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ABSTRACT

Chemical weathering of sulfide-hearing felsic rocks by aqueous 
solutions was Simulated using numerical approximations of differential 
equations describing irreversible mass transfer in closed systems, 
Weathering was studded as an initial-value problem whose initial condi
tions were defined by meteoric water compositions and mineral abun
dances in porphyry copper deposits. Predicted sequences and changes in 
solution composition during.reaction provide data for interpretation of 
natural weathering processes. Thermodynamic data for goethite, jaro- 
site, natrojarosite, and hydronium jarosite were developed for use in 
the weathering calculations.

-0 6Chemical reactions between aqueous solutions (fOg = 10 ° atm)
and pyrite or chalcopyrite generate hydrogen ions and increase aqueous 
solubility of iron, copper, and sulfur. Goethite, the only reaction 
product (fOg >10 atm, 25°G)> precipitates after, dissolution of 
1.8 x 10 grams of either pyrite or chalcopyrite per kilogram of H^O. 
Although goethite precipitates over the pH interval 5-7 to 2.0, ninety 
weight percent of the total mass forms between pH 3.0 and 2,0. At 
maximum goethite abundance (0.l6 grams/kilogram of HgO) sixty-four per
cent of all iron released from pyrite is in solution. The analogous 
reaction at 50° produces three times the mass of goethite.

The mass ratio (goethite produced/pyrite oxidized) varies with 
reaction progress because of changing reaction coefficients in the 
irreversible reaction. Therefore correlation of goethite mass to an

■■ . : . . ' ' IX : : -  :



equivalent mass of weathered pyrite requires independent determination 
of reaction progress. Analogous relationships apply to most irre
versible weathering reactions,

Irreversible reaction of pyrite with an aqueous solution ini
tially saturated with air (fOg = 10  ̂atm, 2,96 x 10 ^ moles Og/kilo-
gram Ĥ O, 25°G) dissolves 1.02 x 10 ^ grams of pyrite while consuming 
all reactive oxygen and equilibrating with pyrite (fOg = 10 atm).
No mineral reaction products exist at equilibrium because all goethite 
produced was dissolved during subsequent reaction. Consumption of 
oxygen, by chalcopyrite dissolution, faster than it is replenished 
lowers oxygen fugacity and produces a series of minerals equivalent to 
the mineralogical donation with increasing depth in weathered porphyry 
copper deposits.

The sequence of product minerals following goethite varies with 
the molar ratio of iron/aluminum supplied to solution by mineral disso
lution, Reactions with molar ratios of Fe/Al less than 1,0, greater 
than 1.0, or equal to 1.0 precipitate respectively alunite, jarosite, 
or both alunite and jarosite. More chalcopyrite dissolves to attain 
jarosite saturation than does pyrite.

Following saturation of the solution with jarosite, the mass 
ratio goethite/(goethite + jarosite) decreases accompanying sulfide 
mineral dissolution. Goethite and jarosite coexist over a smaller in
terval of reaction progress during pyrite and K-feldspar reactions than 
during analogous pyrite and muscovite or E-feldspar and chalcopyrite 
reactions.



When sulfides are totally oxidized, the quantity of goethite 
coexisting with jarosite is smaller for reactions with greater initial 
volume percent sulfide and/or larger initial mole ratio pyrite/(pyrite 
+ chalcopyrite)„ Simulations that generate mass ratios of goethite/ 
(goethite + jarosite) and solution compositions equivalent to those 
from weathered rocks, predict minimal amounts of silicate dissolution 
before all sulfides are oxidized.

Reactions between solution and silicate minerals after oxida
tion of all sulfide form alunite and goethite but dissolve jarosite.
The quantity of alunite precipitated during weathering is directly pro
portional to the extent of alumino-silicate mineral dissolution and 
therefore is a good indicator of the thoroughness of supergene silicate 
alteration if associated hydrothermal alunite can be identified and ex
cluded.

Abundances of alunite in nature that are less than predictions 
could be caused by solution flow rates greater than dissolution rates 
of minerals or by rates of oxygen replenishment smaller than rates of 
consumption. Further, saturation of solutions with amorphous silica 
causes precipitation of alumino-silicate minerals that preclude alunite 
formation.



INTRODUCTION

In this study the chemical weathering of sulfide-hearing felsic 
rocks is simulated using methods similar to those Helgeson (1970) ap
plied to the study of hydrothermal mineral deposition. Abundances of 
mineral reaction products and compositions of aqueous solutions pre
dicted by these weathering simulations serve as a basis for interpreta
tion of the corresponding natural processes. Geologic controls for the 
present study come from the literature of porphyry copper deposits.

The hypogene mineralogy of many porphyry copper deposits con
sists of pyrite, chalcopyrite, molybdenite, K-feldspar, kaolinite, 
biotite, chlorite, muscovite, plagioclase, quartz, and montmorillonite, 
in proportions that vary between and within deposits„ Chemical weath
ering of these igneous and hydrothermal minerals creates the mineral 
reaction products observed in surface outcrops.

Irreversible dissolution of sulfide and gangue minerals by 
meteoric water is the first step in the chemical weathering process. 
Oxidation of sulfide minerals by these aqueous solutions creates acid 
sulfate groundwaters which subsequently react with the rock in various 
hydrogen-consuming reactions, At large values of fĝ , 10 to 10 
the mineral reaction products tend to be oxides, hydroxides, and/or 
sulfates of iron or aluminum, whereas secondary sulfides may precipi
tate from solutions of oxygen fugacity less than 10

Irreversible dissolution of the original rock components tends 
to increase rock porosity; however, precipitation of reaction products
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tends to decrease porosity. Bocks with high original.sulfide contents 
are more thoroughly weathered than are rocks with low sulfide contents 
(Ransome 1919; and Anderson in preparation) because the extent of al
teration is directly proportional to the amount of hydrogen ions pro
duced during oxidation of sulfide minerals.

In weathered surface exposures of porphyry copper deposits 
goethite and jarosite are significant and diagnostic minerals whose 
presence indicates characteristics of the rock's initial sulfide min
eralogy, Jarosite, rather than goethite, precipitates in weathering 
systems where totally oxidized rocks originally contained large con
centrations of sulfide minerals (Tunell 1930; and Locke 1926)„ From a 
series of thoroughly oxidized porphyry-copper rocks, Anderson (in prep
aration) quantitatively correlated the mass ratio of goethite/(goethite 
+ jarosite) to original total sulfide in unweathered rock. This ratio 
is.smaller for weathered rocks which had larger initial total sulfide 
abundances and/or mole ratios of pyrite/(pyrite + chalcopyrite), 
Anderson's geologic observations provide a quantitative compilation of 
mineral weathering products in sulfide-bearing rocks; consequently, his 
data serve as the major reference for evaluation of the simulations of 
this study.

Jarosite precipitation also indicates that elements from both 
gangue (K,Na) and sulfide (Fe,S) minerals are important in the weather
ing reactions. Additional evidence for chemical reaction between acid 
sulfate groundwaters and the rocks through which they move is found in 
the decreased Eh and the increased pH, measured sequentially along the 
direction of water movement in natural systems (Sato I960; and Baas
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Becking, Kaplan and Moore i960), Such trends are caused hy consumption 
of dissolved oxygen and hydrogen ions during reactions between the 
solution and rock-forming minerals, Decreased concentrations of metal 
cations and concomitant increased abundances of alkali-metals in solu
tions farther along the flow path also indicate modifications of 
solution compositions by water-rock reactions (Hodge 1915? and White, 
Hem and Waring 1963)°

Some of the kaolinite, montmorillonite, sericite, quartz, and 
alunite which occur in porphyry copper outcrops have been attributed 
to weathering processes (cf„ Spencer 1917? Ransome 1919; Schwartz 1953? 
Rose and Baltosser 19665 Loghry 1972? Dean 1975? and Gustafson and Hunt 
1975)- However, the complete quantitative descriptions of initial and 
final natural mineral assemblages needed to check the geologic validity 
of predictions which are based on simulations of the weathering proces
ses capable of producing these minerals are not now available„ There
fore, although our understanding of the general nature of weathering 
processes in sulfide-bearing felsic rocks has improved since the pio
neering work of Weed (1901), Van Hise (190.1), Emmons (1901, 1917) > and 
others, details of reaction paths and products have not been quantified 
beyond the work of Anderson (in preparation). Further, the quantita
tive predictions of this study are limited by the paucity of 
quantitative mineralogic descriptions of natural weathered systems„



METHOD OF STUDY

In this study the irreversible geochemical processes associated 
with the weathering of sulfide-hearing felsic rocks were examined, 
Helgeson (1968) and Helgeson, Garrels and Mackenzie (1969) demonstrated 
theoretically that since irreversible reactions are path dependent, the 
processes of mass transfer can be calculated from differential equa
tions for conservation of mass if the initial composition of the 
aqueous solution and abundances, compositions, and relative reaction 
rates of reactant minerals are specified. During chemical weathering, 
mass transfer involves dissolution of reactant minerals by the aqueous 
solution, redistribution of mineral components in solution among 
aqueous species, and precipitation or dissolution of reaction-product 
minerals.

The overall irreversible reaction path is approximated, ac
cording to the theory of Helgeson (1968), by a series of local equilib
rium states in which equilibrium is maintained both in the aqueous 
solution and between solution and mineral precipitates„ In the calcu
lations , reaction coefficients define changes in the number of moles of 
individual reactants, products, and aqueous species relative to changes 
in a dimensionless reaction progress variable,^ , Changes in reaction 
coefficients quantify the mass transfer at a series of discrete values 
of reaction progress toward overall equilibrium. The reaction coeffi
cients are determined by simultaneous solution of the linear differen
tial equations, representing (l) conservation of mass, (2) electrical

V  ■ 4 ' -
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neutrality of the aqueous solution, and (3) the laws of mass action 
during the overall irreversible reaction between minerals and solution. 

Solutions to the set of differential equations are obtained by 
numerical approximations using digital computing methods (Helgeson et 
al, 1970)= A local modification of the program PATH (Helgeson et al, 
1970) is used for the computation of irreversible reactions in this 
study, The numerical scheme titrates reactant minerals, in quantities 
small enough to permit local equilibrium, into an aqueous solution that 
maintains a fixed mass of water. Activity coefficients of aqueous 
species are calculated using the extended Debye-Huckel relationship 
(Helgeson 1969) and then equilibrium constants of pertinent minerals 
are compared to calculated1 activity products to locate saturation 
points of reaction products„ A continuous sequence of reaction prod
ucts and changes in composition of the aqueous solution is calculated 
and tabulated until the solution either equilibrates with the mineral 
assemblage or consumes all reactants. Minerals are considered as ideal 
chemical phases• therefore, appropriate thermodynamic data were col
lected to define an equilibrium constant for the hydrolysis of each 
mineral in the data base. Representative mineral abundances from un
weathered porphyry copper deposits and compositions of meteoric water 
were compiled from the literature; these data served as initial condi
tions for simulating the weathering process.



COMPOSITION OF METEORIC WATER

Compositions of meteoric water (Table l) define the initial 
aqueous solutions for the weathering simulations. Published analyses 
of rainwater show iron and aluminum concentrations sufficiently large 
to be supersaturated with goethite and gibbsite, even when the effects 
of aqueous complexes are considered. This supersaturation is probably 
either a real effect of dust contamination or an apparent effect of 
overestimation of concentrations because of minimum analytical detec
tion limits at very small concentrations, Therefore, the total iron 
and aluminum in solutions used in this study's calculations are ini
tially set slightly undersaturated with respect to goethite and 
gibbsite, Limitation of iron solubility by goethite saturation is 
consistent with observations in other natural waters (Langmuir and 
Whittemore 1971> and Back and Barnes 1965) and does not affect the sub
sequent reaction path.

Of the gases dissolved in rain, 00^ and 0^ are most important 
to chemical weathering„ Atmospheric ^2(g) ’ dissolved in water, forms 
carbonic acid which dissociates to give the hydrogen ion activity, ,
10 , measured for meteoric water (Krauskopf 1967; and Baas Becking
et al. I960). Solutions that pass through soils often pick up 
generated by organic reactions, thereby increasing hydrogen ion 
activity to about 10 (Helgeson et al, 1969), However, calculations 
of weathering reactions in this study used initial hydrogen ion activi- 
ties of 10 , which are equivalent to atmospheric equilibration„
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Table 1. Composition of meteoric water in moles/liter at 25°C.

Element Averages dRange on Continents ' Selected Value
Ha SxlO"-5 6.1 - 170x10-6 IQ"5
K 8x10-6 1.5 - 20x10"6 10"6
Mg 1.6xl0"5 10"5
Ca 2.5x10"6 4.7 - 102x10-6 10-6
Si - 1,4x10 ^ 10"5
Al . 4x10-6% 10"6°
Fe 4x10"6% io-12f
Cu 2x10-6% 10'6
Cl" 10-* 2.2 - 140x10-6° 10-4
so= 6x10-6 7.4 - 100x10-6° 10"6
HCO^ 2x10-6 10 “6
pH 5.7 3-0 - 7=2° 5=7
Eh +.55(av.)c +3 to +.8 +.55(fo2-10~22)g’h

aGarrels and MacKenzie (1971)« Except as noted,
^Sugawaf a (1967)«
CBaas Becking et al. (i960),
■̂Junge and Werby (1958)= Except as noted.
eGibbsite undersaturation.
f  ' ■Goethite undersaturation.
^Theoretical max fn0 = 10 atm estimated; Eh = +.88. 
hActivities of gases in water at low pressure were calculated using 

Henry's Law which is a function of barometric pressure, tempera
ture, solution composition, and the partial pressure of the gas.



Selection of this value of hydrogen ion activity was based on the ob
servation that the quantity of hydrogen ions.produced by the sulfide 
oxidation reactions greatly exceeded the initial concentrations; there
fore, the difference between 10 and 10 is insignificant to the 
calculations, However, hydrogen ions produced by carbonic acid disso
lution are significant because they are the agents of initial mineral 
dissolution.

Individual calculations in this study used initial oxygen fu- 
gacities, of meteoric water equal to either the maximum theo
retical value (lO atm) or to the average measured value of Baas
Becking et al. (10 . atm). During the weathering of rocks, dissolved

+2 + =®2(g) ox^(̂-zes reduced aqueous species such as Fe , Cu , and S to 
more positive valence states, Fe+ ,̂ Cu"1""1", and S0̂ . However, selection 
of representative concentrations of dissolved oxygen in meteoric and 
ground waters requires interpretation of Eh measurements (of. Carrels 
and Christ 1965; Baas Becking et al. i960; and Sato I960), Although 
the Eh and pH of a solution at 25°G can be related to the activity of 
dissolved oxygen through the relationship Eh = 1.23 + 0,15 (log fg^ + 4 
log a^+) (Latimer 1952), serious problems accompany interpretation of 
inert electrode measurements of Eh in natural waters. Whitfield (1974) 
and Langmuir (1971a) give lucid summaries of operational problems en
countered when collecting data with inert electrodes. Most serious of 
these problems are (1) mixed potentials (greater than one redox pair 
transferring charge between electrodes), (2) reactions, between the en
vironment and the supposed-inert electrode, and (3) concentrations of 
electrode-active aqueous species which are too low, less than 10
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moles per liter (Stumm and Morgan 1970), to maintain reliable exchange 
currents between electrodes, levels of oxygen dissolved in natural 
waters are below the minimum levels noted by Stumm and Morgan, and many 
geologic environments are chemically reactive with the electrode metals 
(Doyle 1968; and Whitfield 197̂ ). Consequently, Eh measurements must 
be supplemented by independent chemical determinations of dissolved 
oxygen (Hem 1977; and Langmuir 1971a) whenever possible.



THERMODYNAMIC DATA

Thermodynamic data for minerals and aqueous species in the
4,system KgO-Na^O-MgO-CaO-Fe^O^-CuO-SO^-SiOg-AlgO^-O^-H -Ĥ O were com

piled to establish a data base for computations. Unless stated other- , 
wise, the data came directly from Helgeson (1969); thermodynamic data 
for additional aqueous species (Table 2) and minerals (Table 3) have 
been made compatible with Helgeson*s compilation. When necessary, 
entropies and heat capacity power functions for minerals (Table 4) were 
estimated by summation of oxide components (of. Ulbrich and Merino 
1974).

An alternative set of thermodynamic data that is compatible 
with stabilities of aqueous complexes (Table 2) and phase relationships 
of the system Fe^OySO^-H^O was developed for the minerals of the 
jarosite group and for goethite as part of this study. These new data 
were necessitated by the ambiguities introduced into the results of 
calculations, based.on existing thermodynamic data for these minerals, . 
by the wide range of published values (langmuir 1969, 197lh; Schindler 
19675 Zotov, Mironova and Rusinov 1973; Van Breemen 1976; Oblad 1973; 
Kashkay and Borovskaya 1975; Vlek et al. 1974; Brown 1970, 1971; and 
Berner 1971).

Usually the thermodynamic stability of a pure, well-crystal- 
lized, fully-ordered mineral in equilibrium with an aqueous solution is 
adequately described as a function of temperature, pressure, ionic 
strength, and activity of aqueous species. However, when particle size
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Table 2. Thermodynamic data for selected aqueous species„

Reaction
A H r

cal/mole
25°G

A  Sr
60 U 0
25°G

log
250C 50°G

Fe(OH)+ = Fe44’ + 0H”b 17#. -21.6 -6.00 -5.92
Fe(0H)2 = Fe++ + 20H~b 9W. -42.6 -10.00 -9.99
Fe(OH)" = Fe"*4" + 30H-b -2398. -60.2 -11.40 -11.59

Fe(OH)J = Fe44 + 40H~b -7883. -79.5 -11.60 -12.12
Fe(OH)44 = Fe4̂  + 0H™b 1869, —46.8 -11.60 -11.54
Fe(OH)4 = Fe45 + 20H~b 8936. -66.1 -21.00 -20.56
Fe(OH)^ = Fe43 + 30H~b 13528. -78.3 -29.00 -28.32
Fe(OH)^ = Fe+3 + 40H~b 15296. -104.7 —34.10 -33.33
FeSoJ = Fe42 + SoJC -560. -12.0 -2.21 -2.25
FeSO^ = Fe+3 + S0^C -6200. -39.56 -4.10 -4.49
Fe(S04)~ = Fe+3 + 2S0^C —260. -25.60 -5.40 -5.44
AISOJ = Al+3 + S0jC -3100. -24 0 4 -3.06 -3.26
Al(SO^)" = Al43 + 2S0^C -I7OO. -28.7 -5.03 -5.15
GuSO^ = Gu44 + S0^C -1220. -14.6 -2.30 -2.38

^Extrapolated to higher temperatures using eq. (l6), Helgeson (1969)0 

b'Unpublished compilation of Beane, R, E. (n.d.)

COblad (1975).



Table 3„ Hydrolysis constants for selected minerals.

■JO IB H CD

A  Sr
60 Uo

log Kr
Mineral Reaction 25°G 25°G 50°G

melanterite0 FeSO^'YHgO = Fe++ + S0Zj, + 7H20 39̂ 5. -3.13 -3.58 -3.36
brochantitea Gu4S0ĵ (0H)6 + 6h + = ^Gu++ + S05 + 6h ^0 -41639. -71.11 14.98 12.67
antlerite3. Gu3S04(0H)z),+4H+ = 3Gu++ + S 0 | + ^H20 -30900. 6̂2,60 8.97 7.19
chalcanthitea . GuS04-5H20 = Gu ++ + S05 + 5H20 1018, -7.05 -2.29 -2,25
delafossite^ GuFeOg + 4H+ = Gu++ + Fe++ + 2H20 - 14940, —38e48 • 2,54 1.71
goethited- FeOOH + 3H+ = Fe+++ + 2H20 -18315. -51.11 2.25 I.23
jarosite^ . . KFe ̂( SO4) 2 (OH) 5 + 6H+ = K+ + 3Fe+3 + 2SO4 + 6h 20 . -41280. -171.04 -7 .1 2 -9.53
hydronium
jarosite^ H3pFe3 (SOzj, ) 2 (OH)6 + 5 + = 3Fe+3 + 2S0^ + 7Ha0 -49188. -181.33 -3.57 -6.42

natrojarosite^ NaFe3(S02f)2(0H)6 +6H+ = Na++ 3Fe+++ + 2S0/f = +6H20 -49129. -181.24 -3.60 -6.44
Data for all other minerals and aqueous species are from Helgeson (1969)* Knight (19?6), or Beane 
(1972).
^Recalculated from Silman (1958) and compatible with the system GuO-SOq-HgO, Posnjak and Tunell 
(1929).

^Wagman et al. (1968), , •
CRobie and Waldbaum (1968).
d  ;  . . ■ ■ ■ .  ' ' ; ■ . ■ 'This study,
^Extrapolation to higher temperatures using eq, (l), Helgeson (1969).
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Table 4. Estimated entropies, S , and heat-capacity power functions, 

Gp, for selected minerals at 250G, after Ulbrich and Merino 
(1974). —  Data for oxides from Robie and Waldbaum (1968) or 
Kelley (i960) unless noted otherwise.

S° V° Gp
(e, u„) cm^/mole a bxlO^ cxlO ^

Oxides

K2° 22.5 40". 38 17.25d 10.0
Na20 17.99 25.9 15.70 5.4

H2° 9.40 13.70 9.0 ——— — —

Fe2°3 20.89 30.27 23.49 18.6 -3.55
GuO 10.19 12.22 9.27 4.80

S03a 10.34 23.2 38.295 —4.62 -21.29
GuSO^ 2.60 40.72 18.77 17.20 — — —
FeS04C 25.7 41.56 30.844 7.698 -9.17

12.18 25.575 27.49 2.82 -8.38

Minerals .
goethite
FeOOH 14.43 20.8 16.245 . 9.3 -1.775
jarosite
KFe3(S04)2(0H)g 95.1 159.2 147.45 23.67 -47.705

natro jarosite 
NaFe3(S04)2(0H)6 95.2 155.9 146.68 21.37 -47.705
hydronium jarosite 
H30Fe3(S0lt)2(0H)6 97.6 159,4 152.32 18,67 -47.705
brochantite

81,77 U3.5 73.58 31.6
antlerite 
Cu SO.COH), 63.44 89.7 55.31 26.8
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Table 4 Continued. Estimated entropies, S , and heat-capacity power

functions, Cp, for selected minerals at 25°C, after 
Ulbrich and Merino (1974), —  Data for oxides from 
Robie and Waldbaum (1968) or Kelley (i960) unless 
noted otherwise.

s° v° Gp
(e. u.) cm^/mole a bxlO^ cxlO

chalcanthite
cuso4-5h2o 71.8 109-5 63.77 17.20 — —
melanterite
FeSO^'THgO 97.8 146.4 93.84 7.70 -9.17
alunite®
KA13(S04)2(0H)6 78.4 146.05 153.45 0.0 -54.95

^Calculated from alunite by difference. 

^Used to estimate brochantite and antlerite. 

cUsed to estimate melanterite,

^Barin and Knacke (1973). 

eKnight (1976).
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is very small, surface free energy constitutes a significant portion of 
the mineral's total free energy and, therefore, is an important solu
bility factor. The range of aqueous Solubility of goethite as a 
function of particle size is shown in Table 5»

Goethite
Variance in the thermodynamic data as a result of particle size 

is not considered in this study; therefore, goethite solubility is 
based on the equilibrium phase relationships of the dilute portion of 
the system Fe^O^-SO^-HgO, Figure 1 (Tunell 1930» and Posnjak and 
Merwin 1922), This definition assumes goethite to be the well-crystal
lized phase of undetermined particle size that occurred in the experi
ments of Posnjak and Merwin (1922), Equilibrium relationships in the 
ternary system, Fe^O^-SO^-H^O, along the' addition line of pyrite, were 
used to calculate an equilibrium constant for the hydrolysis of 
goethite, •

Progressive addition of the thoroughly oxidized components of 
pyrite to a fixed mass of water defines a compositional trend in the 
ternary system (Figure l), referred to as the pyrite addition line 
(Tunell 1930)- The addition line's slope across the diagram away from 
the water apex is determined by pyrite's stoichiometry. At any arbi
trary point along the addition line, the equilibrium phase diagram 
depicts the composition of the total system, solids, and solution, as 
well as the mass ratio of solid to solution.

Changes in solution composition and the quantity of coexisting 
solids, represented diagrammatically along the addition line, are
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Table 5» Solubility products, K = (Fe+3)(0H-)̂ , of goethite for 

various particle sizes„

log K25og Particle Size Reference

-37.1 "amorphous" a, b
-41.2 100% b
-42.6 1000% c
-43.7 1000% b |
—44.0. coarse gr. 

10,000%
b

a = Langmuir 19?lb
b = Langmuir and Whittemore 1971, figure 1 
c = Berner 1971
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Goethite

Probable maximum 
extent of 
natural 
weathering 
systems 
inferred 
from
observed 
reaction 
products

Pyrrhotite 
Addition Line

h2°

Hydronium
Jarosite

Kornelj
omboclase

%

Pyrite
AdditionLine

SO.:ea of Figure 3

Figure 1. The system FegO^-SOo-HgO at 50°G. —  After Posnjak and
Merwin (1922) and Tunell and Posnjak (1931)• Stippled area 
is undersaturated solution.
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equivalent to the irreversible reaction path between pyrite and a fixed 
mass of oxygenated water. Therefore, this reaction path was simulated 
using program PATH, the computational scheme for approximating the 
paths of irreversible reactions. Assuming that all significant aqueous 
species have been considered and that their thermodynamic data is 
correct, the locations of the goethite saturation point along the cal
culated pyrite addition line and subsequent changes in the total mass 
of goethite depend only on the value of goethite's equilibrium con
stant. Consequently, this data from the ternary system permitted 
regression on the compatible equilibrium constant for goethite.

Inherent experimental error in location of phase boundaries in 
the ternary system causes uncertainty in the position of intersections 
of these boundaries with the pyrite addition line. Therefore, a plot 
of the continuous mass changes of goethite relative to total Fe^O^ in 
the system, along the pyrite addition line (Figure 2), served as a 
reference for numerical simulations of the equivalent irreversible re
action. This integration of the mass of goethite precipitate relative 
to reaction progress is assumed to have smaller errors than the error 
in location of any saturation point along the addition line. Data for 
the reference curve were calculated from the geometry of the ternary 
diagram using the lever rule. The effect of different goethite equi
librium constants on the mass change of goethite along the simulated 
pyrite addition line can be seen in Figure 2,

An error analysis of the simulations and experiment was re
quired because the simulations did not exactly duplicate the phase re
lationships of the ternary system. Differences between the reference
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-pvH -41.8TERNARY
- 38.8

10-

Weight percent Fe^O0.4
- 38.6
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0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.80
Weight percent Fe^O^ in the system

Ruled area along the Fe^O^ axis is the experimental un
certainty in the position^of the point of undersaturation.
Ruled area on the curve in upper right corner is total 
experimental uncertainty of the ternary curve.

Figure 2. Calculated mass of goethite precipitated along the 
pyrite addition line in the system FegO^-SO^-HgO at 
50°C for various goethite equilibrium constants com
pared to data from the Ternary diagram. —  After 
Tunell (1930).
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and simulated curves (Figure 2) could have been caused by computational 

error, experimental error, or both. However, changes in computational 

parameters capable of such an effect (Table 6), ionic strength (from 

10-5 to 0.13) and activity of water (from 1.0 to 0.997), were too 

slight to explain the discrepancy observed in Figure 2. Therefore, the 

experiments of Posnjak and Merwin (1922) and Tunell (1930) were 

examined for possible sources of error to account for the discrepancies 

between the calculated and ternary curves of Figure 2. 

The degree of confidence in the ternary curve of Figure 2 is 

related to the magnitude of experimental uncertainty in the location of 

the saturation curve and the effect of these errors on the lever-rule 

calculations. Inaccurate location of· the saturation curve in the ex

periments could have been caused by non-equilibrium or by inaccurate 

chemical analyses. Optical character, composition, and acicular habit 

of the experimental precipitates (Posnjak and Merwin 1922; and Tunell 

and Posnjak 1931) are compatible with naturally occurring crystalline 

goethite. However, the small size of the goethite needle aggregates 

(less than 0.01 mm) indicates that surface free energies may have con

tributed to the observed solubility. Experimental evidence is consis

tent with equilibrium between the aqueous solution and a crystalline 

goethite of small but undetermined particle size. 

Inaccuracy of the chemical analyses remains a potential source 

of error. Posnjak and Merwin (1922) report oxide component analyses 

in weight percent to two decimal places; therefore, a maximum uncer

tainty of ± 0.05 weight percent units is reasonable for any experimen

tal point along the saturation curve. Further, equilibrium requires 



Table 6. Addition line of pyrite in the system FegOo-SOo-HgO calculated per kilogram of water 
(f02 = 10-0.6 atm) at 50°C.

STEPS OF REACTION PROGRESS
*' 1 2 3 4 5 6 7 8 9 10 11 12 13

Solution Composition 
FctO-. g. 8.1x10-14 7.3x10-9 1.8x10-? 5.95x10-3 .069 • 353 .943 1.4255 2.1318 3.1357 4.470 5.750 5.865
SO] 7.9x10-5 7.9x10-5 2.4xl0-3 .245 .636 1.468 2.759 3.7188 5.0631 6.9103 9.304 11.560 11.762
HjO 1000 1000 1000 1000.051 1000.122 1000.212 1000.310 1000.364 1000.426 1000.498 1000.507 1000.668 1000.676
Fejp] wt. )6 0 0 0 0 0.007 0.035 0.094 0.142 " 0.212 0.310 0.441 0.565 0.576
SO 3 0 0 0 0.02 0.063 0.146 0.275 0.370 0.502 0.684 0.917 1.136 1.155
HjP 100 100 100 99.97 99.930 99.818 99.631 99.488 99.286 99.006 98.642 98.300 98.269
rroclnltates
goethlte g 0 9x10-9 .00129 .1293 .4004 .4395 .4690 .4835 .4730 .4235 .3186 .1438 0

-log ai
Fe*3 20.829 15.870 11.456 5.837 4.479 4.334 4.203 4.083 3.972 3.872 3-783 3.707 3.666

SO4 6.010 6.010 4.547 2.890 2.557 2.508 2.457 2.401 2.341 2.277 2.211 2.146 2.109
5-700 5.700 4.229 2.357 1.904 1.855 1.811 1.770 1.733 1.698 1.668 1.641 1.626

HnO6 0 0 0 0 0 0 0 0 .001 .001 .001 .001 .001

i 22.>9 17.389 11.515 4.248 2.561 2.367 2.185 2.009 1.839 1.675 1.520 1.379 1.301
HS04 9 M 0 9.439 6.507 2.981 2.196 2.098 2.003 1.907 1.810 1.711 1.615 1.523 1.470
FeOH^ 16.859 11.900 8.958 5.213 4.308 4.211 4.123 4.043 3.968 3.901 3.842 3.790 3.762
FeCSO^)’ 27.399 22.439 15.103 6.182 4.162 3.920 3-687 3.455 3.225 2.997 2.776 2.570 2.454
lonle Strengtĥ 3x10-6 3xl0"6 9x10-5 .007 .023 .028 .035 .043 .054 .069 .089 .114 .132
Reaction Frogrcoa
.. (loS.X j ... -17.0 -9.7 -4.8 -2.8 -2.1 -2.0 -1.9 -1.7 -1.6 -15 -1.3 -1.2 -1.1
Reactants Connnmod 
P/rlte g. IxlO-15 2xl0"8 .0017 .184 .959 1.253 1.648 2.199 2.971 4.050 5.520 7.437 8.823
°2(g) g. 2x10"12 2xl0"8 .0017 .184 .959 1.253 1.648 2.198 2.970 4.049 5.519 7.436 8.821

1Calculated using Clbbs-Duhom equation 
b. i _ -2
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that the saturation curve lie between the addition line and the H2o

so3 face whenever goethite is present. These foregoing considerations 

limit the position of the experimental saturation curve, as shown in 

Figure 3. 

Error limits indicated on the reference curve of Figure 2 were 

estimated using the lever rule, law of cosines, and the maximum limits 

of the saturation curve in Figure 3. An additional restraint on the 

curves of Figure 2 is the point of goethite undersaturation which must 

lie between the point suggested by Tunell (1930) (0.395 weight percent 

Fe2o3) and the intercept of the addition line with the edge of the 

error zone (0.61) of Figure 3. 

The pyrite addition line, simulated with a goethite equilibrium 

constant of 10-37•6, was within the experimental error of the ternary 

diagram with respect to mass of goethite at specific values of total 

Fe2o3 in the system, total mass of goethite precipitated, and the loca

tion of the point of undersaturation (Figure 2). Even though maxi~um 

values of analytical error were assumed for the location of the satura-

tion curve, an equilibrium constant differing more than 0.1 log units 

from the final value, -38.6, is inconsistent with the permitted inter-

val of goethite undersaturation depicted in Figure 2. 

Additional confirmation of this equilibrium constant comes 

from the work of Oblad (1975), who distributed solution components at 

points along the 50°C saturation curve of Posnjak and Merwin (1922) 

among aqueous complexes, estimated activities, and calculated an 

activity product range of 10-38 to 10-37 for goethite. The differ-

ences in method and thermodynamic data used by Oblad, as opposed to 
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GOETHITE PYHITE
ADDITION LINE

UNSATURATED
SOLUTION

,02 1#S0

Figure 3» Dilute corner of the system Fe^^-SOyH^pO. —  Showing a 
0.05% error in location of the saturation curve (after 
Tunell 1930).
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the methods used in this study, are sufficient to account for the 
slight discrepancy between his results and those in this study.

Standard methods (cf. Garrels and Christ 1965) were used to 
convert the 50°G equilibrium constant of goethite to a Gibbs free 
energy, A third-law entropy and a heat capacity power function of 
goethite were estimated by summation of oxide components adjusted by 
molar volume (Ulbrich and Merino 197*0. The estimated entropy (14,45) 
compared favorably with the calorimetric value, 14.43 (King and Weller 
1970), These data and extrapolation between 25 and 50°, using a local 
modification of program KELLEYCOB (Helgeson et al. 1970)> define a 
standard enthalpy of formation for goethite. Thermodynamic data for 
goethite that are consistent with both the phase relationships of the 
system Fe^O^-SO^-HgO and this study’s thermodynamic data base are given 
in Table 7.

Relative Stability 
of Goethite and Hematite

Hematite commonly occurs in weathered sulfide-bearing rocks, 
even though goethite is the thermodynamically-stable ferric oxide min
eral below approximately 100°C (Posnjak and Merwin 1922; Tunell and 
Posnjak 1931» Schmalz 1959; Wefers 1966; and Langmuir 1969, 1971h), in
dicating either an error in the relative thermodynamic data for these 
phases or complications in nature that reverse the simplified thermo
dynamic analysis. At temperatures greater than 100°C, hematite is the 
stable ferric oxide and, once formed,, is metastable at lower tempera
tures because of kinetic constraints on the hydration reaction to 
goethite,



Table 7° Thermodynamic data for goethite and the jarosite group minerals at 25°G and 1 atm.

0mH< s° CP
Mineral Kcal/mole e, u. cm"//mole a bxlO^ cxlO^

goethite
FeOOH -129.715 14,43 20,81 16,245 9.3 -1.775

hydronium jarosite 
H30Fe3(S04)2(0H)6 -897.857 97.6 159.41 152,32 18,67 -47.705

jarosite
KFe3(S04)2(0H)6 -897.490 95.1 159.18 147.45 23.67 -47.705

natrojarosit e 
NaFe3(SO^)2(OH)6 -886,880 95.2 155.9 146.68 21,37 -47.705
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Fe20^ + HgO =  2Fe00H
(Posnjak and Merwin 1922; and ¥efers 1966)0 Although temperatures suf
ficiently high to allow direct precipitation of hematite are occasion
ally generated in weathering sulfide-hearing dumps and mines (of. 
Nordstrom and Potter 1977)» the development of such temperatures during 
weathering of porphyry copper deposits has not been demonstrated. 
Therefore, temperature increases caused by exothermic sulfide oxida
tion reactions do not adequately explain hematite occurrences in these 
weathered systems. Changes in the relative stability of goethite and

xhematite, caused by decreasing activity of water during pyrite oxida
tion (Table 6) in a fixed mass of water, are smaller than the initial 
difference in equilibrium constants (Figure 4) and, therefore, do not 
affect the relative stabilities below 50°Co

Ferric oxides often precipitate as colloided aggregates whose 
compositions are similar to goethite•rather than hematite (Langmuir 
197It; and Posnjak and Merwin 1922), with hematite forming later by
dehydration of goethite, Schindler (1967) and Langmuir (1969, 197It)

odemonstrated that at 25 0 the dehydration reaction,
2Fe00H =  F e ^  + KgO, 

is favored when either fine-grained goethite coexists with relatively 
more coarse hematite or when toth minerals are of small particle size. 
Further, Langmuir indicates that goethite of small particle size has 
no thermodynamic stability relative to more coarse grained hematite in 
geologic environments. For chemical systems without an aqueous solu
tion, the dehydration reaction is favored thermodynamically if the 
relative humidity of air that is contiguous to goethite drops telow
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+

G)
ct
soo

goethite
(2.25)

Activity of water

Figure 4. Saturation curves for hematite (log K = -0,965)
and for the grain-size range of goethite (log K = 
-1.23 to 2,25) as a function of water activity at 
25°C.
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twenty-five percent (Figure 4; Sehmalz 1959; and Langmuir 19?l"b). Such 
a phenomenon is possible in between times of rainfall during the drying 
of pores in rocks in the zone of aeration. However, cappings of south
western United States porphyry copper deposits contain fine-grained 
goethite„ These cappings were formed between the times of emplacement 
of the porphyry plutons (72 to 54 my) and extrusion of the overlying 
volcanics (35 to 15 my) (Greasey and Kistler 1962; and Livingston, 
Mauger and Damon 1968). Therefore, in these weathering systems goe
thite is stable, even though dehydration to hematite is indicated by 
thermodynamic data.

Ranges in the relative stability of goethite and hematite, 
caused by particle size, were avoided by selecting goethite as the

ostable ferric oxide at 25 in the presence of an aqueous phase. This 
choice is consistent with experiments and geologic observations. Fur
ther, even though this equilibrium constant for goethite corresponds 
to values in Langmuir's (1971b) fine-grain category, it is consistent 
with natural and synthetic material (Langmuir and Whittemore 1971; and 
Johnston 1977)»

Hydronium Jarosite - 
Simulation of the pyrrhotite addition line (Figure l), using 

the same method and thermodynamic data used for the pyrite calculation, 
defined an equilibrium constant, consistent with goethite and data from 
the ternary system Fe^O^-SO^-HgO, for the hydrolysis of hydronium 
jarosite. The ternary diagram, as described by Tunell and Posnjak 
(l93l)» and the lever rule were used to calculate the mass of minerals
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and total Fe^Cy at intersections of the pyrrhotite addition line and 
phase houndaries„ Agreement of the simulation.with these references 
was the criterion for adjustment of the equilibrium constant of hydro- 
nium jarosite. Crystal perfection, mineral purity, approach to 
equilibrium, and maximum analytical error were at least as good for 
these experiments as for those in the dilute region„ Therefore, the 
discussion of causes of error in the dilute region is assumed to apply 
to these experiments equally as well„

Sensitivity of phase boundary location along the simulated ad
dition line to changes in the hydronium jarosite equilibrium constant 
is demonstrated by Figure 5» For the extreme experimental triple 
points of Posnjak and Merwin (1922), curves A and B represent lever 
rule calculations of mass changes of the equilibrium minerals along the 
pyrrhotite addition line. Corresponding equilibrium constants of hy
dronium jarosite, which yield mass relationships in the simulations 
equal to those of the ternary diagram at 50°C, differ from one another 
by only 0,33 log units, and the selected equilibrium constant, 10 

bisects these limits, Consequently, the maximum error in the equilib
rium constant ascribable to uncertainty in the position of the triple 
point is less than 0.2 log units. The results of the pyrrhotite addi
tion line calculations are outlined in Tables 8 and 9°

Entropies and heat capacity power functions of the jarosites 
were estimated from the corresponding data for alunite, The contribu
tion of a hypothetical SO^ oxide component to alunite*s entropy and 
heat capacity was determined by the difference between the known entro
py and heat capacity for alunite and other, oxide components (Table 4).



30

•p

I
n0

1
%
CQ

Weight percent Fe^O^ in system

Explanation of symbolss
A = data for most dilute triple point„
B = data for most concentrated triple point„ ,. -
1 = reaction progress when solution saturates

with hydronium jarosite.
2 = reaction progress when solution under

sat urates with goethite.
Dashed lines are masses of hydronium jarosite„ 
Dashed curves are masses of goethite. •.
In the calculations the log K of hydronium 

jarosite which generates the respective 
curves is: A = -6.6, B = -6.3.

Squares = simulation with log K = -6.42 and are 
points- of reaction equivalent to those 
joined by solid lines.

Figure 5• Masses of reaction products along the 
pyrrhotite addition line in the system 
Fe20'̂ -S0 '̂ -H20. —  Calculated at 50°C for 
the extreme triple points of Tunell and 
Posnjak (1931) and the equivalent simulations.



Table 8. Addition line of pyrrhotite in the system FegOQ-SOQ-HgO calculated per kilogram 
of water (fog = 10“®°° atm) at 50oCo

STEPS OF REACTION PROGRESS
1 2 • 3 4 5 6 7 8 9 10 llc 12° 13

Solution Composition 
Fo20'| g. 0 .0264 .285 .432 .973 2,155 3.205 4.778 7.156 10.777 19.179 19.179 24.664
S03 0 .426 1.294 1.654 2.818 5.106 7.035 9.850 14.010 20.232 3 +̂.399 34.399 #.051

1000 1000.09 1000.194 1000.230 1000.310 1000,426 1000.507 IOOO.605 1000.739 1000.918 1001.275 1001.275 1001.588

Fe2°3 wt. % 0 ,003 .03 .04 .10 .21 . .32 .47 .70 1.04 1,82 1.82 ‘ 2.30

S03 0 .042 .13 ,16 .28 .51 .70 .97 1.37 1.96 3.26 3.26 4.12
HgO ioo 99.95 99.84 99.79 99.62 99.28 98.99 98,56 97.93 97.00 94.92 94,92 93.58
Precipitates
goethite &. 0 .444 1.120 1.355 2.^5 3.268 4.241 5.614 7.585 10.46 16.83 0 0

hydroniumJaroslte 6- 0 0 0 0 0 0 0 0 0 0 2o4xl0”6 90.95 115.8

-log ai
Fe^ 20.829 5.302 4.481 4*349 4.108 3.899 3*806 3.719 3.637 3.558 . 3.452 3.452 3.394
SO5 6.010 1.767 2.557 2.512 2.4U 2.291 2.223 2.150 2,072 1.990 1.873 1.873 1.833
H+ 5.7 2.177 1.903 1.858 1.777 I.706 1.674 1.643 1.613 1.583 1.540 1.540 1.479

0 0 0 0 0 ,001 .001 . .001 ,001 ♦ 002 ,003 ,003 .004
FeSGj 22. ̂+9 3.581 2.551 2.374 2.032 1.704 1.542 1.382 1.222 1.062 ,839 .839 .741
HS05 9 M 0 2.675 2.191 2.101 1.920 1.729 1.628 1.524 1.417 1.305 1.145 1.145 1.043
FoOH++ 16.859 4.854 4.307 4.219 4.058 3.918 3.855 3v796 3.740 3.686 3.611 3.611 3.607
Fo(S04)2 27099 5.308 4.149 3.927 3.484 3.036 2.807 2.573 2.335 2.094 1.753 1.753 1.615
Ionic Strcn/rtĥ 3xl0~6 .01 .02 .03 . ,04 .07 .08 .11 •15 .21 .34 .34 .42
Reaction Progress 
(lor. V) ___ 0 -2.3 -1.8 -1*7 -1.4 -1.2 -1.1 -0.9 -0.8 -0,6 -0.5 -0.1 0

Reactants Consumed 
pyrrhotite g. 0 .4681 1.421 1.816 3.095 5.606 7.725 10,81 15,38 22,21 37.77 71.01 90.70
oxygen g. 0 .3833 1.164 1.486 2.533 4.589 6.323 8.85 12.59 18.17 30.89 57.67 73.63

Ĉalculatod using Gibba-Duhem equation
bX = j S zf B!
cSolution at triple point (goethite —  hydronium jaroaite —  solution)
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Table 9- Intersections of the pyrrhotite addition-line and phase 

boundaries in the system FegO^-SO^-HgO 50°C for the 
extreme triple points of Posnjak and Merwin (1922) and the 
simulations of the equivalent irreversible reactions.

Weight Percent
Fe2°3 in System

Goethite
grams

Hydfonium
Jarosite
grams

A* B* . A* B* A* B*
* o
K ^Eh xq 
0

Hydronium
Jarosite
Saturation
Goethite
Saturation

2.3

4.0

2.4

4.4

10.5

0

12,9

0

0

57.0

0

69.8

* ^  *
& V

1  i

Hydronium
Jarosite
Saturation 4.0 4.0 18.5 20.8 0 0
Goethite
Saturation 6.7 6.8 0 0 • 93-0 112.6

Si
mu
la
ti
on
 

av
er
ag
e 

UF 
= 
-6
.4
2 Hydronium

Jarosite
Saturation
Goethite
Saturation

— —  — 3.2

5.6

— 16.8

0

0

91.0

*A = data calculated from the ternary diagram using the lever rule.
B = data calculated for the irreversible reaction per 1000 grams of 

HgO using given leg
**TP = triple point.
^LK log jjarosite



33
This SCy unit was used in oxide summation estimates of the jarosites, 
which are isostruetural with alunite„ The entropy of jarosite, 95°1, 
estimated "by oxide summation, is comparable to the value, 89°7, ob
tained from a correlation plot (Zotov et al, 1973)° Standard thermo
dynamic data for hydronium jarosite were calculated, using the method 
described for goethite.

Previous Work
Two other studies have defined hydronium jarosite stability

relative to the ternary of Posnjak and Merwin (1922). Oblad (1975)
-3 oestimated 10 for the equilibrium constant at 50 0 ; his method is de

scribed in the goethite discussion. Van Breemen (1976) calculated an 
activity product for the reaction,

3 goethite + 230^ + 4# + H^O = hydronium jarosite,
from a solution composition of the ternary that was adjusted for

0 oJU •aqueous complexes; his value of 10 differs slightly from the one, 
9.9110 , based on the data of this study. The 1922 paper which Van

Breemen used as a reference contains the uncertain triple point loca
tion discussed by Tunell and Posnjak (1931)° Using constant entropies 
and enthalpies, rather than temperature dependent functions, and a
goethite equilibrium constant 3-4- log units more stable than possible

.0for the experiment, Van Breemen obtained a 25 0 equilibrium constant 
of 10 llo-5o Both of these equilibrium constants lie outside the error
limits on the equilibrium constant determined from the ternary system

■ . ■ .. ■ . ,

of Posnjak and Merwin.
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Jarosite and Mairo.iarosite 

Jarosite solubilities determined by Kashkay and Borovskaya 
(1975) axe supported "by x-ray identification and IR confirmation of 
phase purity0 Accurate phase identification is essential because of 
the nonstoichiometric composition of most synthetic or natural jaro- 
sites - (Dutrizae and Kalman 1976)= Activity products of end member 
hydronium, sodium, and potassium jarosite were determined from the 
equilibrium solution compositions of Kashkay and Borovskaya (Table 10) 
by calculating activities of ions and aqueous complexes in these solu
tions, using a local modification (Knight 1976) of program BIST 
(Helgeson et al. 1970) and the data of Helgeson (1969) and Table 2= 

Free energies of formation of the end member jarosites were 
calculated from appropriate activity products, and these results 
established slopes between jarosite end members of free energy versus

*J” -mole-fraction plots. The ideal mixing model assumed for K , Ka , and
+  *Ho0 seems reasonable because the isostructural jarosites form a solid

solution series (Brophy and Sheridan 1965) whose end members have al
most identical molar volumes (Dutrizae and Kalman 1976)« The relative 
slopes of Kashkay and Borovskaya's (1975) data were tied to the abso
lute free energy of hydronium jarosite, consistent with the previously 
described FegCy-SCy-H^O ternary, to define equilibrium constants for 
jarosite and natrojarosite (Table 7)-



Table 10, Activity products for minerals of the jarosite group based on the aqueous solubility data 
of Kashkay and Borovskaya (1975)»

Mineral Equilibrium Solution Composition 
(moles/liter)

■ ' aCalculated Activities Activity
Product A  Gf ,298

R Fe SO4 PH R Fe+3 S04 Kcal/mole

jarosite 0,00018 0,0099 0.022 2.04 -3.828 -3.852 -2.381 -7.91 )
(R - K) 0,00012 0,0062 0,0164 1,92 -4,002 -4.002 -2.410 -9.37 I -782,903

0,00037 0,0013 0,007 2,20 _3,488 -4.455 -2,639 -8.93 )

natrojarosite 
(R = Na)

0,0158 0.0137 0,0319 2,155 -1,916 -3.928 -2.191 -5.15 -773.199

hydronium
jarosite

(R = h3o )
0,0078 0,0185 0.0096 2.11 -3.689 -2,286 -5.09 -767.237

^Calculated using Program DIST (Knight 19?6; Helgeson et al.1970)°



SIMULATIONS OF THE OXIDATION OF 
SULFIDE MINERALS IN AQUEOUS SOLUTION

Reaction mechanisms in the weathering zone were studied, ini
tially "by calculation of the reactions between pyrite or chalcopyrite 
and an aqueous solution containing a constant kilogram of Ĥ O. These 
calculations were for closed systems at 25°G and one atmosphere total 
pressure and assumed excess quantities of reactive oxygen.

Pyrite
Calculations of the irreversible dissolution of pyrite by an

_ o  ^aqueous solution (fg^ = 10 ° atm) predict a reaction path in which
the only reaction product, goethite, precipitates over the interval of
reaction progress between log £ = -9°8 and -I.?. Precipitation of
goethite from the solution begins after a trivial amount of pyrite dis-

—8solution (1.8 x 10 g) and extends over six orders of magnitude until 
0.018 grams of pyrite are consumed. Irreversible consumption of more 
than 0.018 grams of pyrite is attended by dissolution of all product 
goethite. Hydronium jarosite does not form as a product of this re
action; however, if the reaction had progressed sufficiently far along 
the path equivalent to the pyrite addition line (Figure l), kornelite

(Fe^SO^^'THgO) and fhomboclase (HFetSO^g0̂ ^ )  wcm^ ‘ have precipi
tated as reaction products after goethite dissolves. The significance 
of these two phases as weathering products of sulfide-bearing felsic 
rocks is unclear because they are water-soluble and are, therefore, 
transient phases in most natural systems. However, these minerals are

■ ■ ■ ■ 36 . ’
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preserved in the oxidized zones of sulfide-hearing rocks in arid cli
mates such as the Atacama Desert of Chile (Palache, Berman and Prondell 
1951)° In such environments these occurrences could he simply vestiges 
of the especially-arid conditions and would, therefore, not he charac
teristic of weathering in more temperate climates„ Periodic increases 
in metal concentrations in runoff, associated with new rainfall, from 
weathering mine dumps, have been attributed to dissolution of water- 
soluble sulfate precipitates from the previous oxidation cycle (Potter 
and Nordstrom 1977)« Locke (1926) termed this phenomenon ”cloister 
oxidation" and hypothesized that precipitation of phases like kornelite 
and rhomhoclase alternating with dissolution of the precipitates in new 
rainwater may be important to the weathering process„ Merwin and 
Posnjak (1937) described kornelite and rhomhoclase rinds caused by 
evaporation of solutions on the exterior of pyrite nodules in an 
oxygen-rich mine environment, Blanchard (1968) observed that although 
kornelite and rhomhoclase occur as efflorescences in mines and near 
water seeps, weathering solutions of non-arid climates do not attain 
iron and sulfate concentrations Sufficient to precipitate these miner
als 6

The simulations of this study, however, did not consider fluid 
flow or evaporation. They were based on the assumption that in 
natural systems inflow of water after evaporation dissolves water- • 
soluble precipitates and returns the system to a point of reaction 
progress equivalent to the point before evaporation. Consequently, 
the weathering process was approximated by continuous irreversible re
actions between pyrite, oxygen, and a fixed mass of water. Although
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rhomboclsLse and kornelite may be part of the reaction sequence during 
pyrite weathering, considerations of rock-sulfide reactions, discussed 
later in this paper, show that observed mineralogy of weathered sul
fide-bearing rocks can be developed without evaporation of solutions or 
formation of water-soluble sulfate minerals„

Atmospheric oxygen dissolved in an aqueous solution reacts with 
pyrite according to the equilibrium reaction,

FeS2 + 3» 7502(g) + °-5H20 =  Fe+3 + 2S0^ + H+.
Ferric ions, formed by oxidation of ferrous ions,

Fe+2 + 0o2502|g) + H+ == Fe+3 + 0.5H20, 
oxidize pyrite according to the equilibrium reaction verified experi
mentally by Garrels and Thompson (i960) in high (10 3 m) ferric solu
tions 8

FeS2 + l4Fe+3 + SHgO =  15Fe+2 + 2S0^ + l6H+.
As expected from the above simplified reactions, the simulations pre
dict consumption of dissolved oxygen and generation of hydrogen and
sulfate ions. For oxygen fugacities equivalent to equilibrium between

—0 6air and the solution (fo2 = 10 ° atm), ferric ion and its aqueous
complexes are the most abundant iron species.

Simulation of pyrite dissolution (Table ll) reveals the impor
tance of oxygen on the magnitude of reaction progress and the concomi
tant changes in solution composition (Figure 6). A kilogram of water 
in equilibrium with air at the conditions of these calculations con-

-Zj,tains 2.94 x 10 . moles of dissolved oxygen; consumption of this quan
tity of oxygen by pyrite dissolution advances reaction progress into 
the goethite stability field (Figure 6). However,, the maximum



Table 11. Addition line of pyrite in the system E^Oo-SOo-H^O calculated per kilogram 
of water (fQg = 10~^6° atm) at 25°Go

STEPS OF REACTION . PROGRESS

' 1 ■■■■•:■ 2 3 4 5 6 7 8 9 10 11 12 13

Solution Composition 
Fe g« 3x10’*10 3xl0“9 3xlO”6 5*10“6 3xio“3 .023 .091 .180 .457 ~ ~  .644 1.028 2.214 11.67
S 3xlO**5 3xl0~5 4x10^ 5xio“3 5*io~2 .109 .214 .322 .618 .806 1,181 2.562 13.90
-log ai 
Fu+<. 20.215 14.850 8.696 8.293 5.557 4.799 4.351 4.148 ' 3.893 3.80? 3,698 3.541 3.127
so£ 6.005 6̂ 005 3.902 3,854 3.026 2.802 2.646 2.558 2.420 2.363 2.282 2.139 1.914
H+ 5.700 5.700 3.649 3.514 2.602 2,350 2.200 2.132 2.046 2.017 1,980 1.721 1.148
H2°a 0.0 0.0 Q.O 0.0 o.d 0.0 0.0 0.0 0.0 0 .6 , 0.0 .001 .003

FeSOiJ: 22.120 16.754 8.579 8.048 4.485 3.503 2.900 2.608 2.215 2.074 1.883 1.583 .945
IISO4 9.715 9.715 5.641 5.379 3.639 3.162 2.857 2,701 2.477 a.392 2,273 1.670 1.074
FedH4̂ 16.915 11.55 7.W7 7.179 5-355 4,650 4.551 4.415 4.245 4.188 4,114 4.213 4.343
Fc (SO/̂ )̂ 26,815 21.459 11.261 10.602 6.212 5.006 4.246 3,867 3.336 3-138 2.866 2.422 1.560
Ionic Strenpitĥ 3x10*̂ 3xl0"6 3*10"* 5*10"* 4xio**3 8xl0"*3 .013 .017 .027 .033 .044 .085 .350
Precipitates 
goethite go 0 9xl0~9 .0051 .0070 .0633 .1149 .152 0I66 .129 .092 2xl0-9 0 0
Reactants Consumed 
pyrite g. 7xl0”20 2xi0“8 7xl0”3 .0095 .091 .2041 .4008 .6022 1.157 1.508 2.209 4.755 25.07
°2(S) 2xlO-X? 2xl0"8 7xlo**3 .0095 .091 ,2041 .400? .6021 1.157 1.508 2.209 4.754 25.05
Reaction Progress (lor E ) -18.2 -9.0 -4.2 -4.10 -3,1 -2.8 -2.5 -2.3 -2,0 -1,9 -1.7 -1.4 -0.7

aCaloulated with Glhba-Dxihem roiatlonahlp

I “ i S zf U)
NO
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kilogram of water (fg^ = atm) at 25°C.
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concentrations of total iron (0.005 ppm) and sulfur (5.1 ppm) in solu
tion are similar to average levels in fresh waters (Hawkes and Webb
1962). In the system Fe^O^-SO^-H^O, 0.2? moles of oxygen react with 
0.072 moles of pyrite to attain water compositions analogous in total 
sulfur to those in weathering sulfide systems (4500 ppm, White et al.
1963). Total iron concentrations (3900 ppm) are significantly greater 
than natural mine waters (524 ppm), indicating that these simplified 
simulations do not adequately replicate natural weathering. The extent 
of reaction needed to simulate solution compositions similar to those 
in natural sulfide-weathering zones (log  ̂ = -l) produces a solution 
that is undersaturated with goethite. Since goethite is a common phase 
in weathering systems, factors such as hydrogen ion-consuming gangue 
reactions must inhibit reaction progress in natural systems.

Changes in activities of aqueous complexes over three segments 
of reaction progress for oxygen-excess reactions between pyrite and 
solution (Figure 7) have a major effect on mineral stabilities. Ferric 
hydroxide complexes and hydrogen and sulfate ions are, initially, the 
most concentrated species (log £ from -12 to -6). Subsequent in
creases in hydrogen ion activity and total dissolved sulfur accompany
ing pyrite dissolution cause sulfate complexes to predominate over 
hydroxide complexes (log £ from -6 to -3). When the amount of dis
solved Oxygen in the air-saturated solution is consumed (log  ̂ =
-4.l), sulfate complexes are as abundant as hydroxide complexes. 
Throughout the remainder of the reaction the activities of sulfate 
complexes increase while the activities of hydroxide complexes de
crease, and near reaction's end, Fe+̂ , FeSÔ , Fe(S0^)~, HSÔ , and H+
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Figure ?. Changes in activity of aqueous species during the irrevers
ible dissolution of pyrite into a kilogram of water 
(fo2 = 10-0•6 atm) at 25°C. 
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are the most abundant aqueous species„ Relative changes in the activi
ties of ferric hydroxide complexes with pH are consistent with the re
lationships described by Baes and Meismer (1976)., and speciation of 
sulfur-bearing complexes is consistent with the data and figure 17 of 
Helgeson (1969).

Hydrogen ion activities increase continuously during pyrite
oxidation. Although the largest activity of hydrogen ion attained in

-2solutions saturated with goethite is 10 , hydrogen ion activity be
comes greater than the limits commonly observed in natural systems 
(Baas Becking et al„ I960; Sato I960; and Garrels and Christ 1965) 
after goethite dissolves. Therefore, rocks containing pyrite can 
generate pore solutions with hydrogen ion activity greater than 10 ^ 
during weathering, if consumption of hydrogen ions by other reactions 
is not significant„

Iron concentrations in solution increase continuously, while 
pyrite oxidation generates hydrogen ions (Figure 6). The relationship 
between hydrogen and ferric ion activities in an aqueous solution 
saturated with goethite is defined by the equilibrium constant and the 
activity product for the reaction: .

FeOOH + 3*** =  Fe+3 + ZĤ O

K = We+3)/(%+^ = lo2“25’
The activity of hydrogen ion is a significant variable in the 

pyrite reactions, governing the magnitudes of total dissolved iron and 
coexisting mass of goethite. Ninety weight percent of the cumulative 
goethite mass is precipitated over the pH interval 3.2 to 2.0, even 
though goethite precipitates continuously from pH 5-7 to 2.0. When the
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mass of goethite attains- its maximum value (0„l6 grams/1000 grams H^O), 
sixty-four percent of all iron released from pyrite is in the solution.

Although equilibrium reactions indicate a fixed relationship 
between the masses of goethite and oxidized pyrite,

FeS2 + 3.750g + 2.5H20 =  FeOOH + 230^ + 4H+, 
the stoichiometry of irreversible weathering reactions varies continu
ously with reaction progress (Table 12). Thus, in nature, correlation 
of specific masses of goethite to equivalent masses of weathered pyrite

r ■requires independent determination of reaction progress (Figure 8).
Changes in phase relationships observed experimentally between 

200° and 50°C in the system FegO^-SCy-HgO (Posnjak and Merwin 1922;
Tunell and Posnjak 1931) were extended downward to 25°G by simulations

■ o - o ‘ ‘ ' ■ "at 25 and 50 of pyrite dissolution by aqueous solutions. Goethite
precipitates over a larger segment of reaction progress, and the mass
of goethite is greater at equivalent points in reaction progress during
reactions at higher temperatures (Figure 9) than during those at lower
temperatures (Figure 6). For reaction progress equal to 10 , the
50° reaction precipitated three times the mass of goethite as did the
25° reaction. This relationship emphasizes the effect of temperature
on the mass of reaction products. Even though ferric complexes are
less dissociated at 50° than at 25° (see Table 2) and are, therefore,
capable of holding more iron in solution, the decrease in goethite
solubility between 25 and $0 C causes a diminution of total-dissolved
iron at 50 > a phenomenon that contradicts predictions based solely on
the stability of aqueous complexes.
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Table 12, Reaction coefficients (dmj_/d ̂  ) for the irreversible disso

lution of pyrite by an aqueous solution (fOg.= 10“®“° atm) 
at 25°C.

log ( %) Instantaneous Reaction

-11,8 FeS2 + 3,7502 + 2,76H20 - 280^ + 3-26h+ + 0,63Fe(0H)2 +
0„32Fe(0H)3 + 0,05Fe(0H)

-3,8 FeSg + 3o7502 + 2„48H20 = 0„99Fe00H + 1.7930^ + 3.77%* +
0„2HS0^ + 0.0'04FeS0j + 0.004Fe(OH)** + O.OOlFe*3

-2,5 FeS2 + 3-7502 + 0,77H20 = 0,13Fe00H + 0,69SoJ + 0.94H* +
0,45HS0^ + 0.05Fe+3 + 0,77FeSO J + 0,04Fe (SÔ ) “;+ 
O.OlFeCOH)*

-1.8 FeS2 + 3.75O2 + 0.14H20 + O.lSFeOOH = 0,04Fe+3 +
0.4530^ + 0.18H* + FeSoJ + 0.l4Fe(SO^)“ +
0,27HS0^

- 1.1 FeS2 + 3.7502 + 0„5H20 = 0„03Fe*3 + 0.2630^ + 0.42H* + 
0.78FeS0^ + 0,58HS0^ + 0„19Fe(SOZj_)2
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If the oxygen consumed during reaction is not replenished, the 

reaction path changes drastically. With continual sulfide dissolution, 
a solution initially saturated with air (fĝ  = 10 atm) dissolves

o —.h,9=5 x 10 grams of pyrite to consume all available oxygen (2,96 x 10 
moles) and then equilibrates with pyrite. (fĝ  = 10 atm) after re
action with an additional 6,8 x 10 ^ grams (Figure .10), Following 
Consumption of oxygen, all goethite dissolves and no product minerals 
are present at overall equilibrium,

Chalcopyrite
Dissolution of chalcopyrite by an aqueous solution (fg9 =

-0 610 ° atm) follows a reaction path similar to the analogous pyrite re
action; total dissolved iron and sulfur increase continuously, while 
hydrogen ions are produced by oxidation reactions (Figure 11). Goe
thite is the only reaction product until the copper activity increases 
sufficiently to precipitate.chalcanthite, Calculations of chalcopyrite 
oxidation were stopped shortly after chalcanthite saturation because in 
the temperature climates simulated in this study chalcanthite is an un
common product of the weathering of sulfide-bearing felsic rocks 
(Anderson in preparation), except as evaporative efflorescences,

Chemical differences between the pyrite and chalcopyrite reac
tions are demonstrated by the quantitative data from the respective 
simulations (Tables 11 and 13, Figures 6 and ll). As indicated by the 
equilibrium reactions, each mole of chalcopyrite produces less hydrpgen 
ion but the same amount of ferric iron as does a mole of pyrite,
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Table 13. Addition line of chalcopyrite in the system CuO-FeoOo-SOo-HoO 
calculated per kilogram of water (fy = io~0„6 atm; at 
25°G„ ^

STEPS OF REACTION PROGRESS

i 2 3 4 5 6 7 8 9 10

Solution Composition 
Fe g. 3x10-9 1x10-6 3x10-4 .0826 1,679 5.504 14.03 44.50 135.9
Cu 6x10”̂ 6x10-5 4x10-5 .0424 . .3931 3.650 10.804 26.37 81.34 50.8
S 6x10~5 6x10-5 4x10-3 .0428 • 3967 3.684 10,904 26.61 82.08 146.5
-log &i 
F e ^ 18.220 14.850 • 9.347 6.575 4.626 3.928 3.722 3.577 3.424 2.804
Cu4*" 6.050 6.050 4.204 3.346 2.611 1.952 . 1.632 1.346 .925 1.062
SO: 5.716 5.716 3*904 3.060 2.434 1.929 1,700 1.512 1,254 1.336
H+ 5.700 5.700 3.866 2.942 2.291 2.047 1.959 1.874 1.715 1.479
H20a 0,0 0.0 0.0 0.0 0.0 .001 .003 .007 .022 .031
FeSO j 19.835 16,465 9.152 5.537 : .2.964 1.760 1.326 .994 •582 .045
CuSOẑ 9.966 - 9.466 5.809 4.107 2.746 1.583 I.035 .562 - .106 .118
CuOK* 7.010 7.010 6.999 7.064 6.977 6,546 6.235 6.029 ' 5.605 ' 5.934
Hso; 9.426 9.426 5.780 4.012 2.736 ' 1,988 1.671 • 1.398 . .981 .827
FeOH"”" 14.920 11.550 7.881 6.034 ; 4.734 4.263 4.116 . 4.000 3.844 , 3.416
Fe(S04)2 24.251 •20.. 881 11.756 7.297 4.098 2.390 1.727 . 1.207 ' .538 .083
Ionic Strength'5 7X10-6 7x10—6 5x10-4 ,0041 .0276 .1789 .4603 1.003 2.635 3.092
Precipitates
goethite g. 0 2x10-8 .0062 .0588 .4182 2.433 6.352 14.55 42.93 120,0
chalcanthite 0 0 0 0 0 0 0

° " 3x10-6 748.9
Reactants Consumed, 
chalcopyrite g. 2x10-9 5x10-8 .0128 .1224 1.135 10.54 31.20 76.15 249.3 694.4
°2(g) 3x10-1? 3x10-8 .0095 .0907 .841 7.81 23.11 56.34 173.3 451.3

-18.0 -9.6 -4.2 -3.2 -2.2 -1.2 -0.8 -0,4 0.1 0.6
aCaIculated using Gibbs-Duhea equation

bI = i 3 zf m|
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++CuFeS2 + 4.250 2 + 1.5H20 = FeOOH + Cu + 230^ + 2H 

FeS2 + 3.7502 + 2.5H20 = FeOOH + 230^ + 4H+„
Consequently9 the smaller activities of hydrogen ion generated by oxi
dation of chalcopyrite decrease iron solubility when saturated with

and precipitate more goethitegoethite, (Fe)solut.on = 102“25a|+ 
than does pyrite oxidation.

The solution does not undersaturate with goethite during the ' 
chalcopyrite reaction. As a result, the mass ratio of goethite to 
oxidized chalcopyrite changes less drastically (Figure 12) than does 
the equivalent ratio for the pyrite reaction during which the mass of 
goethite became zero. However, variance of the goethite/chalcopyrite 
mass ratio reinforces the relationship described for pyrite; the mass 
of residual goethite can not be correlated to an equivalent mass of 
weathered chalcopyrite unless the extent of reaction progress is known 
independently.

Changes in iron and sulfur speciation are similar during pyrite
and chalcopyrite oxidation; with continued reaction, the activities of
sulfate complexes become greater than those of hydroxide.complexes as
total dissolved sulfur and hydrogen ion activity increase (Figure 13).
Speciation of aqueous copper (ll) is analogous to iron (ill), except
that cupric ion is the most abundant copper species over much of the

' 0reaction path until OuSO^ surpasses it near reaction's end. During 
pyrite and chalcopyrite dissolution, ferric ion activity is always 
smaller than the activity of ferric complexes.

Changes in total iron and sulfur in the solution during chalco
pyrite dissolution are similar to those observed for the analogous
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Figure 12. Change in the mass ratio of goethite pro
duced to chalcopyrite destroyed during the 
irreversible reaction of chalcopyrite with 
a kilogram of water {£q0 = 10”®°° atm) at 
25°Co
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pyrite reaction„ Attainment of solution compositions similar to those 
measured from weathered rocks containing copper-sulfide minerals (White 
et alo 1963) requires replenishment of oxygen (4,5 x 10  ̂moles) beyond 
the amount available in air'-saturated water (,296 x 10 ^ moles). The 
solution at the point of reaction progress when all original oxygen is 
gone (log £ = -2,8) is saturated with goethite but not with chalcan-
thite (Figure ll),

Initial values of oxygen fugacity significantly affect chalco- 
pyrite dissolution because either goethite or delafossite (CuFeÔ ) are 
possible initial reaction products (Figure 14). For calculations with 
initial total dissolved copper equivalent to reported values in mete^ 
oric water (Table l), delafossite is the first reaction product of 
chalcopyrite dissolution if oxygen fugacities were less than 10 ^  atm. 
Phase relationships are such that the average solution composition of 
Table 1 projects to the goethite stability field, and decreasing acti
vity of copper at a fixed fg^ and pH stabilizes goethite at the ex
pense of delafossite.

Delafossite occurs in the oxidized zones of copper deposits 
associated with cuprite and native copper (Anthony, Williams and 
Bideaux 1977; and Sillitoe 1969)= In this study delafossite represents 
pitch limonite, a phase which Anderson's work (in preparation) corre
lates with large original chalcopyrite to pyrite ratios:in the sulfide 
fraction of felsic rocks and which often occurs with partially oxidized 
chalcopyrite grains.

Dissolution reactions that oxidize only part of the chalco
pyrite produce a series of oxide and sulfide mineral products. These
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reactions are analogous to the weathering environments in which oxygen 
replenishment from air is slower than consumption "by reactions„ Even 
if the initial oxygen fugacity (10 atm) permits precipitation of
goethite (see Figure 14), continued consumption of oxygen during chal- 
copyrite dissolution lowers oxygen fugacity and causes delafossite 
precipitation at the expense of goethite. The reaction path through 
the delafossite stability field (Figure 15) is characterized by de
creasing fog and approximately constant hydrogen ion activity. Activ
ity of hydrogen ion changes slightly (from 10 to 10 ■5°̂ ) because

6
the quantity of chalcopyrite dissolved (2 x 10 ) generates fewer
(5.7 x 10  ̂moles) hydrogen ions than were originally present in solu- 

—6tion (2 x 10 moles). However, this amount of reaction lowers the 
oxygen fugacity from the initial value, 10  ̂atm, to 10 ^  atm at the
cuprite-delafossite phase boundary. Along most of the reaction path 
between goethite and cuprite, cupric ion is at least ten times as 
abundant as cuprous ion. Consequently, the changes in f^^ are not re
flected in the activity of cupric ion until after the cupric and 
cuprous activities become approximately equal (Figure 15, first bend 
in the reaction path), However, ferric is less abundant than ferrous 
ion over the same reaction path and rapidly decreases in activity as 
fQg decreases. Consequently, the reaction path through the delafossite 
field is approximately a straight line of constant log (aQU+Vay+) an& 
decreasing log (aFe+^/a|+).

The remainder of the reaction path is characterized by decreas
ing fQg (10 ^  to 10 ^  atm) and pH (5.6 to 2.2), but the sequence of 
reaction products (Figure 16) varies with the amount of oxygen consumed
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3.00 GOETHITE

CRALCOPYRITE
1.00

DELAFOSSITE

CHALCOCITE5.00

COPPER
CUPRITE

9.00 -4.00 1.00 6.00

GOETHITE
DELAFOSSITE

- 1.00

PYRITE
CHALCOCITE-5.00

-9.08
-8.03 -7.03 - 6.00 -5.00

LOG AC C lH "O /A G -B 0**2

Figure 15. Approximate reaction paths for the dissolution of chal- 
copyrite by an aqueous solution at 25°G. —  (a) Path is 
for the case,initially saturated with oxygen 
(f()2 = 10" ' atm) and (B) is the case in which oxygen 
is consumed more rapidly than it is replenished. Dia
grams are "balanced on f (O2) and log (agQg a§+) = -17 
and -7 respectively for the upper and lower diagrams.
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Relative masses of reaction products and change in 
fQg during the reaction at 25°C of chalcopyrite and 
an aqueous.solution. —  In which (A) oxygen is con
sumed more rapidly than it is replenished, and 
(b ) which is initially saturated with oxygen 
(fg = 10-0-6 atm).
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during chalcopyrite dissolution. An initial solution containing a 
kilogram of solvent and greater than 0.4 moles of dissolved oxygen 
causes a reaction path that leads to saturation with covellite (Figure 
l6A). However, reaction between an air-saturated solution (2.96 x 
10 ^ moles/kilogram H^O) and chalcopyrite follows a path that ends with 
goethite (Figure 16b ). Significant differences between these two cases 
occur over the final interval of reaction because the reactions with 
excess oxygen dissolve enough chalcopyrite to cause sulfate complexes 
to become major aqueous ferric species. At reaction progress equal to 
the bend in curve A along the pyrite-bornite phase boundary of Figure 
15, ferric-ion activity decreases because the amount of iron being 
complexed is greater than the quantity added to solution. This de
crease in activity of ferric ion and a concurrent increase in hydrogen 
ion activity turns the Solution composition away from the path toward 
goethite (toward the top of Figure 15) and causes the solution.composi
tion to follow the pyrite-bornite phase boundary toward covellite (bot
tom of Figure 15)« In the air-saturated reaction activities of sulfate 
complexes are not large enough to decrease the activity of ferric ion, 
and, therefore, the solution saturates with goethite (curve B, Figure 
15.) after pyrite. For the air-saturated reaction, the small segment of 
reaction progress after delafossite and before pyrite (Figure 16b ) re
flects the small quantity (3 x 10 ^ grams) of chalcopyrite dissolved 
before reactive oxygen was totally consumed.



Summary
The n a tu re  o f s u lf id e  m in e ra l w ea th erin g  is  suggested by compu

ta tio n s  o f re a c tio n s  between s u lfid e s  and aqueous s o lu tio n s . O x id a tio n  

o f e ith e r  p y r ite  o r c h a lc o p y rite  by aqueous s o lu tio n s  g en era tes  hydro 

gen io n s  and g e n e ra lly  in c re a s e s  th e  s o lu b il i t y  o f ir o n  and copper. 

F u rth e r, th e  m agnitude o f change in  hydrogen io n  a c t iv i t y  d u rin g  re a c 

t io n  is  a  p rim ary  fa c to r  a ffe c t in g  th e  mass o f g o e th ite  p re c ip ita te d  

from  s o lu tio n  a t  any te m p e ra tu re , P y r ite  w eath erin g  re a c tio n s  produce  

le s s  g o e th ite  th a n  analogous c h a lc o p y rite  re a c tio n s  because th e  g re a te r  

amount o f hydrogen io n s g e n era te d  d u rin g  p y r ite  o x id a tio n  in c re a se s  th e  

t o t a l  iro n  in  s o lu tio n ,

P y r ite  o r c h a lc o p y rite  w ea th erin g  re a c tio n s  in  w hich th e  s u l

fid e s  a re  th o ro u g h ly  o x id iz e d  produce o n ly  g o e th ite  as a re a c tio n  p ro d 

u c t, However, co n tin u ed  c h a lc o p y rite  d is s o lu tio n  a f t e r  consum ption o f  

a l l  oxygen causes p r e c ip ita t io n  o f a sequence o f m in e ra l oxides and 

s u lfid e s  th a t  corresponds to  th e  sequences observed w ith  in c re a s in g  

depth (Emmons 1917; and B lanchard  1968) in  w eathered porphyry  copper 

d e p o s its „

The total mass of sulfide mineral dissolved and hydrogen ions 
generated is directly proportional to the amount of reactive oxygen 
consumed (Table 14). Further, solution compositions indicate that oxy
gen must be replenished as it is consumed to develop the concentrations 
of hydrogen ions, copper, iron, and sulfur equivalent to those in solu
tions from weathered sulfide-bearing rocks„ In accordance with 
Anderson's (in preparation) conclusions, the magnitude of hydrogen ion

61
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Table 14, Total dissolution to reach equilibrium in a closed system 

per 1000 grams of H2O for selected minerals (25°C» 1 atm,, 
and initial pH=5«?)«

"Oxygen-free” Solution
Air-saturated Solution 
(2.96x10 moles O2)

Mineral ■ Grams mm^ Grams mm?
Tyrite 6.6x10 1.3x10"? 0.0102 2.04
Chaleopyrite 0,00146 O.32 0.3160 71.82

Annite 0,0088 2.65 O.3O3I 91.30
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generation during weathering is a function of the relative rates of 
oxygen consumption and replenishment,

Iron-silicate minerals, as well as sulfides, can be significant 
oxygen consuming phases, as indicated by data from the dissolution of 
annite by an oxygenated aqueous solution, Table 14, The oxygen con
sumptive nature of water-rock reactions has long been known and indi
cates that weathering reactions involving both gangue and sulfide min
erals must be considered. These reactions are documented next.



REACTIONS BETWEEN AQUEOUS SOLUTIONS AND 
SULFIDE-SILICATE MINERAL ASSEMBLAGES

Compositional variations of groundwaters flowing through rocks 
indicate that solution compositions are controlled "by reaction with 
contiguous rock minerals (cf„ Feth, Roberson and Polzer 1964; Garrels 
and MacKenzie 196?; Helgeson et al» 1969; and Miller and Drever 1977)° 
Therefore, weathering reactions between aqueous solutions and sulfide- 
silicate mineral assemblages were simulated, Using methods discussed 
previously, the magnitudes of consumption of hydrogen ions and concomi
tant release of rock forming components to solution were determined 
relative to the magnitude of hydrogen ion generation by oxidation of 
sulfide minerals. Irreversible reaction rates for minerals were as
sumed to be proportional to surface areas exposed to solution. Since 
surface areas of minerals are proportional to their abundance in a 
rock, if the effects of variable particle size and surface roughness 
are included as a proportionality constant, irreversible reaction rates 
in the simulations are proportional to volumetric mineral abundances
(Norton in preparation), All reactions were calculated for solutions

—0 6containing a kilogram of solvent at 25 0 and fg^ = 10 atm.

Relative Stabilities of 
Coethite-Alunite-Jarosite

Phase.relationships in the system Fe^O^-SO^-H^O along the 
pyrrhotite addition line and simulations of the equivalent irreversible 
reaction demonstrated that hydronium jarosite forms at goethite's
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expense in closed systems when the activities of sulfate and hydrogen
ions become sufficiently large. Dissolution of pyrite or chaleopyrite

_0 £in oxygenated (fĝ  =10 ” atm) solutions did not precipitate hydro-
nium jarosite. However, consideration Of components, KgO, Al̂ Ô , and 
SiOg, in addition to those of the ternary system, and simulation of the 
reactions between pyrite, K-feldspar, and an aqueous solution were used 
to investigate the conditions favorable to the formation of alunite and 
jarosite during weathering of sulfide-bearing, feldspathic rocks.

Dissolution of K-feldspar and pyrite causes goethite precipita
tion after a small amount of reaction (8 x 10  ̂grams of pyrite), but 
consumes approximately 154 times the oxygen dissolved in air-saturated 
water to bring the solution to either jarosite or alunite saturation. 
Speciation changes during the pyrite and K-feldspar reaction are simi
lar to those of the pyrite addition line calculations and complexes 
are dominantly sulfates.

Mineral reaction rates, the most important variables affecting 
the reaction path, determine the quantity of mineral dissolved per 
unit of reaction progress. In the case of K-feldspar and pyrite, these 
rates equal the molar influx of iron and aluminum to solution. Disso
lution of pyrite increases the activities of ferric, hydrogen, and
sulfate species in solution; dissolution of K-feldspar consumes hydro-

+ +3gen ions and increases the activities of K , A1 , and H^SiÔ s 
. KAlSi^Og + 4H+ + 4H20 =  K+ + Al+3 + 3^310^.

Consequently, the relative sequence of jarosite and alunite precipita
tion, according to the reactions
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jarosites K+ + 3Fe+3 + 2S0^ + 6HgO = KFe^SO^COH^ + 6h+
alunite: K+ + 3A1+3 + 2S0^ + 6HgO = KA13(S0^)2(0H)6 + 6h+»

depends on the relative rates of dissolution of iron from pyrite and 
aluminum from feldspar.

The stabilities of alunite, jarosite, goethite, gibbsite, arid 
K-feldspar, as functions of Fe+3, Al*3, SÔ , and H+ activities, are 
demonstrated on Figure 17. Increasing magnitude of log (agQ= a^+) 
moves the alunite and E-feldspar as well as jarosite and K-feldspar 
phase boundaries to less positive values of log (a^+^/a3^  and log 
(ape+3/a3+), respectively, A boundary of constant slope between alu
nite and jarosite is dictated by the minerals’ relative stoichiometry. 
Although the composition of meteoric water projects to a point in the 
feldspar stability field, the changing phase relationships accompanying 
pyrite and feldspar dissolution eventually stabilize alunite rather 
than K-feldspar at that projected point. However, the solution compo
sition also changes during the reaction. Generally, activities of 
Fe+3 and Al+3 increase while hydrogen ion activity either increases or 
decreases, depending on relative rates of hydrogen ion consumption and 
generation during the reaction. Jarosite occurs in nature where acidic 
solutions high in sulfate and potassium once existed (cf. Brown 1971; 
and Vlek et al. 1974; this study), indicating that only weathering re
actions that increase hydrogen ion activity should be considered,
Therefore, with reaction progress, the change in solution composition 
is toward the alunite and jarosite stability fields. Log (a^+ya^+) 
and log (a^4.3/3^+) become more positive because the increase in hydro
gen ion activity is greater than the increase in iron or aluminum
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activities, This change in composition of the solution, which deter
mines the order of alunite and jarosite precipitation, is controlled by 
the amount of aluminum supplied to solution relative to the quantity of 
iron, K-feldspar and pyrite weathering reactions in which molar ratios 
of Fe/Al are less than one precipitate alunite before jarosite, whereas 
reactions with ratios greater than one precipitate jarosite first 
(Figures 17 and 18)„ Reaction product sequences for three simulations 
with different relative reaction rates of pyrite and E-feldspar (Figure 
18) demonstrate the nature of the stabilities of goethite, alunite, and 
jarosite before total consumption of all sulfide,

Goethite, the first reaction product, precipitates after disso-
-9lution and oxidation of 8 x 10 grams of pyrite. However, the se

quence of reaction products after goethite varies with the molar ratio 
of Fe/Al supplied to solution by mineral dissolution. Reactions with 
molar ratios of Fe/Al less than one generate alunite; reactions with 
ratios greater than one precipitate jarosite. Both alunite and jaro
site form after goethite when molar dissolution ratios of Fe/Al equal 
approximately one. Further, the larger the molar ratio of Fe/Al sup
plied to solution the earlier jarosite saturates relative to reaction 
progress (Figure 18).

Following saturation of the solution with jarosite, mass ratios 
of goethite/(goethite + jarosite), ratios which empirically correlate 
with sulfide abundance and chalebpytite/pyrite ratios in Anderson's 
observations (in preparation), decrease (Figure 19) during continued 
oxidation of pyrite. Goethite and jarosite coexist over a small inter
val (Figure 19, curve a) of reaction progress. In contrast, the mass
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of goethite continually increases while coprecipitating with alunite, 
because these two phases do not compete for dissolved material as do 
goethite and jarosite.

Weathering of K-feldspar and sulfides requires the oxidation- of 
less pyrite (lA? grams) than chalcopyrite (3°37 grams) to precipitate 
jarosite„ All other variables being equal» the interval in reaction : 
progress where goethite and jarosite coexist is increased by a larger 
ratio of chalcopyrite/(pyrite + chalcopyrite) in the dissolving sulfide 
fraction (Figure 19, curve c)„ These effects are caused by the smaller 
quantities of hydrogen ion generated during chalcopyrite oxidation 
relative to pyrite oxidation and the resultant diminution of ferric ion 
activities at equal values Of reaction progress in the two reactions„
A similar increased stability field of goethite was observed during the 
simulations of the chalcopyrite addition line, as compared to the anal
ogous pyrite reaction.

Although less pronounced an effect than the substitution of 
chalcopyrite for pyrite, muscovite and pyrite weathering reactions have 
extended intervals of goethite and.jarosite coexistence (Figures 19 and 
20) relative to K-feldspar and pyrite reactions. Muscovite dissolution, 

KAl3Si3010(0H)2 + 10H+ =  K+ + 3A1+3 + 3%Si0^,
-4-consumes 2,5 times as. much hydrogen ion per unit of K released to 

solution as does dissolution of K-feldspar,
KAlSi^Og + 4H+ + 4-HgO =  K+ + Al+3 + 3%SiO^.

By design, equal quantities of hydrogen ions are created by pyrite oxi
dation per unit of reaction progress, £ , for the two simulations,
Therefore,, the net change in hydrogen ion activity is smaller per unit
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Goethite

Jarosite

Goethite

Jarosite

Goethite
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Reaction Progress

Figure 20, Relative product masses during the reaction of 
an aqueous solution (fQg = 10-0,6 atm) with 
pyrite and (A) muscovite, (B) muscovite and 
K-feldspar, and (C) E-feldspar at 25°G,
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of  ̂during the muscovite and pyrite reaction than during K-feldspar 
and pyrite dissolution. The muscovite and pyrite reaction dissolves 
2.2 times the mass of pyrite to reach goethite/(goethite + jarosite) - 
0 as does the K-feldspar and pyrite reaction. Instantaneous reactions 
for the two cases at equivalent points of goethite/(goethite + jaro
site) (Table 15) demonstrate that, although both reactions produce 
hydrogen ions, the mass of goethite converted to jarosite per unit of 
reaction progress is greater for the K-feldspar and pyrite reaction 
than for the muscovite and pyrite reaction. Stability relationships of 
muscovite relative to K-feldspar do not affect these reactions because 
the conversion of goethite to jarosite occurs before either silicate 
mineral equilibrates with the solution.

Continued reaction of the solution with gangue minerals, after 
oxidation of all available sulfide minerals, forms alunite and goethite 
but dissolves (Figure 210) jarosite. Peterson* Gilbert and Quick 
(l95l) described goethite as the weathering product of jarosite after 
all pyrite was oxidized. However, the common observation of mixed goe
thite and jarosite cappings containing minor alunite suggests that ex
tensive production of alunite by jarosite dissolution rarely occurs in 
nature. Groundwater flow rates that are fast relative to rates of 
silicate dissolution but slow with respect to sulfide oxidation are a 
likely hindrance to reaction progress that could preclude abundant 
formation of supergene alunite„

The preservation of residual goethite and jarosite in capping 
after the total oxidation Of all sulfide minerals requires removal of 
the acid sulfate waters from the site of oxidation, thereby preventing
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Table 15. Reaction coefficients (dm^/d I; ) for the irreversible disso- 

. lution of E-feldspar and pyrite, and mnscoyite and pyrite
by an aqueous solution. —  fOg - 10" atm and the reaction 
is at 25°G for a mass ratio of goethite/(goethite+jarosite) 
equal to 0.10.

Reactant Minerals Irreversible Reaction
E-feldspar and 

pyrite
OAFeOOH + 0.91FeS2 + O.O^EAlSi^Og + 3.40^ + 

0.06E+ + 0.45H20 = 0.3810g + 
0.15EFe3(S0^)2(0H)6 + 0.02A1+3 + 
0.04A130J +0,03A1(SO^)~ + 0.03Fe+3 + 
0.3S0= + 0.2HS0^ + 0.15H+ + 0.?FeS0j + 
0.09Fe(SO^)"

muscovite and 
pyrite

O.IFeOOH + 0,91FeS2 + 0.09EAlgSigO^(OH)2 +
3.4o 2 + 0.02E+ + 0.3H20 = 0.3Si02 + 
0.1EFe3(S02ji)2(0H)6 + 0.05A1*3 + O.IAISO^ + 
0.1A1(S01j>)2 + 0.02Fe+3 + 0.6FeS0^ +
0.1Fe(S0^)2 + 0.3S0j + 0.2HSOJ + Q.09H+
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Figure 21. Reaction product sequence and changes in solution pH 
during dissolution of pyrite and K-feldspar into a 
kilogram of water (fgg = 10“ 0 atm) at 25°C, —  
Relative reaction rates for K-feldspar/pyrite equal 
(A) 10, (B) 1, or (C) 0.3. Vertical dashed line is . 
the point of total dissolution of all pyrite„



the destruction of the residual assemblage by continued reaction of 
solution with gangue minerals (Figure 21C). Ample evidence for mass 
transport by solutions during oxidation of porphyry copper deposits 
(cf„ Ransome 1919; Anderson in preparation; and Koenig in preparation) . 
shows that part of the weathering solution leaves the oxidized zone". 
However, solution movement is probably a continual process and does not 
occur fortuitously after all sulfide is oxidized. Unfortunately, the 
effects of flow rates relative to chemical reaction rates were not con
sidered directly in the simulations; speculations about these effects 
are considered in the concluding section of this study.

Weathering-Derived 
Silicate Alteration Products

. The common occurrence of goethite and jarosite, with only minor 
quantities of alunite in weathered sulfide-bearing felsic rocks serves 
as a guide for estimation of compatible quantities of silicate altera
tion. Simulations with silicate/sulfide reaction-rate ratios equal to 
10.0 produce alunite rather than jarosite, increase solution pH, and 
generate silicate alteration products (gibbsite, kaolinite, quartz,
muscovite) before all sulfide is totally oxidized (Figure 21A). H o w -

_uever, negligible masses (4 x 10 g/1000 g Ĥ O) of alunite and sili
cate alteration minerals are precipitated by reactions, calculated 
using silicate/sulfide dissolution rates whose ratio is less than 1.0 
(Figure 210), Further, these latter reactions produce ratios of goe
thite and jarosite equivalent to those described by Anderson (in prepa
ration) . Alunite precipitation varies directly with the amount of 
supergene silicate alteration. Solution compositions of simulations
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that duplicate Anderson's observations also approximate pore-water com
positions and pH's measured from weathered sulfide-hearing rocks (Table 
16). The disparity between simulated and measured values of dissolved 
SiOg is caused by limitation of the calculations to quartz saturation, 
even though natural waters are often supersaturated with quartz. How
ever, the minimal amount of silicate alteration compatible with devel
opment of desired mass ratios of goethite/(jarosite + goethite) sug
gests that SiOg content of the solution is an insignificant variable„
As Anderson observed for sulfide weathering, solution pH is a sensitive 
indicator of relative rates of hydrogen ion generation by sulfide oxi
dation and consumption by silicate hydrolysis. Therefore, reactions 
that generate minor quantities of silicate alteration are most repre
sentative of the overall weathering, process because they produce solu
tion compositions, mass ratios of goethite/(goethite + jarosite), and 
solution pH equivalent to those observed in weathering sulfide-bearing 
rocks,

A high activity of H^SiO^ in weathering solutions can inhibit
precipitation of alunite (Beane and Popp in preparation), Beane and
Popp calculated the irreversible reaction between muscovite and an

—2'aqueous H^SO^ solution (10 m) using methods identical to those of
this study. During this reaction the alunite stability field decreased
as the activity of H^SiO^ increased beyond the value at quartz satura- 

' -htion, 10 , The increased activity of H^SiO^ during this reaction
relative to reactions limited by quartz saturation causes equilibrium 
between the solution and an alumino-silicate mineral such as prophyl- 
lite or muscovite rather than alunite, Beane and Popp's experiment was
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Table 16. Solution compositions (ppm) from an oxidized sulfide-

bearing rock and from a weathering simulation at two points 
of reaction progress,

Component
K-feldspar & Pyrite 
Simulation at 250C 
for a closed system Mine ¥atera

K 48 29 300 (+Ha)

' S04 782 1074 4460
• Si 2.8 2.8 90
Fe 542 818 524
Al 33 48 22 . ;
PH 2.04 2.01 . .. 2b

>Og I . ; -1.9 -1.7 " —
goethite/(goethite+jarosite) 1.0 0.0

aWhite et al. (1963)

^Minimum value, Baas Becking et al. (i960)
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calculated for a fixed molality of total dissolved sulfate (10 that 
is approximately equal to the values developed during weathering simu
lations of the present study. However, the reactions discussed in 
preceding sections of this paper were calculated with progressively 
increasing values of total dissolved sulfate (cf„ Figure 9), Formation 
of alunite during these reactions depended on the relative rates of 
change, dun/d^ , of 80̂ , Al+̂ , Ĥ SiÔ , K+, and H+ as determined by 
relative reaction rates of minerals. If the activity of H^SiO^ had 
been allowed to increase beyond quartz saturation during these reac
tions, the effect described by Beane and Popp would have augmented the 
effects of relative reaction rates of minerals on formation of alunite, 

The volume of pyrite, dissolved per kilogram of solvent, neces
sary to reach specific goethite/(goethite + jarosite) mass ratios was 
obtained from the mass transfer calculations. Equivalent volume per
cent pyrite in the unweathered rock for those mass ratios was inferred 
from Anderson's data (Table 1?), These data permitted calculations of 
initial rock volume. With increasing volume percent pyrite in the un
weathered rock, each unit of solution reacts with a smaller volume of 
rock to dissolve the mass of pyrite needed to reach the goethite- 
jarosite mass ratios observed in nature. Rocks with greater initial 
volume percent pyrite produce a greater volume of alteration products. 
Further, this alteration is concentrated in a smaller volume of rock 
and also produces greater porosity than do reactions with lesser ini
tial pyrite. These trends reflect the direct correlation of total 
hydrogen ion production with the quantity of sulfide oxidized and the 
amount of subsequent hydrogen ion alteration of silicates. Therefore,
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Table 17° Changes in mineral volume during the irreversible dissolu
tion, of K-feldspar.and pyrite into 1000 grams of HgO 
(f02=10 ° atm) at the points of maximum and minimum
goethite abundance, 25°ti.

goethite/(goethite+jarosite)
1.0 0.0

Q cLcm pyrite dissolved 0.2934 0.429
3 3i cm K-feldspar dissolved 0.132 1.936

volume % sulfide in rock^ 0.15 4.5
total rock volume (calc) cm^ 195 - 6 9.53
rock dissolved (%) 0.22 24.8
3cm products 0,081 quartz 0.12 quartz

O.O52 goethite 0.l6 jarosite
volume change of rock —0.2% -21.8%

^Simulation with relative reaction rates of K-feldspar/pyrite = 0.1.
bCorrelation of Anderson (in preparation) based on the mass ratio of 
goethite/(goethite+jarosite).
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chemical factors augment physical factors, e.g., increased permeabil
ity, causing more thorough silicate alteration in the high total sul
fide zones of porphyry copper deposits than in lower sulfide zones 
(Titley 1972).

Weathering of 
Porphyry Conner Rocks

Weathering calculations using complex mineral assemblages con
firm Anderson's (in preparation) empirical observations relating the 
mass ratio of goethite/(goethite + jarosite) and residual copper in 
oxidized porphyry-copper rocks to the rock's initial chalcopyrite/ 
pyrite ratios and total sulfide abundance. Relative reaction rates for 
minerals in the calculations were proportional to volumetric abundance 
in rocks (Table 18). However, silicate reaction rates were adjusted 
with respect to one another using data for absolute dissolution rates 
(Norton in preparation), and the dissolution rates of sulfides relative 
to silicates were chosen to produce goethite, jarosite, and minimal 
alunite at total consumption of all sulfide.

Simulations of the complete oxidation of rocks containing 6 
volume percent sulfide with 22 mole percent chalcopyrite (Figure 22), 
at the point where all sulfides were consumed, produce goethite/(goe
thite + jarosite) = 0.15 and predict total removal of copper from the 
rock. According to Anderson's criteria, this mineral assemblage would 
have formed by weathering a rock containing 4 volume percent total sulr- 
fide with less than 33 mole percent chalcopyrite. KaoUnite, musco
vite, quartz, and alunite precipitate during consumption of hydrogen 
ions by gangue dissolution following total sulfide oxidation.
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Table 18, Initial mineral abundances and relative reaction rates,

■ 25°C, for simulation of the weathering of a sulfide-bearing 
felsic rock.

Mineral
Abundance 
(volume %)

Relative 
Reaction Rate

Total crn̂ 
per 1000 grams 

HaO
Quartz - 21.4 ,001a 23.8

K-feldspar 22.2 ,001a 24,6
Muscovite 34.2 ,090a 38.0
Kaolinite 16,2 „040a,b 18.0
lyrite 4.0 .6?c 4.4
Ghalcopyrite 2.0 .33° 2.2

^Estimated using rate constants from Norton (in preparation) and 
assuming mineral reaction rates are proportional to volume percent 
abundance times the rate constant.
bRate constant assumed to be equal to mica,
cSelected so that the sum of the relative reaction rates for sulfide 
minerals equals 1.0.
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Chalcopyrite

Goethite

Reaction Progress
Alunite

.ntlerite

Kaolin!te

Muscovite

Figure 22. Relative masses of reaction products and changes 
in solution pH during the weathering of a , 
porphyry-copper rock, 25°G, and fgg =10 ° atm.
—  See Table 18 for details of reaction parameters,
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Antlerite is the only copper-hearing reaction product of this oxidized 
(f02 = 10 atm) weathering reaction, and it forms after all sulfide 
is oxidized,

Water/Rock Volume Ratios 
in Weathering Environments

Weathering reactions were calculated relative to an aqueous 
solution containing a kilogram of Ĥ O, which in natural systems is dis
tributed among the pores between the reactive minerals. The effective 
porosity of a rock defines the maximum volume ratio of water/rock and 
the mass of reactant minerals per kilogram of solvent, .

Water/rock volume ratios for weathering environments were esti
mated using the observations of Anderson (in preparation) relating 
residual goethite/(goethite + jarosite) mass ratios to initial chalco- 
pyrite/pyrite and total sulfide in the rock. Anderson observed jaro
site in thoroughly oxidized rocks which originally contained 0,15 
volume percent pyrite. Therefore, the corresponding volume (0.29 cm̂ ) 
of pyrite oxidized in the simulated systems to produce jarosite (Table 
I?) is 0,15 volume percent of 196 cm^ of rock. Thus, this reaction 
had an effective reaction porosity of 0.84, However, Horton and Knapp 
(1977) and Koenig (in preparation) demonstrate that porosities of 
porphyry copper rocks are on the order of 0.1 contradicting the data 
from the calculations, The mass of pyrite (67.5 g) in a rock volume 
(9000 cm'*) containing a kilogram of HgO in 0.1 total porosity and 0.15 
volume percent sulfide is 45 times the quantity (1.47 g) required to 
reach jarosite saturation in the simulated reactions. Dissolution of 
this rock following one saturation of the pores with aqueous solution
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causes reaction that advances well beyond the goethite and jarosite 
mass ratio characteristic of the rock according to Anderson's data and, 
therefore, contradicts geologic observations. However, the reaction 
can be hindered in nature by (l) flow of solution past reactant miner
als at rates greater than those of mineral dissolution and/or (2) limi
tation of the amount of reactive oxygen by rates of consumption greater 
than rates of replenishment, Both these effects are compatible with a 
large number of reasonable geologic scenarios. Consequences of these 
reaction-limiting processes are considered in the following section.



CONCLUSIONS

Weathering reactions "between sulfide-bearing felsic rocks and 
aqueous solutions emphasize the importance of rates of hydrogen-ion 
generation during sulfide oxidation and consumption by mineral dissolu
tion on reaction paths. Reactions that consume more hydrogen ions than 
they produce precipitate alunite and silicate alteration products in 
quantities larger than generally ascribed to supergene processes and 
develop neither solution compositions nor goethite/(goethite + jaro- 
site) mass ratios commonly observed in weathered sulfide-bearing rocks. 
Simulation of goethite/(goethite + jarosite) mass ratios diagnostic of 
both initial chalcopyrite/pyrite and total sulfide abundance predict 
minimal silicate dissolution before total oxidation of all sulfide re
actant, Specifically, for the weathering reaction summarized in Table 
18 and Figure 22, total consumption of all sulfide is accompanied by 
dissolution of 2.9 x 10 1.07, and 3.40 cm^ of K-feldspar, kaolinite,
and muscovite, respectively.

When all sulfides are totally oxidized, the quantity of goe
thite remaining is smaller for simulations with greater initial total 
sulfide and smaller initial chalcopyrite/(pyrite + chalcopyrite), in 
agreement with Anderson's observations (in preparation) for natural 
systems, However, the goethite/(goethite + jarosite) mass ratio 
changes continuously with reaction advancement and attains each value 
between 1.0 and 0.0 at a single point of reaction progress, rather than 
maintaining it throughout. Consequently, correlating naturally
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occurring masses of jarosite and goethite to equivalent masses of 
oxidized sulfide minerals requires independent determination of the 
extent of reaction progress, Further, coefficients of the irreversible 
weathering reactions change continuously with reaction progress (cf„ 
Table 12) and are approximated by the equilibrium relationships only 
occasionally (cf„ Figure 8 or 12). The temperature of the weathering 
reaction also affects the goethite-jarosite mass relationships because 
the quantity of goethite precipitated at _$0°C is three times the quan
tity generated at 25°G for equivalent reaction progress,

The interval of reaction progress over which goethite and jaro
site coexist is greater for weathering pyrite and muscovite than for 
weathering pyrite and E-feldspar assemblages. Although the relative 
abundances of K-feldspar and muscovite affect the weathering reactions 
to a greater extent than was previously supposed (Locke 1926; and 
Blanchard 1968), this effect is not as pronounced as is variance of the 
chalcopyrite/pyrite ratio (cf. Figure 19).

The amount of alunite precipitated is directly proportional to 
the extent of alumino-silicate dissolution accompanying sulfide oxida
tion and is, therefore, a good indicator of the thoroughness of sili
cate alteration by weathering processes. Alunite is probably more 
abundant (cf. Koenig in preparation), both alone as a supergene mineral 
or associated with goethite as the product of jarosite dissolution, 
than previously described in porphyry copper systems. However, hydro- 
thermal alunite, a common constituent of many porphyry copper deposits, 
is easily confused with supergene alunite unless other interpretative
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criteria, such as proximity to weathering surfaces or stable isotopes, 
exist,

Closed, system Simulations of the weathering of sulfide-bearing 
felsic rocks by meteoric water confirm Anderson's (in preparation) cor- ' 
relations of initial sulfide abundance and composition to residual 
goethite/(goethite + jarosite) when sulfide is totally oxidized. How
ever, destruction of jarosite in the simulations by continued reaction 
between the solution and gangue after complete oxidation of all sulfide 
suggests that in nature (l) precipitation of goethite and jarosite is 
separated spatially from acid-consumptive silicate alteration, (2) sul
fide oxidation is not complete in most porphyry copper cappings that 
contain jarosite, or (3) other factors hinder destruction of jarosite. 
Because movement of fluids is common in near-surface rocks undergoing 
chemical weathering, relative rates of fluid flow and mineral dissolu
tion affect reaction progress. As noted regarding the formation of 
alunite, flow rates that are significantly greater than dissolution 
rates for minerals may hinder reaction progress that depends on those 
mineral reactions and thus maintain saturation of the solution with 
respect to goethite and jarosite, in spite of the tendency of the ir
reversible chemical reactions to dissolve goethite and jarosite. 
Weathering calculations for sulfide-bearing felsic rocks produce mass 
ratios of goethite/(goethite + jarosite) that are characteristic of the 
initial rock, according to Anderson's criteria, without formation of 
rhomboclase, kornelite, or chalcanthite. However, this reaction dis
solves pyrite, chalcopyrite, muscovite, and E-feldspar in amounts con
siderably less than the total quantities available for reaction, per
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kilogram of solvent, "based on rock porosity and mineral abundances. 
Therefore, static solutions reacting with sulfide-bearing felsic rooks 
will precipitate phases such as chalcanthite, rhomboclase, and 
kornelite unless reaction progress is hindered. Replenishment of oxy
gen more slowly than it is consumed could effectively restrain reaction 
progress in static natural systems.

Quantities of oxygen on the order of 150 times the amount dis
solved in a thousand grams of air-saturated water are needed to gener
ate solution compositions analogous to those in weathered sulfide- 
bearing felsic rocks and to reach jarosite saturation by dissolution of 
pyrite and K-feldspar. This relationship emphasizes the need for baro
metric pumping of oxygenated air into rock porosity for continuous re
action, a concept suggested by Spencer (191?) and Levering (1948),
These weathering simulations also emphasize the direct proportionality 
between the amount of oxygen consumed and the quantity of hydrogen ions 
produced, as well as sulfide and gangue minerals dissolved during the. 
overall process. Chalcopyrite dissolution after isolation of the solu
tion from reactive oxygen quickly lowers oxygen fugacity and causes 
precipitation of a sequence of oxide and sulfide minerals analogous to 
the sequence observed with increasing depth in weathered porphyry 
copper deposits (cf. Figure 16),

Although rates of silicate dissolution vary directly with 
hydrogen ion activity (Aagaard and Hedgeson 1977; and Norton in prepa
ration), similar relationships describing the dissolution of pyrite and 
chalcopyrite in dilute solutions are not available. Kinetic data for 
silicate and sulfide minerals, when used in calculations of the
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time-dependent dissolution reactions (Norton in preparation; Knight and 
Norton 1977)» will better define the interdependence of (l) alunite 
precipitation, (2) goethite and jarosite stability, (3) rates of sili
cate alteration as a function of hydrogen ion activity, and (4) rate of 
hydrogen ion generation during sulfide oxidation. In particular, 
argillization of silicate minerals by hydrogen ions may be increased in 
the low pH environments of jarosite stability, perhaps without exten
sive alunite precipitation, as was the case in simulations of this 
study.

Important field observations which are necessary in order to 
check the predictions of this study are: (l) abundance and stability
of water-soluble sulfates during weathering of sulfide-bearing felsic 
rocks in non-arid climates, (2) alunite abundances relative to the . 
completeness of silicate alteration by supergene processes and to both 
original and residual sulfide mineral abundances, and (3) quantitative 
description of silicate alteration minerals in capping rocks relative 
to abundances in unweathered protore. Further, the calculations pre
dict significant quantities of weathering derived quartz, a phenomenon 
that needs documentation beyond the work of Loghry (1972).

Eventually,, calculations that couple time-dependent chemical 
reactions to solution flow models for the weathering environment may 
better approximate the processes involved in the weathering of sulfide- 
bearing rocks. However, the requirement of coprecipitation of jarosite 
and goethite during weathering of porphyry copper deposits serves as a 
chemical constraint on flow rates of solution relative to the rates of 
sulfide oxidation and silicate dissolution.
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