermodynamic behavior of aqueous electrolytes



386 H.-R. Pfeifer

at high pressures and temperatures: II. Debye-Hiickel parameters for activity coef-
ficients and relative partial molal properties. Am. J. Sci. 274, 1199-1261.

— (1976): Theoretical prediction of the thermodynamic behavior of aqueous electrolytes
at high pressures and temperatures: I1I. Equation of state for aqueous species at in-
finite dilution. Am. J. Sci. 276, 97—240.

Hrvreeson, H. C., J. DErLany and W. NEsBITT (1978): Summary and critique of thermo-
dynamie properties of rock-forming minerals. Am. J. Sei. (in press).

HeMmrey, J. J., J. W. MoNToYA, C. L. CERIST and P. B. HosTETLER (1977): Mineral equi-
libria in the MgQ-8i02-H20 system: I. Tale-chrysotile-forsterite-brucite stability rela-
tions. Am. J. Seci. 277, 322-351.

Hemiey, J.J., J. W. Mo~nTOoYA, D. R. SHAW and R. W. Luce (1977): Mineral equilibria in
the MgO-8i0Os-Hz0-system: II. Talc-antigorite-forsterite-anthophyllite-enstatite sta-
bility relations and some geological implications in the system. Am. J. Sei. 277, 353-383.

Hornoway, J. R. (1977): Fugacity and activity of molecular species in supereritical fluids.
161-181 in D. G. Fraser (ed.), Thermodynamies in geology. Reidel, Dordrecht, Hol-
land, 410 p. -

Johannes, W. (1969): An experimental investigation of the system MgO-Si0s-H20Q-COq.
Am. J. Seci. 267, 1083-1104.

— (1975): Zur Synthese und thermischen Stabilitit von Antigorit. Fortschr. Mineral. 53, 36.

Kuaraka, Y. K. and 1. BarNEs (1973): SOLMNEQ: Solution-mineral equilibrium com-
putations. U.S. Geol. Survey Computer Cont., NTIS report PB-215 899.

Kirkuam, D . H., J. V. WarTaER and J. DELANY (1975, ms.): SUPCRT, a Fortran I'V-com-
puter program to compute the thermodynamic properties of minerals, gases and aque-
ous species and/or equilibrium constants ete. at elevated pressures and temperatures.
Program No. 7402, Computer library H. C. Helgeson, U. C. Berkeley.

Leeprer, R. H. (1969, ms.): SOLSAT, a Fortran 1V-program to compute the distribution
of species in aqueous solutions and to define the extent to which the solution is sat-
urated or supersaturated with minerals. Program No. 0711, program library H. C. Hel-
geson, U. C. Berkeley.

Mooby, J. (1976) : Serpentinization, a review. Lithos 9, 125-238.

Nessirr, H. W. (1974, ms.): The study of some mineral-aqueous solution interactions.
Ph. D. Thesis, John Hopking Univ. Baltimore, 180 p.

PrvMmmEer, N. L., B. F. Joxes and A. H. TrugsDrLL (1976): WATEQF, a Fortran IV-
version of WATEQ, a computer program for calculating chemical equilibrium of natu-
ral water. U.S. Geol. Surv. Water-Resources investigat. 76-13.

Pory, B., H. D. HoLraxp and M. Boresik (1972): Solution-mineral equilibria in the sys-
tem MgO-8i02-H20-MgClz at 500° C and 1 kbar. Geochim. Cosmochim. Acta 36, 1101~
1113.

RoeppER, E. (1965): Liquid COg-inclusions in olivine bearing nodules and phenocrysts
from basalts. Am. Mineral 50, 1956—1982.

— (1972): Composition of fluid inclusions. U.8. Geol. Surv. Prof. Pap. 440-J.J: Data of
Geochemistry, 6th edition. 164 p.

Schweizerisches Lebensmittelbuch (1972): Chapter 27, Trinkwasser.

Stumm, W. and J. MoreaN (1970): Aquatic chemistry. Wiley Interscience, New York,
583 p.

Tar~NvzzER, CH. und U. GRUBENMANN (1909): Beitriage zur Geologie des Unterengadins.
Beitr. Geol. Karte Schweiz, Lf. 23, 245-248.

TarDY, Y. and R. M. GARRELS (1977): Prediction of Gibbs energies of formation of com-
pounds from the elements. IT. Monovalent and divalent metal silicates. Geochim. Cos-
mochim. Acta 41, 87-92.



A Model for Fluids in Metamorphosed Ultramafic Rocks 387

Tavror, H. F. W. (1968): The calcium silicate hydrates. Symp. Chem. Cem. Tokyo, sess.
2-1, 1-26.

TroMMsDORFF, V. and B. Evans (1977): Antigorite-ophicarbonates: Phase relations in a
portion of the system Ca(Q-MgO-3i0:-H20-CO2. Contr. Mineral. Petrol. 60, 39-56.
TrUESDELL, A. H. and B. F. Jongs (1974): WATEQ, a computer program for calculating

chemical equilibria of natural waters. J. Res. U.8. Geol. Surv. 2, n. 2, 233-248.
WALTHER, J. V. and H. C. HELcEsonN (1977): Caleulation of the thermodynamic properties
of aqueous silica and the solubility of quartz and its polymorphs at high pressures and
temperatures. Am. J. Seci. (in press).
WarTeRrs, L. J. and T. J. WoLERY (1975): A monotone sequence algorithm and Fortran IV -
program for calculation of equilibrium distributions of chemical species. Comp. Geo-
sci. 1.

Appendix 1

Basic assumptions and equalions used for the interprelation of natural water analyses
(species distribution model of program SOLSAT )

A. Biogenic influences are noglected.

B. The aqueous fluid is a dilute electrolyte solution consisting of the slightly polarized
solvent HaO 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 homoge-
neous equilibria among the chosen species (sce appendix 2) and is calculated by simul-
taneous solution of mass action squations for the chosen fluid equilibria, the electro-
neutrality equation and total mass equations (mass balances) for each of the involved
elements:

Z vidi =0, (1)
1
which is the conservation law for a chemical reaction process, where A;: mass or chemical
potential (only at equilibrium), v;: reaction coefficient, v = — |»| for reactants, » = |»| for
products.
4G; (P, T)= —RTIhK(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
4G, and K based on data given in HELeEsoN (1969).

K = 1T(yma)Vi = 1T(ai)2s (3)
E 1
expresses the mass action law, where K: equilibrium constant, i: index of aqueous species,
m;: molality (mole/kg H20), y;: individual ion activity coefficient, a;: activity.
Standard states used: For H20: a = 1 if pure, at any P and T. For COz, Oz, Ha, ete.:
ideal gas at P = 1 bar and T of interest, i.e. a = f/1, therefore azs = fpas (f: fugacity). For
aqueous species: hypothetical one molal solution at any P and T, i.e. y; — 1 if m; — 0.

ijzi =0 (4)
1
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is the electroneutrality equa\tion where z; is the electrical charge.
Miot, j = LAy (5)
1
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. '

Caleulation of yi ( Debye-Hiickel theory ) :

For ions:
A(P,T)z?il/2

e )= —iTé'TE(PTPTiT/z+b(P’T)1', (6a)

1.825 % 10¢ P,T
A(P.T) = PH,0 7,__)’ (6b)
Lerr.0 (P, T)T)372

B(P,T) = 50.292 x 108] pyp, 0 (P, T)]1/2 -
T [eq,0 (P, T) T2 ’

where ey, pH.0: dielectrie constant and density of HaO respectively, after HELGESON
and KirxkHAM (1974Db), &;: 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 in-
dependant of species other than NaCl, i.c. taken for pure NaCl-solutions (HELGESON,
1969), T: true (nonstoichiometric) ionic strength which is calculated by :

f:l/2Zmiz?. (6d)

For neutral species (HELGEsSON, 1969):
Yi = vco. (Myacy> P, T). (7)
Exception: ysi,aq. = b

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

reaction relation:
O2(2)+ 0.5 HS- = 0.5H++O.5803‘ (8)

and for Me3*+/Me2* pairs (e.g. Fe3+/Fe2*) reactions of the type
Me3+ +0.125HS- + 0.5 HpO = 1 Me2+ 4-0.125805 + 1.125H+ (9)

are used.

Activity of Hz0:
ajr,o = 1 for dilute solutions (myacy, tot < 0.25). (10)

For more concentrated solutions:

-~ 2Zmyacy tot Pract (P, T)
hhag,o = At ;553' —i—s (11)

where @y (P,T): molal osmotic coefficient of NaCl, interpolated for actual my,cy, tot
from table 2 in HELGESON (1969).

D. Relationship between fluid solution and rock:

Q =IAP = ITa}': which is the ion activity product. (12)
i
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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¢)

Measurement of the saturation state is done with:
A4(4G;)=RT(InQ—-1InK), (14)
where 4(4G;) = 0: saturation,

4{4G;) > 0: supersaturation,

A4{4Gy) < 0: undersaturation,

Solid solution in minerals (binary with the two endmember indices h and 1, ¢f. HerLGE-
sow et al., 1970}
ITalkss

s :&, where j=h orl (15)

a; = ———
K; K;

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

a,-:z\ij, j:hOI‘ 1, (16)
where X ; mole fraction, A: rational activity coefficient. In addition holds:

Xn+X;=1. (17)

For regular solid solutions:

s 1 (WX} WyX3 (18
= e— 5 a
nAn RT 9 + 3 )

1 (WpXE WpXi
Inh = ——- ‘ -]. 18b
ni RT( 2 + 3 ( )
From (16) and (18) follows:
1 (Wh(l—Xn)2 Wy (l—Xy)?

" - [_RT( n : n)? Wy ( . n) )] (19)

For a solid solution phase which can be described with a regular solution model (18),
first of all a hypothetical ay is caleulated from (15) and then used in (19) to caleulate X, .
X, follows from (17), which allows then to calculate A; with (18b) and then a; with the
help of (16). a: is then used to calculate

Q1 = a;tHals i, (20)

3

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

W, =W, =0 and therefore
A=A =1 and therefore

an = Xn and a = X;. (21)

Hypothetical ay = X are caleulated from

Qn/

RN, .. A 22
"7 Ru/Ki+ Qu/Qu (22)

which can be derived from an/a; with (15) and the condition that an+a; = 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 I = 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 ionie 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 tonic strength calculations do only differ by a small choosable amount. If,
after this speciation calculation, the clectrical 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 HerceEson (1969, table 4 and 5):

H20, K80, NaCl°, CaCO3, CaSOy, MgS0;, MnSO;, HSO;, HS-, HeS°,
HCO;, H2CO¥, HCI°, Mg(OH)+, AL(OH)2+, Al(OH);, Fe(OH)*, FeCl2t,
FeCly, FeCls, FeCly. * apparent HaCO3 = COzac. + H2CO3

B. The data for the following species were taken from HeEreEsoN et al. (1971):
NaCOlg, NaSQ,, CaHCOF, MgCO;, Ca(OH)*, Fe(OH)2*
C. The following equilibria were calculated with program SUPCRT (KirkHAM et al,
19775, see also appendix 3):

SiOgaq. + 2H20 = H3Si07 + H+: log K (25°C, 1 bar) = —9.65
Se(g)+2H20 = 1.5HS-4+0.5805"+25H+: logK(25°C, 1bar) = 17.15
O2(g) +0.5HS- = 0.5H*+0.580]": log K (25°C, 1 bar) = 66.28
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Appendix 3

391

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 (KirkraMm et al.,

1975) based on data from HELcEsON and KirkizaM (1974 a,

1976), WarLTHER and Hrerceson (1977), HeLeEson, DEraxy and Nussrrr (1978) and

Fe-Al-free minerals

Akermanite:

Amorphous silica:

Anhydrite :
Antigorite:

Mg-Anthophyllite:

Aragonite:
Artinite:
Brucite:
Chalcedony :
Calcite:
Chrysotile:
Dolomite:
Diopside:
Enstatite:
Epsomite :
Forsterite:
Gypsum:
Runtite:
Hexahedrite:
Hydromagnesite :
Kenyaite:
Magadiite:
Magnesite:
Merwinite :
Monticeliite :
Nesquehonite:
Periclase:
Portlandite :
Quartz (a):
Rhodochrosite:
Sepiolite :
Tale:
Tremolite :
Wollastonite :

Al-bearing minerals

Analcime:
Boehmite:
Clinochlore (7 A):

Clinochlore (14 A):

Clinozoisite:
Diaspore:

Horroway (1977)

Ca,MgSi,0,+ 6 H+ = 2Ca2t 4 Mg?+ 4 8i0,aq.+3H,0

8i0, = 8i0, aq.

CaS0, = Ca2+ + 804~

Mg, 3551,05(OH), g5+ 5.65 H+ = 2.82 Mg?+ + 2 8i0, aq. + 4.65 H,0
Mg.Si;0,,(OH),+ 14 Ht = 7TMg?t -+ 88i0,aq. + 8 H,0
CaCO, = Calt+ L COZ~

Mg,(0H),CO,;-3H,0+ 2H* = 2Mg?*+4-CO} + 5H,0
Mg(OH),+2H* = Mg+ 2H,0

S8iQ, = 8i0,aq.

CaCO, = Ca2t+C03%~

Mg,Si,0,(0H),+6H* = 3Mg?*++28i0,aq.+ 5H,0
CaMg(COj;), = Ca?*+ +Mg?+ 4 2C0%
CaMgSi,04+4H* = Ca2t 4 Mg**+ 4 28i0,aq. +2H,0
MgSiO,; +2Ht = Mg*t 4 8i0,aq.+H,0
MgS0,-7H,0 = Mg2++4 805+ 7H,0

Mg,S8i0,+4 Ht = 2Mg?t 4+ 8i0,aq. + 2 H,0

CaS80, 2H,0 = Ca?++ 805 +2H,0

Mg;Ca(COg), = Ca?+ 4 3Mg2+4-4CO5~

MgS80,:-6H,0 = Mg+ +80%-4-6 H,0

Mg,(CO,),(OH),-4H,0+ 2H* — 5 Mg+ + 4C02~+ 6 H,0
NaSi;; 0505 (OH),- 3 H,0 -+ H+ = Na*+ 118i0,aq. + 5.5 H,0
NaSi,0,,(0H), 3 H,0 1+ H* = Na* | 78i0,aq.--5H,0

MgCO, = Mg?tC0%~

Ca,Mg(8i0,),+ 8 H* == 3Ca?+ Mg?++28i0,aq.4-4H,0
CaMgSi0,+4H* = Ca?*+ Mg?+ +8i0,aq.+-2H,0
MgCO,-3H,0 = Mg?+4-CO} +3H,0

MgO+2H+ = Mg?*t+H,0

Ca(OH),+ 2H* = Catt +2H,0

8i0, = 8i0,aq.

MnCO, = Mn2++(COZ%~

Mg,Sig0,; - TH,0+ 8H* = 4 Mg?+468i0,aq.+ 11 H,0
MgsSi,0,,(0H),+ 6 Ht = 3Mp?t 4+ 48i0,aq. + 4 H,0
Ca,Mg;Siz0,,(0OH), + 14 H+ = 2 Ca?t 4 5 Mg?* 4-88i0,aq. 1+ 8 H,O
CaBi0;+4 2H+ = Ca?+ 4 8i0,aq. +H,0

NaAlSi,0,-H,0 - 4H+ = Nat+ | Al3+ { 28i0,aq. | 3H,0
AIO(OH)+3H* = Al3++ 2 H,0

Mg AIAISI,0,(OH) + 16 H+ — 5Mg?*+ 2 A% 1 38i0,aq. +

1 12H,0

Mg, ALAISI,0,o(OH), -+ 16H* — 5Mg?* -+ 2 A3+ 4 38i0,aq. +
+12H,0

Ca,AlSi;0,,(OH)+ 13 H+ = 2Ca?+  3AI3 -+ 38i0,aq. +7H,0
AIO(OH) + 3H+ = A+ £ 3H,0

log K 25°,

1 bar

45.4
—2.71
—4.15
29.321)
67.79
~8.36
9.59
16.44
s 3.73
—8.36

31.565/38.887)

—18.06
21.08
11.47

—-2.142)
28.15
—4.85
—30.52
—1.692)
—9.82
—25.08)
1A
—7.91
68.57
29.86
4.99
21.48
22.61)
—4.08)

—10.54
31.0
21.56
61.88
13.73

70.81

67.15
40.55
7.93
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log K 25°,
1 bar

Gibbsite: ANOH);+3H*t = A3+ 3H,0 7.25
Grossular: CazALSI O+ 12HY = 3Ca?t 4 2A1%+ 4 38i0,aq.+ 6 H,O 51.86
Tlite : Ky sMgg25Al, 5815 ;0,,(0OH), - 8H* = 2.3AP+ + 0.6 K+

+3.5810,aq.4+5H,0 10.34%)
Kaolinite AlLSL,O04(0H),+6H+ = 2Al3*++2810,aq.+ 5 H,0 6.30
Laumontite: CaAl,Si,0,,-4H,0+8H* = Ca?t 4 2 A1+ + 48i0,aq. +-8H,0 14.42
Ca-Montmorillonite:  Cag 4,41, 23805 4,0,0(OH )y + 7.33 HT = (.167 Ca2t 1 2.33 A13+ -

+3.678i0,aq.+4.67H,0 6.2%)
K-Montmorillonite: K g5Al, 34815 ,0,,(OH),+ 7.33 H+ = 0.33 K+ 2.33 A3+ +

+3.678i0,aq.4 4.67H,0 6.114)
Mg-Montmorillonite: Mg, ,4;Al, 35815 4,0,,(OH),+7.33H+ = 0.167 Mgt - 2.33 A3+ 4

+3.67810,aq.+ 4.67 H,0 6.10%)
Na-Montmorillonite: Nay g Al 4381, .0, (OH),+ 733 H' = 0.33 Nat - 2,33 A3+

+3.678i0,aq.+ 4.67H,0 : 6.35%)
Phlogopite : KMg,AlSi,0,(0H), + 10HT = K+ 3Mg?+-+ AI>+ -+ 38i0,aq.+

+6H,0 40.46
Prehnite: Ca,AlAISI;0,,(OH), + 10H T = 2Cat + 2 A1*+ + 38i0,aq. +

+6H,0 34.73
Wairakite : CaAlSi,0,,-2H,04+8H = Ca®* 4+ 2 AP+ 4 4810,aq. + 6 H,0 17.8
Zoisite: Ca,AlSi,0,,(OH)+13H = 2Ca?*+ 3 AP+ 4+ 38i10,aq. + 7H,0 40.59
Fe.bearing minerals
Ferroactinolite : Ca,FegBig0y(0H),+ 14 Ht = 2Ca?* + 5Fe?* 4+ 88i0,aq.-+ 8 H,0 36.32
Andradite: CagFey8i,0,,+ 12H* = 3Ca?t + 2Fe?+ 4 38i0,aq. + 6 H,0 24.98
Fayalite: Fe,Si0,+4H+ = 2Fe?" 4-8i0,aq. + H,0 15.31
Fe(OH), amorphous: Fe(OH), = Fe?r+20H~- —15.09%)
Fe(OH), amorphous: Fe(OH), = Fe3+30H~- —4.985%)
Ferrosilite: FeRi0,+2H* = Fe2+ +8i0,aq. +- H,O 5.85
Goethite: FeO(OH)+ H,0 = Fe3* 4 30H~ —41.25)
Greenalite: Fe Si,0,(OH),+ 6 H+ = 3Fe?+ 4+ 28i0,aq. +5H,0 17.54¢)
Hematite Fe,0,+ 6 H = 2Fe?+ + 3 H,0 —4.05
Hedenbergite: CaFe(Si0;), -4 H* = Ca?t - Fe?2+ - 28i0,aq. + 2 H,0 15.56
Magnetite : Fe, 0,4+ 8H* = Fe?2t 4 2Fe’+ 4 H,0 3.83
Minnesotaite : Fe 81,0,,(0H), -6 H* = 3Fe?t 4 48i0,aq. - 4 H,0 7.248%)
Pyrite: FeS,+H,0 = Fe?+ 4 0.25803" 4+ 1.7T6 HS— 4 0.25 H* —26.88
Siderite: FeCO, = Fe?r+ CO%- ' —12.73

1) Retrieved from JomaxnNEs (1975) with data of HELgEsoN, DELANY and NESBITT and the

condition that antigorite is stable with respect to tale and chrysotile only above 200° C at one bar.
%) Frrrz (1975). 3) DroUBI et al. (1976). 4) HELcEsoN (1969). °) TRUESDELL and JoNES (1974).
%} Provisional, HELGESON, personal communication 1976. 7) Hypothetical chrysotile-asbestos.
8) WarTHeER and Herceson (1977). '

Appendix 4 A

Saturation state of known walers vssuing from ultramafic rocks with respect to Mg-
Ca-minerals, expressed as A(4G ), in keal, from equilibrium value
(cf. appendix 1, part D)

Numbers on top correspond to spring localities in table 1, ex¢ept 24 and 25, which cor-
respond 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 —11.138 — 6.77 -— T.44 — 9.20
Kaolinite — 8.90 — 3.81 — b5.36 — 777
Na-Montmorillonite —17.99 — 9.556 —11.93 —15.26
Muscovite —11.90 — 4.08 — 6.42 — 7.53
Tllite —14.34 — 6.39 — B.52 —10.51
Zoisite — 2.43 + 4.51 + 3.27 — 0.006
Prehnite — 3.70 + 2.41 4+ 1.63 — 0.82
Phlogopite 4 6.61 -+10.11 +12.12 + 9.59
K-Montmorillonite —18.31 — 9.85 —12.39 —14.86
Ca-Montmorillonite —17.12 — 8.76 —11.23 —14.48
Mg-Montmorillonite —17.49 — 9.19 —11.60 —15.05
Wairakite —16.91 — 8.55 —10.51 —13.54
Clinozoisite | + 4.57 + 3.33 4- 0.06
Diaspore . — 1.52 — 0.72 — 1.14 — 1.95
Boehmite — 2.69 — 1.87 — 2.33 — 3.15
7A _Clinochlore +12.79 +15.14 4+19.01 +11.31
14A -Clinochlore 1777 120.15 +23.97 4-16.24
Grossular — 0.32 + 5.40 -+ 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), am. — 5.06 — 3.52 — 0.41 + 0.18
Fe(OH), am. — 4.87 — 2.90 — 1.98 — 1.58
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
Ferroactinolite + 9.97 4+13.42 -+46.62 -+ 55.50
Fayalite — 0.48 + 1.95 + 9.80 +11.76
Minnesotaite + 8.98 +10.76 +26.38 +31.30
Andradite + 7.05 +10.10 +22.69 +25.36
Hedenbergite — 0.87 — 0.06 + 8.73 +10.71
Greenalite 4+ 4.38 + 7.68 +20.38 +23.72
Ferrosilite — 0.13 4+ 0.71 + 5.38 —+ 6.75

Appendix 4D

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-ferroactinolite,

talc-minnesotaite and chrysotile-greenalite. A regular model was used for calcite-dolomite.

Tor the latter the following rather hypothetical “solvus’ data was used for 25° C, 1 bar:

Xaor = 0.02-0.99 with the following Margules parameters (cf. appendix 1, part D):
W; = — 12,708, W] = —17,990.
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Sample
number Solid solution series (ss), 4(4G) in keal
forst.-fay. trem.-ferroact. talc-minnes. chrys.-green. cale.-dolom.
: Xi‘ay. Xferroa.ct. Xminnes. Xgreen‘ Xdo]om.
A(4G)ss 4 (4G )ss A(4G)gs A(AG)ss 4(AG)ss
4 (A G)fa.y. 4 (A G)ferroact. 4 (A G)minnes. Y| (A G)green. 4 (A G)dolom.
12 0.99992 0.9998 0.94 0.89 1.0
— (.48 + 9.97 -+ 8.98 + 4.38 +1.95
— 0.48 + 9.97 -+ 8.95 4+ 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 ¥e 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 4 (4 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 fiuid
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
equiltbrium.

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 dm;/d¢, dxd,/df (where m;: molality, x 41 grams of a mineral relative to
1000 g H20, ¢: progress or reaction variable, see short summary in HeErLcesow, 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 respeect to ¢) is the irreversible dissolution process, i.e. it is im-
plicitly assurned, that equilibrium in the solution and between the solution and minerals
precipitating therefrom is reached at least as quickly as the dissolution process evolves
(HELcESON et al., 1970). ’

Manuscript received October 28, 1977,
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