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A CHEMICAL AND THERMODYNAMIC MODEL OF ORE DEPOSITION
IN HYDROTHERMAL SYSTEMS
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ABSTRACT

The major compositional characteristics of natural hydrothermal systems can be described in terms of 16 thermody-
namic components; e.g.,, N aCl—KCl—MgClz—CaCh—FeClz—CuCl—ZnC12-PbC12-AgCl—Aleg-SiO2—HZS—HQSO4»HCl—H20—COg.
The chemical potentials of approximately half of these components are commonly constant or functions of chemical
equilibrium in hydrothermal processes. Many such processes involve relatively concentrated acid alkali-chloride solutions
containing ppm concentrations of the ore-forming metals distributed predominantly in complexes with the chloride jon.
Formation of hydrothermal ore deposits from such solutions is controlled by changes in temperature and/or pressure and
chemical interaction of the aqueous phase with its mineralogic environment. Precipitation and replacement of sulfides and
oxides in ore proportions may occur at constant temperature and pressure in response to increasing solution pH resulting
from reaction of the aqueous phase with silicates and/or carbonates in the host rock to produce metasomatic mineral
assemblages. The fugacities of O, and S, may increase or decrease in the process. A model of reversible and irreversible

INTRODUCTION

Ore deposition is commonly associated with alteration of
the country rock adjoining hydrothermal veins. The
purpose of this communication is to define quantitatively
the chemistry and mass transfer involved in the process
responsible for this association at a given temperature and
pressure; i.c., isothermal-isobaric rock alteration and as-
sociated sulfide, oxide, sulfate, silicate, and carbonate
deposition resulting from reaction of an aqueous vein
solution with its mineralogic environment. The thermo-
dynamic approach, principles, and data employed in the
calculations are those summarized elsewhere in the general
context of geochemical processes (Helgseon, 1967a, and b,
1968, 1969, 1970a; Helgeson and Garrels, 1968; Helgeson,
Garrels, and Mackenzie, 1969 ; Helgeson, Brown and
Leeper, 1969; Helgeson, Brown, N igrini, and Jones, 1970—
see also, Raymahashay and Holland, 1969).

Hydrothermal ore deposition, like mass transfer in all
geochemical processes, is a path dependent function; i.e.,
the mineral assemblages formed and the relative amounts
of each mineral precipitated depend on the composition of
the solution at each stage of reaction progress, and there-
fore on the previous reaction history of the solution with
its environment (Helgeson, 1968 ; Helgeson, Garrels, and
Mackenzie, 1969). For the most part hydrothermal re-
actions are incongruent, and they involve large numbers of
components and phases. Reversible and irreversible re-

! The work reported here was carried out in the Department of
Geological Sciences, Northwestern University, Evanston, Illinois,

actions, metasomatic alteration of silicate and carbonate
host rocks, diffusion of material to and from reaction fronts
in the wall rock, bulk flow of the fluid in the fracture system,
oxidation-reduction reactions, cotectic and peritectic pre-
cipitation of a wide variety of minerals, and changes in
temperature and/or pressure are only a few of the many
“processes” that occur simultaneously in natural hydro-
thermal systems. A statisfactory chemical model of ore
deposition in these systems must provide for all such vari-
ables. At the same time it must account quantitatively for
the mineral assemblages and paragenetic, zonal, and re-
placement features commonly observed in hydrothermal
ore deposits. Part of the objective of the present contribu-
tion is to demonstrate that such a model can be constructed
from thermodynamic relations and evaluated accurately
with the aid of modern computers. F irst, however, we must
establish the chemical characteristics of natural hydro-
thermal systems.

RESUME oF THE CHEMISTRY OF HyprROTHERMAL SySTEMS

The major compositional characteristics of natural hy-
drothermal systems can be described in terms of approx-
imately 16 thermodynamic components. Any one of several
alternate sets of components consisting of individual ele-
ments, oxides, hydroxides, sulfides, and/or chlorides may be
used to describe such systems, but a set consisting pri-
marily of actual components (Thompson, 1959) of the
aqueous phase is particularly well suited to description and
interpretation of chemical potential constraints and the
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TaBLE 1. AQUEOUS EQUILIBRIA IN HYDROTHERMAL SOLUTIONS

HAROLD C. HELGESON

H,0=H*+OH~
Al(OH)*=AB+*+4-OH~
Al(OH)—=AB+4+40H~
KCI=K+4-CI~
KSO,—K*+S50
NaCl=Na*t+Cl~
NaCOsi‘—‘Na*'—%- COz~
NaSOf‘:‘NaJr-{- SO2~
CaCOy;=Ca*™+COs*~
CaHCO3t=Ca2*+H*t+COs*~
CaSO=—=Ca?+S504*
MgSO=Mg**+SO0"
MgHCO;*=Mg**+H*t+COs*~
MgSO=Mg?**+SO02*"
FeCltt=Fe**4-Cl™
FeClyt=Fe3+42Cl~
FeClz=Fe3*t+3Cl~
FeCli=Fe3t+4Cl~
CuCl;=Cu*+2Cl~
CuClg=Cu*+43Cl~
8Cut+4H,0+S*
—=8Cut+S02+8H*
8Fedt+4H,0+4 5%
—8Fe*t+S02 +8H*

PbCl*=Pb?*+4Cl~
PbCl;=Pb?**4-2C1~
PbCl; =Pb*"+3Cl~
PbCli—=Ph2+*+44Cl~
ZnClt=Zn2+4-Cl~
ZnCly=Zn2++4-2CI~
ZnCly—=Zn?>*4-3Cl~
ZnClg—=Zn?*44Cl~
CuCl*=Cu**4-CI~
CuCly=Cu2*t+-2Cl~
CuCl;=Cu?*4-3Cl~
CuClz=Cu?*4-4CI~
H4Si04‘:‘H38iO(+H+
HSO,—=H*+4S0¢
HS—=H4|5*"
H,S=2H++5%
HCOs_\:\H"'-f- COsz
H,COs=2H"+4COs?~
HCl=H*"+Cl~
MgOHt=Mg?*+OH"
FeOH+t=Fe**+OH~
CaOH*=Ca?"+OH"~
FeOH**=Fe3*+OH™

chemistry of mass transfer in hydrothermal processes
(Helgeson, 1970a). One such set of components consists
of NaCL-KCl-MgCl,-CaCly-FeCl,-CuCl-ZnCl,-PbCl-AgCl-
HCI-H,S-H,S0; -Hy0-CO,-Al03-SiO,. The compositions of
most silicate, carbonate, sulfide, sulfate, and oxide min-
erals in hydrothermal systems can be expressed arith-
metically in terms of these components, but in most cases
both addition and subtraction of components is required.
Consequently, mineral compositions are better expressed
diagrammatically in terms of elemental, oxide, and/or
sulfide components.

Thermodynamic components are distributed among a

TABLE 2. APPROXIMATE COMPOSITION OF HYDROTHERMAL
ORE-FORMING SOLUTIONS

Component Total Molality®
NaCl 0.01to >3.0
KCl <0.5
CaCl, 0.01 to >3.0
MgCle 0.001>
FeCly 0.001P
CuCl 0.001®
ZnCl, 0.001®
PbCls 0.001>
AgCl 0.001>
HCl <0.1
H.S <0.1
H,SO. <0.1
CO: <0.1
AlOy <0.1
Si0. <0.01

a Estimated from fluid inclusion data (c.f., Roedder, 1967) and
thermodynamic considerations (Barton, 1959; Helgeson, 1964,
1967a and b, 1969).

b Order of magnitude.

large number of chemical species in hydrothermal solutions.
Where homogeneous equilibrium prevails in the aqueous
phase the relation of the activities of the more abundant of
these species and components to one another can be de-
scribed by the reversible chemical reactions shown in
Table 1. The reactions given in the table include chemical
species that may be present in significant concentrations in
“acid” chloride-rich hydrothermal solutions in the tem-
perature range, 25°-300°C (Helgeson, 1969). Fluid inclu-
sion data (e.g., see Roedder, 1967) suggest that hydro-
thermal solutions involved in the formation of ore deposits
commonly contain large concentrations of NaCl and/or
CaCl,, and to a lesser extent KCl and CO,. “Typical” ore-
forming solutions probably have compositional charac-
teristics like those in Table 2.

Experimental solubility studies of rock alteration min-
eral assemblages (e.g., see Hemley and Jones, 1964) and
thermodynamic calculations (Helgeson, 1967a, 1969) sug-
gest that the activity of the hydrogen ion in hydrothermal
solutions is commonly of the order of 1072 to 107° at ele-
vated temperatures. This observation is based on the pH
requirement for equilibrium among alteration minerals
such as kaolinite and montmorillonite (or K-mica) and
hydrothermal solutions in which mxac1, #icacy,, and/or
mxc are of the order of one or more. Recent experimental
investigation of the stability of alunite in hydrothermal
systems (Hemley, Hostetler, Gude, and Mountjoy, 1969)
leaves little doubt that the pH of some hydrothermal
solutions is even less than 2 at high temperatures.

Carbonates in hydrothermal systems are compatible
with acid COsrich aqueous solutions. This observation is
illustrated in Figure 1 by the iso-pH curves representing
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Fic. 1. Pressure-temperature diagram depicting iso-pH curves
for equilibrium between calcite and an aqueous phase in which
ac2*=0.01 for the limiting case of unit activity of H,O and
PCO2=Phydrogtﬂtic (CaCOa<D)+2H+£CaZ++ C02(0)+H20(1)). The
fugacity coefficients used in the calculations were computed from
the reduced pressure and temperature chart reproduced by Garrels
and Christ (1965); all of the other thermodynamic data were taken
from Helgeson (1969).
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TABLE 3. REVERSIBLE REACTIONS DESCRIBING EQUILIBRIA BETWEEN MINERALS AND
THE AQUEOUS PHASE N HYDROTHERMAL SYSTEMS

Native copper Anglesite

8Cu+8H++4-S02—=8Cu*+4H,0+S2~ PbSO/~—Pb2*++4-S0 2~
Pyrrhotite Cerrusite

FeS=Fe?t{ 52— PbCOs=Pb2+CO42~
Sphalerite, Wurzite Tenorite

InS=Zn S CuO+2H *=Cu?+*4H,0
Galena Smithsonite

PbS=Pb2++S2~ ZnCOs=Zn?*+ COx2~
Covellite Siderite

CuS=Cu2++48* FeCOs=Fe2t4COyz2
Acanthite Dolomite

AgS=2Ag2 S CaMg(COs)s=Cat+Mg?t42C0Os2~
Chalcocite Anhydrite

CupS=2Cut+-S2 CaS0O=Ca?t+S02~
Pyrite Gypsum

FeS;+H,0=Fe*t+41.7552~+0.2550 2+ 2H+ CaS0,- 2H,0=Ca2*+S0 2+ 2H,0
Chalcopyrite Quartz

CuFeS;=Cu?t+ Fe2t4-252- Si0s+2H,0=H.,Si0,
Bornite Microcline

CusFeS=—4Cut+ Cut4Fe2+| 452~ KAISi;05+4H +4H,0=K ++4 3H,Si0,+ Al3+
Cuprite Low Albite

Cu0+42H+=2Cu*t+H,0 NaAlSi;0s+4H*+4H,0=Na++3H,Si0,+ Als+
Magnetite Anorthite

F8304+ 8H+:F62++ 2Fe3++ 4H20 CaAlZSian—l— SH‘L::‘—Ca“—}— 2A13++ 2H4SIO4
Hematite Leucite

Fey03+4 6Ht—=2Fe3*+}3H,0 KAISi,04+2H;0+4H =K+ AI*42H,Si0,
Brucite Nepheline

Mg(OH)s=Mg*t+20H~ NaAlSiO4-4H =Na+-+ AB++H,Si0,
Gibbsite Analcite

Al(OH);=Alst4-30H~ NaAlSi,04- H:O+H0+4H=Na+-+ Al 2H,Si0,
Calcite Kaolinite

CaCOs=Ca?*+4COz~ AlLSi;05(0H) s+ 6H+—=H,0 -+ 2A18++ 2H,Si0,

Na-Montmorillonite

Nao s33Al2.333515. 667010 (OH) o+ 7.332H 4 2.668H,0-=0.333N a4 2.333A13t4-3.667H,SiO4

K-Montmorillonite

Ko,333A1243aasi3, 567010(OH)2+ 7332H++ 2 668H20:0333Na++ 2 333A13++ 3 . 66 7H4SIO4

Ca-Montmorillonite

Cag.1665A12.533513. 667010 (OH) o+ 7.332H 4 2.668H,0=20. 1665Ca?t4-2.333 A13+4-3.667H,SiO,

Mg-Montmorillonite

Mgo.1665A12.33381z.667010 (OH) 2+ 7.332H 2. 668H,0=0.1665M g2t +2.333A15%43.667H,Si0,

Muscovite

K Al3Si3010(OH) 2+ 10H =K+ 3A13++ 3H,SiO,

Illite

Ko.6Mgo.25Al5.50S1s.50010(OH) o+ 8H++ 2H:0=0.6K "4-0.25Mg2*+2.30A13+43.5H,Si0,

Biotite (Annite)

KFe;AlSiz010(OH) 2+ 10H =K *3Fe?*+4 Als++43H,Si0,

equilibrium between calcite and a solution in which
acs™t=0.01 for the limiting case of Pco, = Phydrostatic. It
can be deduced from Figure 1 that calcite may be present
in hydrothermal systems involving a concentrated calcium
chloride solution with a pH lower than 4 at elevated
temperatures and pressures. Similar calculations indicate
that other carbonates (such as siderite) may coexist with
an aqueous solution having even a lower pH under com-
parable conditions. In contrast, it can be shown that
“neutral” pH varies from 7.0 at 25° to 6.13 at 100°, 5.63
at 200° and 5.51 at 300°C (Fisher, 1969).

The distribution of thermodynamic components among
phases in equilibrium models of hydrothermal systems
can be represented by reversible reactions between minerals

and the aqueous phase such as those shown in Table 3.
Equilibrium constants for the reactions shown in Tables 1
and 3 have been summarized elsewhere (Helgeson, 1969)
for 0°, 25°, 60°, 100°, 150°, 200°, 250°, and 300°C. These
data permit diagrammatic representation of hydrothermal
equilibria in terms of the activities of species in the aque-
ous phase.

DESCRIPTION OF PHASE RELATIONS

Phase relations among hydrothermal minerals are com-
monly described solely in terms of their compositions or
the fugacities of oxide, sulfide, and/or elemental com-
ponents. In “dry” sulfide-oxide systems, the fugacities of
S, and O, are useful descriptive variables because they can
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Fic. 2. Theoretical activity diagrams for the system KCl-NaCl-HCI-Al;05-SiOx-H:0 in the presence of quartz and an aqueous
phase at one atmosphere, unit activity of Hz0, and 25° (b), 100° (a), 200° (d), and 300° (c) C. The heavy black lines and letter annota-
tions refer to reactions discussed in the text. The thermodynamic data used to construct the diagrams were taken from Helgeson (1969).

be measured readily. In contrast, where hydrothermal
solutions are involved these variables are commonly small
in magnitude and not easily measured. In such systems,
compositional parameters such as the activities of cations
present (in the aqueous phase) in readily detectable con-
centrations are particularly useful variables for describing
mineral equilibria.

The activity of a thermodynamic component can be
represented in terms of ion activities in the aqueous phase
by first writing the general relation,

M, L,_+vZ H*= v MZ+ 4+ v_Hyz~L
for which

M

vy v_
ayz, %8, L

K, (2)

z
My Ly a":_ *
H

where », and »_ stand for the number of moles of the cation
(M) and anion (L), respectively, in one mole to the compo-
nent represented by M, L, , H refers to hydrogen, Z; and
7_ are the charges on the cation and anion in the compo-
nent, ayZ+ represents the activity of the subscripted species,
and K is the equilibrium constant for reaction (1). The rela-
tion between the change in the chemical potential of a
component and its activity during a geochemical process
is given by Helgeson (1970a).
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d"'LMy+Lv_ RT diIn au,,1,_
e de
vy RT d In ayz+/ag+?+  v_RT dIn am, 1

B dt T dt

3

where £ is the progress variable for the process (De Donder,
1920; Prigogine and Defay, 1954; Helgeson, 1968).

It can be deduced from Equation (3) that all equilibria
in hydrothermal systems can be represented in terms of
the ratios of the activities of cations in the aqueous phase
to that of the hydrogen ion. To illustrate this observation,
a number of equilibria are portrayed in these terms in
Figures 2-9. The diagrams in these figures have several
advantages over their fugacity counterparts (e.g., Fig. 10).
The most important of these is the fact that the ordinate
and abscissa can be interpreted directly and quantita-
tively in terms of the analytical concentrations of actual
thermodynamic components in hydrothermal solutions
(e.g., see Helgeson, 1969, 1970a, and Fig. 9); mutual solu-
bilities of minerals can therefore be computed conveniently
from the diagrams. Also, silicate, carbonate, oxide, sulfate,
and sulfide equilibria can be represented in terms of the
same variables in a single diagram (e.g., sée Helgeson,
Brown, and Leeper, 1969, and Fig. 4).

It has been demonstrated (e.g., Helgeson, 1967a;
Helgeson, Garrels, and Mackenzie, 1969; Ellis and Mahon,
1967; Althaus and Johannes, 1969) that the order of mag-
nitude of the mass transfer of alkali and alkaline earth
components (or cations corresponding to components) to
or from the aqueous phase in hydrothermal reactions is
commonly much smaller than the total concentrations of
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Fic. 3. Abridged theoretical activity diagram for the system
CaCl;-NaCl-HCI-Al,03-Si05-H50 in the presence of quartz and an
aqueous phase at 200°C, one atmosphere, and unit activity of
H,0 (Helgeson, Brown, and Leeper, 1969—reproduced with per-
mission from Freeman, Cooper and Co.).
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F1c. 4. Abridged theoretical activity diagram for the system
FeCly,-K C1-HCI-Aly03-Si0z-H,S-H,S04-COo-H,0O in the presence
of quartz and an aqueous phase at 200°C, one atmosphere, and
unit activity of H;O (Helgeson, Brown, and Leeper, 1969—re-
produced with permission from Freeman, Cooper and Co):

these components in solution (i.e., dm;/dt<m; where m;
refers to the total molality of the ith component in solu-
tion). This is particularly true for NaCl and/or CaCl,,
which are usually present in relatively large concentrations
in hydrothermal solutions (Roedder, 1967). The chemical
potentials of such components remain constant during
reaction progress, which imposes constraints on the iden-
tities and amounts of phases made and destroyed as the
solution reacts with its environment (Helgeson, 1970a).

CHEMICAL REACTIONS AND MASs TRANSFER

Let us consider the extent to which the chemistry of a
solution changes as it reacts with its environment while
passing through a fracture in a rock with which it is not in
equilibrium. If we specify constant temperature and pres-
sure and describe progress in all chemical reactions in
terms of the hypothetical variable, £, we need make no
explicit provision in our model calculations for reaction
kinetics (Helgeson, 1970b and c), mechanisms of mass
transfer, or the actual spatial and temporal (except to say
that the derivative of £ with respect to time is always
positive) distribution of reaction products (Helgeson,
1968). Nevertheless, we can ask such questions as

1. What sequence of chemical events occurs during the
reaction process?
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F1c. 5. Abridged theoretical activity diagram for the system
MgCly-NaCl-HC1-Al;O5-SiO-H;0 in the presence of quartz and
an aqueous phase at 200°C, one atmosphere, and unit activity of
H,O (Helgeson, Brown, and Leeper, 1969—reproduced with per-
mission from Freeman, Cooper and Co.).

2. How much of the various reaction products are made
and destroyed (kgm H.0)7'?

3. Does the chemical and thermodynamic model ade-
quately account for the chemical and mineralogic
characteristics of ore deposits?

Answers to these questions can be obtained by specifying
the initial composition of the system and evaluating an
array of differential thermodynamic equations describing
equilibrium and mass transfer among species involved in
the reaction process (Helgeson, 1968; Helgeson, Garrels,
and Mackenzie, 1969; Helgeson, Brown, Nigrini, and
Jones, 1970).

Thermodynamic relations. The extent to which minerals
are produced and/or destroyed as a hydrothermal solution
reacts with its mineralogic environment can be predicted
by simultaneous evaluation of linear differential equations
describing the conservation of mass, conservation of
charge, and reversible mass transfer in the system. For

HAROLD C. HELGESON

isobaric-isothermal processes involving minerals of fixed
composition and an aqueous phase in which the activity
of H,0 is constant (discussed below), these equations can
be expressed as (Helgeson, 1968)

; viifi + %; vigfis = 0, @
; Zin; = 0, (5)
and
pDRLLL IR W (©)
i My i d§

where v; ; and ;4 refer to the number of moles of the ith
element in the jth aqueous species and ¢th mineral, re-
spectively, Z; is the charge on the subscripted species,
i1 is the coefficient of the jth aqueous species in the /th
reversible reaction, #; and v; are the molality and activity
coefficients, respectively, of the subscripted species, and
#; and 7, are the reaction coefficients (kgm H,0)™*
of the jth species and ¢th mineral in the irreversible re-
action. The latter variables are defined by (Helgeson,
1968)
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F1e. 6. Abridged theoretical activity diagram for the system
MgCly-CaCly-HCL-COx-H,0 at 200°C, one atmosphere, and unit
activity of H:0 (Helgeson, Brown and Leeper, 1969—repro-
duced with permission from Freeman, Cooper and Co.).
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= )
and
B
io = E @®)

where ¢ is again the progress variable for the overall
irreversible reaction and #4 refers to the number of moles
(kgm H,0)™! of the ¢th reactant or product mineral in
the system. The reaction coefficients, #;, %;, and 74 are
positive for products and negative for reactants.

The calculations reported below are based in part on the
assumption that, (1) homogeneous equilibrium prevails in
the system, (2) no mass is exchanged between the system
and its surroundings, (3) no supersaturation occurs in the
aqueous phase, and (4) the activity of HoO can be re-
garded as unity (which is true in most instances; Helgeson,
1969). Under these conditions, expressions of Equation
(4) can be written for each element in the system described
by the 16 components listed above. In addition, we can
write statements of Equation (6) for each reversible re-
action in Table 1, and those in Table 3 for the minerals
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F1c. 7. Abridged theoretical activity diagram for the system
PbCly-ZnCl-HCI-H,S-Hz0 at one atmosphere, unit activity of
H,0, and 60°, 150°, and 300°C, calculated from thermodynamic
data taken from Helgeson (1969).
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F16. 8. Abridged theoretical activity diagram for the system
FeCly-HCI-HzS-H>S04-CO5-H;0 at 200°C, one atmosphere, and
unit activity of H:0 (Helgeson, Brown, and Leeper, 1969—re-
produced with permission from Freeman, Cooper and Co.).

with which the solution is saturated. These equations,
together with Equation (5) constitute an array of linear
differential equations in which the number of unknown
reaction coefficients is equal to or less than the number of
equations (Helgeson, 1968). Modification of these equa-
tions can be made to include provision for solid solution
and the effect of changing activity of H,O and/or activity
coefficients on reaction progress (Helgeson, Brown,
Nigrini, and Jones, 1970). For a given initial reactant
mineral assemblage and solution composition, the array
of equations can be solved quickly using matrix algebra
and a high speed digital computer. The resulting values
of 7; and 74 can then be used to predict the distribution of
components in the system after a given increment of re-
action progress. Taylor’s expansions (truncated after the
quadratic term) are suitable for this purpose (Helgeson,
1968); i.e.,

i’ (A§)?
TR )

m; =m0 + AL 4

and
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7ig' (AE)*
20 o + « o

£y = F? + AAE + (10)

where the superscript (°) indicates an earlier stage of re-
action progress, and

7 d2 n
g = 2 = 2 (11)
s dag?
7 a4
iy = e _ O 12)
d§ ag?

Hypothetical equilibrium constants can be computed from
the new concentrations of species in solution and com-
pared with those predicted from thermodynamic data to
see if the solution has become saturated with a new phase.
Repetition of this procedure defines the mass transfer and
distribution of species as a function of £ until overall
equilibrium is achieved.

The calculations reported below were carried out on a
CDC 6400 computer using a machine program in which
provision is included for all of the variables discussed

above, except changing activity of H,O; the detailed
theoretical equations and computer program have been
presented elsewhere (Helgeson, Brown, Nigrini and Jones,
1970).

ReacrioNs oF HYDROTHERMAL SOLUTIONS
wiTH GrRANITIC ROCKS

Predicted changes in solution composition and the
sequence and amounts of minerals made and destroyed
(kgm H,0)* during reaction of acid chloride-rich solutions
with rocks of granitic composition at 100°, 200°, and 300°C
are shown in Figures 11-33. The initial compositions of
the reactant rocks and the aqueous phase are summarized
in Table 4; the thermodynamic data used in the calcula-
tions are those reported elsewhere (Helgeson, 1969).

The hypothetical rock involved in reactions (1 and 4-7)
(Table 4) consists of quartz, microcline, albite, and annite
(as a representative of biotite and other ferro-magnesian
minerals in the rock). In contrast, an idealized granodiorite
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is the reactant rock in reactions 2 and 3, with andesine and
high sanidine representing plagioclase and K-feldspar,
respectively. In all seven reactions the composition of the
rock (in mole fractions of minerals excluding quartz) was
taken to be 0.1 K-feldspar, 0.6 plagioclase, and 0.3 annite.
These mole fractions were regarded in the calculations as
the relative reaction rates for the minerals (Helgeson,
1968; Helgeson, Garrels, and Mackenzie, 1969). The solu-
tions in the eight reactions (Table 4) were selected as
“reasonable” hydrothermal fluids using as a guide the
general compositional characteristics shown in Table 2.
To facilitate the calculations, some of the solutions were
considered to be slightly undersaturated at the outset with
respect to quartz. In each case the reactions involve acid
aqueous solutions at one atmosphere and the indicated
temperature.

Reaction with an hypothetical quartz-+albite+microcline
+annite rock at 200° C. The consequences of reaction
1 (Table 4) are illustrated in Figures 2d and 11-15. The
mass of minerals produced and destroyed during reaction
progress is shown in Figure 11 as a function of the progress
variable, and in Figure 12 as a function of solution pH.
Corresponding changes in solution composition and the
distribution of aqueous species during reaction progress
are illustrated in Table 5 and Figures 13 and 14, respec-
tively. The reaction path is represented in Figure 2d, and
the relative percentages of the minerals produced by the
reaction are depicted in Figure 15.

1. Sequence of Reaction Products. Reaction of the hypo-
thetical quartz-+microcline+albite4annite rock with the
acid chloride-rich aqueous phase described in Table 4
(reaction 1) leads first to precipitation of quartz at A in
Figures 11-14, and next to the appearance of montmoril-
lonite at B (Figs. 2d and 11-14). It can be seen in Figures
13 and 14 that the molality of ferrous iron and the pH of
the solution increase with continued precipitation of
montmorillonite and quartz (at the expense of albite,
microcline, and biotite) which causes the solution to be-
come saturated with pyrite at A’. Continued reaction
results in precipitation of nontmorillonite, quartz, and
pyrites in the mass ratio of ~50:25:1 as the molality of
Fet continues to increase in solution in response to the
destruction of biotite. At B’ the solution becomes satu-
rated with chalcopyrite, which then precipitates at the
expense of pyrite until all of the pyrite is replaced by
chalcopyrite at C’. Continued reaction of the solution
with the rock results in precipitation of chalcopyrite,
quartz, and montmorillonite along C’C until the solution
equilibrates with biotite at C. Further reaction then re-
sults in precipitation of secondary biotite along with
quartz, montmorillonite, and chalcopyrite until at D’ the
solution becomes saturated with bornite. Note that in the
interval CD’ the molality of ferrous iron and the activity
of the hydrogen ion both decrease substantially, but that
of S*~ continues to increase until bornite appears at D’
(Figs. 13 and 14). Further reaction causes bornite to re-

163
=10 T T T T
-20 .
HEMATITE
-30 | .
-40 - &
N MAGNETITE
o
* -50 |- -
(&)
o FERROUS -
OXIDE
-60 F PYRITE |
-70 |- PYRRHOTITE -
NATIVE
IRON
-80 _
-90 1 | | |
=50 -40 -30 -20 -lo 0
LOG fs,

F16. 10. Theoretical fugacity diagram for the system Fe-S-O at
200°C and one atmosphere (Helgeson, Brown, and Leeper, 1969—
reproduced with permission from Freeman, Cooper and Co.).

place completely the chalcopyrite precipitated along B’D’
until all of the chalcopyrite is consumed at E’. As bornite
continues to precipitate, the solution changes composition
to D where it reaches equilibrium with microcline in the
reactant rock. Further reaction (of the solution with albite
in the rock) causes co-precipitation of microcline, biotite,
quartz, montmorillonite and bornite along DF’, until at
F’ the solution becomes saturated with chalcocite. Chal-
cocite then replaces bornite along F’G’ until all of the
bornite is consumed at G’. Continued reaction from G’
results in precipitation of microcline, biotite, quartz,
montmorillonite, and chalcocite until the solution equil-
ibrates with albite at E, where overall equilibrium is
established among the aqueous solution and the minerals
in the rock.

2. Compositional Changes in the Aqueous Phase. The
sequence of events illustrated in Figures 11-15, and in fact
in all subsequent figures, occurs in response to the increase
in solution pH caused by reaction of the hydrothermal
solution with its host rock. It can be seen in Figure 13 that
the total concentrations of aluminum and iron in the
aqueous phase first increase with reaction progress to B
and B’ (which correspond to the appearance of montmoril-
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F1c. 11. Mass of minerals produced and destroyed (kgm H,0)~! as a function of progress in the reaction of an acid chloride-rich
hydrothermal solution with an hypothetical quartz+microline+-albite+annite rock at 200°C and one atmosphere (reaction 1, Table 4).
The arrows and letter annotations at the top of the diagram refer to sequential events in reaction progress (see Figures 2d and 12-14).

lonite and chalcopyrite, respectively), and then decrease
as the solution continues to react with its mineralogic
environment. Over the entire reaction path the activity of
the hydrogen ion decreases by about two orders of magni-
tude (Figure 13), which causes substantial dissociation of
H,S and a corresponding increase in the molality of the
sulfide ion by several orders of magnitude (Figure 14).

This change is responsible for the sequential appearance
of sulfides with reaction progress. The order in which they
appear is a function of the relative magnitude of the total
concentrations of the metal ions in solution, the sizes of
the solubility product constants of the sulfides, and the
relative degrees to which the metal ions are complexed in
the aqueous phase.
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F16. 12. Mass of minerals produced and destroyed (kgm H;0)~! as a function of solution pH in the reaction depicted in Figures
2d, 11, and 13-14 (reaction 1, Table 4). The letter annotations refer to sequential events in reaction progress.

It can be deduced from the curves in Figure 14 that the
oxidation state of the system (f,,) steadily decreases with
reaction progress. Note that precipitation of biotite
+chalcopyrite along CD’ causes the solution composition
and distribution of aqueous species to change abruptly
(Figs. 13 and 14). In fact, with the appearance of bornite
and microcline and the disappearance of chalcopyrite at
D’, D, and E’, respectively, the total concentration of
aluminum in solution increases nearly a log unit while the
activity of HT and the total concentrations of S~ and Fe+
decrease about a log unit each over an infinitesimal range
of £&. Note that in this interval the total molalities of Fedt+
and Cu?" decrease several log units. In contrast, subsequent
reaction progress takes place with only slight changes in the
composition of the solution.

The overall mass transfer to and from the aqueous phase
in Figures 13 and 14 results in the changes in solution
composition summarized in Table 5. It can be deduced
from Table 5 that the relatively small concentration of
total sulfide in solution limited severely the fraction of
total copper abstracted by the precipitation of sulfides,
and that the relatively high concentration of Fe?* caused
the early appearance of the more iron-rich sulfides. Never-
theless, the grade of copper ore represented by the sul-
fides in Figures 11 and 12 is about two percent of the mass
of quartz precipitated during reaction progress.

3. Relative Mass Transfer. The relative mass of the
minerals produced during reaction progress are illustrated
in Figure 15. It can be seen that the montmorillonite frac-
tion is high in the early (more acid) stages of reaction
progress, but K-feldspar accounts for nearly all of the

mass of minerals produced near the end. It can be de-
duced from Figure 11 that the total redistribution of mass
accompanying equilibration of the aqueous phase with its
environment is greater than 70 grams (kgm H,O)L The
reaction results in destruction of 67 grams of albite, 0.1
grams of biotite, and 0.1 grams of K-feldspar, but pre-
cipitation of 0.15 grams of biotite, 70.6 grams of K-feld-
spar, 0.3 grams of quartz, 0.5 grams of montmorillonite,
and from 0.002 to 0.009 grams of sulfides (kgm H,0)™1.
The net mass of secondary biotite and K-feldspar pro-
duced is thus 0.05 and 70.5 grams (kgm H,0)™, respec-
tively.

The mass transfer computed above is considerably
higher than that predicted previously for reaction of an
arkose with sea water at elevated temperatures (Helgeson,
1967a). The reason for the difference is the role played by
plagioclase feldspar in driving the reaction to overall
equilibrium. Where multiple reactants are involved, the
late stages of reaction progress are characterized by de-
struction of large amounts of the last reactant to equili-
brate; i.e., the mineral farthest from equilibrium at the
outset becomes the sole reactant in the late stages of re-
action progress. Because so many solid reaction products
are precipitated simultaneously near the end of the re-
action process, large amounts of the last reactant mineral
must be destroyed in order for the solution to reach equi-
librium. The initial composition of the solution, the rela-
tive reaction rates (and relative abundances) of the miner-
als in the reactant rock, and the thermodynamic properties
of the phases in the system determine the identity of the
last mineral to equilibrate with the aqueous phase.
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The sequence of events illustrated in Figures 11-15 can
be interpreted in terms of the zonal, paragenetic, and re-
placement features commonly observed in hydrothermal
ore deposits. For example, the predicted order of ap-
pearance of the secondary silicates (montmorillonite,
biotite, and K-feldspar) is typical of the alteration mineral
zoning observed in ore deposits, as is the computed se-
quence of sulfide mineralization; i.e., the sequential re-
placement of early pyrite by chalcopyrite, chalcopyrite by
bornite, and bornite by chalcocite. Although one or
another of these minerals may be missing in a given in-
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F1e. 13. Total molalities of species (e.g., mm,s+mus—+ms™
= total molality of S*°) in an aqueous phase reacting with an hy-
pothetical quartz+microcline-+albite-+annite rock at 200°C and
one atmosphere (reaction 1, Table 4). The arrows and letter an-
notations at the top of the diagram refer to sequential events in
reaction progress (see Figures 2d, 11, 12, and 14).

TaBLE 5. CoMPUTED OVERALL CHANGES IN SOLUTION
CoMPOSITION RESULTING FROM REACTION 1, TABLE 4

Starting Final
Species  Concentration ~ Concentration Net Change
(total ppm) (total ppm)

At 2.2 3.7 1.5

K* 16,062 7,948 —8,114

Nat 56,661 61,708 5,047

Fet 15.6 0.02 —15.6

Cu* 1,438 1,437 -1

Fest 3.5%X1078 4.0X10710 —3.5X1078
Cu?t 1.1X107° 2.4X10°8 —1.1X10
S+ 1.5 0.01 =15

SO2~ 1.5 1:5 0

stance, this paragenetic and zonal pattern corresponds to
that observed from the outside toward the center of
mineralization at Butte, Montana, Bingham, Utah, and in
many other districts. Provision for other minerals that
occur in ore deposits, such as enargite and tennantite,
could not be included in the calculations owing to the
paucity of thermodynamic data for these phases.

Reactions with an idealized gramodiorite at 200°C. Hypo-
thetical reactions of hydrothermal solutions with a
granodiorite consisting of (in mole- fractions of minerals
excluding quartz) 0.1 sanidine, 0.6 andesine (AbgzAns;),
and 0.3 annite (as a representative of biotite, amphibole
and pyroxene) at 200°C are depicted in Figures 16-22. The
initial compositions of the aqueous solutions are sum-
marized in Table 4 (reactions 2 and 3). In contrast to the
reaction described above, CaCl, and CO; are components
in the aqueous phase involved in these reactions.

1. Reaction involving a sulfide (and sulfate)-rich solu-
tion. Reaction of the granodiorite with a concentrated
sodium-calcium-potassium chloride solution containing
(initially) 423 ppm sulfate, 141 ppm sulfide, 56 ppm copper
and 0.005 ppm iron (reaction 2, Table 4) is depicted in
Figures 16-20. In contrast to the preceding case, the fol-
lowing calculations include provision for the possible ap-
pearance of solid solution minerals as reaction products.

It can be seen in Figures 16 and 17 that reaction 2 in
Table 4 leads first to the precipitation of quartz and pyrite
(in the mass ratio of 1.6:1) at the expense of the minerals
in the host rock; i.e., sanidine, andesine, and biotite. As
the reaction continues, the solution becomes saturated
with montmorillonite at A. Despite the fact that the con-
centration of sodium is much higher than that of calcium
in the aqueous phase, the montmorillonite produced by
the reaction has the composition, Ca-beidellites;Na-
beidelliteas (Cao,usNao,10A12.3ssi3.67010(0H)2). A montmoril-
lonite of this composition is precipitated in preference
to a more sodic montmorillonite because of the dis-
parity in charge and the size of the activity coefficients
of Nat and Ca?tin the aqueous phase. Because the absolute
concentrations of Ca?t and Nat in the hydrothermal solu-
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Fre. 14. Molalities of species in the aqueous phase reacting with an hypothetical quartz+microcline+albite+annite rock at 200°C
and one atmosphere (reaction 1, Table 4). The arrows and letter annotations at the top of the diagram refer to sequential events
in reaction progress (see Figures 2d and 11-13).
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F1c. 15. Relative mass of minerals produced and destroyed
(kgm H,0)7! by the reaction depicted in Figures 2d and 11-14
(reaction 1, Table 4) plotted as a function of solution pH. The
fraction of the area corresponding to a mineral in each circum-
scribed interval (all of which have equal areas) is equal to the
relative mass of the mineral. For example, the mass of minerals
produced in the interval of reaction progress over which the solu-
tion pH changes from 3.35 to 3.65 consists of ~709, montmoril-
lonite, ~289%, quartz, and ~29%, sulfide (pyrite). The total area
outlined for this interval equals that in all others.

tion are large relative to the mass transfer of these ions to or
from the aqueous phase, the ratio of their concentrations
remains essentially constant throughout the reaction pro-
cessillustrated in Figures 16-20, which causes the composi-
tion of the montmorillonite reaction product to remain
constant.

Continued reaction beyond A in Figures 16, 17, and 18
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causes precipitation of montmorillonite, pyrite, and quartz
in mass ratios varying from 1:1:1 to ~4:2:1. At B (Figs.
16-20) the solution becomes saturated with bornite, and
along BC bornite co-precipitates with pyrite, quartz, and
montmorillonite. The mass ratio of pyrite to bornite
reaches 6.3 along this segment of the reaction path. At C,
calcite joins the assemblage of reaction products, which
causes the abrupt disappearance of bornite. Along CD,
pyrite replaces bornite until all of the bornite is consumed
at D. With further reaction progress the solution becomes
saturated with biotite at E, which inhibits further pre-
cipitation of pyrite. Continued reaction from E results in
precipitation of montmorillonite, quartz, calcite, biotite,
and minor pyrite until the solution becomes saturated with
chalcopyrite at F. Chalcopyrite and biotite then replace
pyrite along FG. The solution becomes saturated with K-
feldspar at G, which causes andesine and quartz to be re-
placed by K-feldspar until the solution becomes saturated
with laboradorite (AbgAns;) at H. Continued reaction
from H produces calcite, K-feldspar, biotite, chalcopyrite,
and laboradorite at the expense of andesine, quartz, and
pyrite until the activity ratio of Na* to Ca?" in the aqueous
phase changes appreciably toward an equilibrium value
for the andesine in the host rock. When this occurs, the
secondary laboradorite changes composition and ap-
proaches that of andesine, and the montmorillonite reacts
with the solution to become more sodic until overall
equilibrium is achieved. This last stage of reaction progress
is not illustrated in Figures 16-20.

The sequence of events and relative mass of minerals
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F16. 16. Mass of minerals produced (kgm H:0)~! as a function of progress in the reaction of an acid chloride-rich hydrothermal solution
with an hypothetical granodiorite at 200°C and one atmosphere (reaction 2, Table 4). The arrows and letter annotations at the top
of the diagram refer to sequential events in reaction progress (see Figs. 17-20).
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F16. 18. Theoretical activity diagram for the system NaCl-
HCI-CaCly-Al0;-Si05-H,0 in the presence of quartz and an aque-
ous phase at 200°C, one atmosphere, and unit activity of HO.
The stability fields were drawn assuming ideal solid solution using
thermodynamic data taken from Helgeson (1969). The dashed
lines, arrows, and letter annotations refer to the reactions depicted
in Figures 16-17, and 19-21 (reactions 2 and 3, Table 4).

produced as a result of the overall reaction described above
are illustrated in the paragenesis diagram depicted in
Figure 20. It can be seen in this figure that in the late
stages of reaction progress, quartz, K-feldspar, and calcite
are produced in roughly equivalent amounts, and that the
amount of chalcopyrite precipitated is equal to approxi-
mately one percent of the mass of these reaction products;
copper is present to the extent of one percent of the mass
of calcite and quartz produced by the reaction. Approxi-
mately 30 grams of granodiorite (kgm H,0)™! are de-
stroyed along reaction path AH.

During the reaction illustrated in Figures 16-20, 2 ppm
aluminum and 1,448 ppm sodium are added to the aque-
ous phase, and 1,064 ppm potassium, 550 ppm calcium,
41 ppm copper, 137 ppm sulfide, and 48 ppm sulfate are
removed. In the process, approximately 0.5 grams of
biotite are pyritized, 0.14 grams of chalcopyrite are pre-
cipitated (at the expense of pyrite), and the mass ratio
of pyrite to chalcopyrite decreases to 1.7. The fugacity of
O, decreases by 0.8 log units over the reaction path and
the fugacity of CO; drops from 10 to 0.5 atmospheres. In
contrast, the fugacity of S, decreases 5.6 log units. The
sulfate ion serves as a reservoir for sulfide during the re-
action process; i.e., it is reduced by the pyritization of
biotite to maintain equilibrium among the sulfides and the
aqueous phase.

As indicated above, the appearance of calcite causes
drastic changes in the chemistry of the solution and the
assemblage of minerals produced in the late stages of reac-
tion progress. It can be deduced from Figure 19 that the
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appearance of calcite temporarily buffers the pH of the
aqueous phase. This buffering effect continues as long as
the concentrations of CO; and Ca?" in solution exceed the
mole transfer of these species to or from the aqueous phase
(Figure 19). Under these conditions equilibrium with cal-
cite requires a constant solution pH, which prevails until
the concentration of CO, in the aqueous phase decreases
significantly as a function of continued reaction progress.
Because the solution pH remains constant along GDE,
continued reaction of the solution with its host rock to
produce pyrite (among other minerals) causes a decrease
rather than an increase in the activity of the sulfide ion
along this segment of the reaction path; hence bornite
and pyrite cannot continue to co-precipitate beyond C.
Instead, pyrite replaces bornite, and finally biotite ap-
pears as a reaction product at E.

Various chemical and geologic implications of the ap-
pearance of “early’ calcite, pyritization of the wall rock,
and the paragenetic, zonal, cotectic and peritectic rela-
tions discussed above can be derived from the diagrams in
Figures 16-20. However, such generalizations are better
deferred until we have examined the effects of other vari-
ables on the mass transfer involved in hydrothermal altera-
tion and sulfide deposition.
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F1c. 19. Activities of species in the aqueous phase reacting with
an hypothetical granodiorite at 200°C and one atmosphere
(reaction 2, Table 4). The arrows and letter annotations refer to
sequential events in reaction progress (see Figs. 16-18 and 20).
The subscript (app) indicates that the species represents the sum of
H;COs and CO; (aq).
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2. Reaction involving sulfide (and sulfate)-deficient
solutions. Reaction of a granodiorite with a sulfide-deficient
hydrothermal solution (reaction 3, Table 4) is depicted in
Figures 18, 21, and 22. By comparing Figures 17 and 21 it
can be seen that reactions involving either sulfide-rich or
sulfide-deficient solutions lead to the same assemblage of
reaction products, except for the occurrence of early
bornite in reaction 2 (Figure 17). Because of the lower
sulfide and sulfate concentrations in the aqueous phase in-
volved in reaction 3 (Figure 21), the amount of pyrite
produced in this reaction is nearly 100 times less than that
in reaction 2. Note also in Figure 21 that the appearance of
biotite as a reaction product causes leaching of earlier
formed pyrite. Because no sulfide other than pyrite is
formed in the early stages of reaction 3 (in contrast to
reaction 2), the chemistry of the system is little affected
by the temporary pH constraint imposed by the appear-
ance of calcite. On the other hand, the total mass of silicate
and carbonate minerals produced in the two reactions is
comparable. Ore concentrations of bornite and/or chalco-
pyrite are produced in reaction 2 (Figure 17), but the mass
of chalcopyrite precipitated in reaction 3 (Figure 21) is
more than two orders of magnitude less than that pre-
cipitated in reaction 2. In contrast, the mass ratio of
chalcopyrite to pyrite is higher in the latter case.

Because the activity of HsS in the aqueous phase de-
creases only slightly along A’’A’B’C'D'E’ (Figures 18
and 21), the reaction path can be approximated on the
equilibrium activity diagram depicted in Figure 22. It
can be deduced from this diagram that the appearance of
biotite as a reaction product at B’ has a strong influence on
the relative change in the chemical potentials of the com-
ponents FeCl, and CuCl with continued reaction progress.
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Fic. 21. Mass of minerals produced (kgm H,0)™* as a function of progress in the reaction of an acid chloride-rich, sulfide (and
sulfate)-deficient hydrothermal solution with an hypothetical granodiorite at 200°C and one atmosphere (reaction 3, Table 4). The letter
annotations refer to sequential events in reaction progress (see Figs. 18 and 22).

The activity of Fe*" in the aqueous phase increases as
biotite dissolves and pyrite precipitates along A’’A’B’.
Further reaction of the solution with K-feldspar and
plagioclase causes precipitation of biotite (in part at the
expense of pyrite), which is accompanied by a drastic de-
crease in the activity of Fe?" in solution. This change
causes an abrupt shift in the direction of the reaction path
in Figure 22, which determines the identity of later re-
action products. It can be seen in Figure 22 that the ap-
pearance of biotite at B’ is responsible for later saturation
with chalcopyrite. If the solution had not reached satura-
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F1c. 22. Theoretical activity diagram for the system FeClp-
CuCl-HCI-H,S-H,S04-H:0 in the presence of an aqueous phase in
which am0=1.0 and ags=10"* at 200°C and one atmosphere.
The letter annotations and lines connecting the circles refer to the
reaction depicted in Figs. 18 and 21 (reaction 3, Table 4).

tion with biotite, magnetite would have appeared instead
of chalcopyrite at a later stage of reaction progress. The
presence or absence of secondary biotite (or chlorite) may
thus be an important discriminant factor in the formation
of copper-rich (as compared with iron-rich) ore deposits.

Reaction with an hypothetical quariz+albite-+microcline
+annite rock at 100°C. Reaction of the hypothetical
quartz-albite4microcline4annite rock discussed above
with an acid chloride-rich hydrothermal solution at 100°C
(reaction 4, Table 4) is represented in Figures 2a and 23.
The reaction involves the same reactant rock and a solu-
tion with a similar composition to that in the first reaction
discussed above (reaction 1, Table 4). The effect of a 100°
difference in temperature on the mass transfer resulting
from the reaction can thus be deduced by comparing
Figures 11 and 23. Such comparison reveals that the se-
quence of events at the two temperatures is substantially
different.

The reaction at 100°C leads first to the appearance of
kaolinite at A in Figure 23, and then to saturation with
quartz at B. With continued reaction, pyrite appears as a
reaction product at A’, but almost immediately afterward
the solution becomes saturated with bornite at B’, which
then replaces the earlier formed pyrite. After destruction of
all the pyrite at C’, bornite continues to precipitate to-
gether with kaolinite and quartz along C’C. At C the
solution equilibrates with biotite, which then co-precipi-
tates with kaolinite, quartz, and bornite along CD until
the solution becomes saturated with muscovite at D. In
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F1e. 23. Mass of minerals produced and destroyed (kgm H:0)~! as a function of progress in the reaction of an acid chloride-rich
hydrothermal solution with an hypothetical quartz-+microcline+albite4-annite rock at 100°C and one atmosphere (reaction 4, Table 4).
The arrows and letter annotations at the top of the diagram refer to sequential events in reaction progress (see Fig. 2a).

the interval DE, muscovite, quartz, and bornite form (in
equilibrium with biotite and the aqueous phase) at the
expense of kaolinite, K-feldspar and albite until all of the
kaolinite is consumed at E. Continued reaction along EF
results in deposition of relatively small amounts of biotite,
muscovite, quartz, and bornite as the solution approaches
saturation with K-feldspar at F. K-feldspar then forms at
the expense of albite in the interval FD’ while the solution
remains in equilibrium with biotite, muscovite, quartz,
and bornite. At D’ the solution reaches saturation with
chalcocite, which then replaces bornite until all of the
bornite is consumed at E’. Continued reaction causes
further precipitation of chalcocite and K-feldspar while
the solution maintains equilibrium with biotite, muscovite,
and quartz. At G the solution becomes saturated with

montmorillonite, which then forms at the expense of
muscovite, quartz, and albite. Upon comsumption of all
the muscovite at H, further reaction of the solution with
albite leads to overall equilibrium among K-feldspar,
albite, montmorillonite, quartz, chalcocite, and the aque-
ous phase at L.

It can be seen in Figure 23 that the total mass of secon-
dary silicate minerals precipitated in the reaction at 100°
is only about 0.5 log units lower than that at 200° (Figure
11), but the total mass of sulfides produced is approxi-
mately 2 log units lower. Note that chalcopyrite is missing
from the sequence of sulfides at 100°, and that nearly twice
as much of the host rock is destroyed at the lower temperatures
than at 200°C. These observations indicate that the lower
temperature reaction leads to a sizeable decrease in
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volume, which is consistent with precipitation of quartz,
sulfides, and other reaction products in open spaces.

The changes in solution composition along reaction
path ABCDEFGHI in Figures 2a and 23 include addition
of 8,200 ppm sodium to the solution, and removal of 1
ppm aluminum, 13,300 ppm potassium, 2.5 ppm iron, 0.03
ppm copper and 0.008 ppm sulfide. Over the entire re-
action path the total concentration of sulfate remains
essentially constant, but the fugacity of O, drops nearly a
log unit and the fugacity of S, decreases about 8 log units.

Although various geothermometers indicate higher
temperatures than 100°C in the Butte ore deposit, the
predicted sequence of events represented by ABCDEFGHI
in Figures 2a and 23 corresponds approximately to the
distribution of alteration minerals in the wall rocks of the
hydrothermal veins at Butte (e.g., see Meyer and Hemley,
1967); i.e., B corresponds to the advanced argillic as-

HAROLD C. HELGESON

semblage immediately adjacent to the veins, D to the
kaolinite-sericite boundary farther out in the wall rock,
F to the sericite-K-feldspar zone, G to the intermediate
argillic assemblage (sans kaolinite) and I to the far inter-
face of the argillic alteration zone with the unaltered rock.
In part, the predicted sequence of silicate reaction products
also corresponds roughly to the observed zonation of
alteration minerals from the outer margins toward the
center of porphyry copper deposits; 1.e., sericite alteration
in the outer zones and secondary K-feldspar and biotite
in the inner zones. The predicted sequence of sulfide
mineralization along A’B’C’D’E’ in Figure 23 is not an
uncommon paragenetic and zonal sequence in hydrother-
mal systems, and the relative mass of alteration minerals
precipitated along path ABCDEFGHI (~5:4:3:1 for
the mass of montmorillonite: muscovite: quartz: biotite)
is approximately consistent with that observed in ore
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F1G. 24. Mass of minerals produced and destroyed (kgm H,0)~! as a function of progress in the reaction of an acid chloride-rich
hydrothermal solution with an hypothetical quartz4microcline4-albite+-annite rock at 300°C and one atmosphere (reaction 5, Table
4). The arrows and letter annotations at the top of the diagram refer to sequential events in reaction progress (see Figs. 2c, 25, and 26).
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deposits. On the other hand, the common association of
sericite and pyrite, and the chalcopyrite mineralization so
typical of porphyry copper deposits is not evident in
Figure 23. Also, the predicted total mass of rock altered
by a liter of solution is considerably greater than that
computed from material balance requirements for the
mass of hydrogen ion exchanged in the alteration process
at Butte (Linn, 1957, unpublished report, Department of
Geological Sciences, Harvard University; Meyer and
Hemley, 1967; Helgeson, 1964, 1970c; Raymahashay and
Holland, 1969). These contradictions no doubt reflect
differences in the temperature and solution composition
used in the model calculations and that involved in the
formation of the Butte ore deposit.

Reactions with an hypothetical quartz—+albite+microcline
tanmite rock at 300°C. Reaction of the hypothetical
quartz+K—feldspar+albite+annite rock discussed above
with concentrated and dilute acid alkali-chloride solutions
in 300°C (reactions 5, 6, and 7, Table 4) are depicted in
Figures 2¢ and 24-31.

1. Reaction involving a concentrated alkali-chloride
solution. Tt can be seen in Figure 24 that reaction of the
rock at 300°C with the most concentrated solution (reac-
tion 5, Table 4) fails to lead to the appearance of a copper
or copper-iron sulfide, despite the presence in the aqueous
phase of 84 ppm copper, 73 ppm iron and 34 ppm sulfide.
On the other hand, the reaction produces two generations
of pyrite. Pyrite is the first mineral to precipitate from
solution (at A’, Figures 24-26) as the rock reacts with the
aqueous phase. Quartz joins pyrite as a reaction product at
A, and along AB’ the two phases co-precipitate from solu-
tion. At B’ the solution becomes saturated with magnetite,
and magnetite then begins to replace pyrite. However,
before all the pyrite is consumed the solution reaches satu-
ration with biotite at B, which reverses the roles of pyrite
and magnetite; .., the appearance of biotite causes
pyrite to replace magnetite along BC. At C the solution
becomes saturated with montmorillonite, which then
precipitates together with pyrite, biotite, and quartz at
the expense of K-feldspar, albite and magnetite along
CC’. After all the magnetite has been replaced by pyrite
at C/, biotite continues to precipitate, which causes pyrite
to dissolve again until it is all consumed at D’. Biotite
thus replaces pyrite along C'D". Continued reaction re-
sults in equilibration of the solution with albite at D, after
which quartz, albite, montmorillonite, and biotite co-
precipitate in the mass ratio of ~~40:20:3:1 until equi-
librium is established with K-feldspar at E.

The solution reaches equilibrium with albite before it
equilibrates with K-feldspar in reaction 5 because of the
relatively high mx,* to mx+ ratio in the aqueous phase.
Note that during the reaction process more than 0.1 grams
of magnetite and 0.03 grams of pyrite (kgm H,0)™* are
produced, and more than 100 grams of rock (kgm H,0)™!
are destroyed. To reiterate briefly for later comparison,
the sequence of events involving pyrite and magnetite in
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F1c. 25. Total molalities of species in an aqueous phase reacting
with an hypothetical quartz—+microcline4-albite+annite rock at
300°C and one atmosphere (reaction 5, Table 4). The arrows and
letter annotations at the top of the diagram refer to sequential
events in reaction progress (see Figs. 2c, 24, and 26).

the reaction is: (1) precipitation of pyrite, (2) replacement
of pyrite by magnetite, (3) replacement of magnetite by
pyrite, and (4) dissolution of pyrite.

The cause of the double generation of pyrite in Figure
24 can be explained in terms of the changing chemistry of
the aqueous phase depicted in Figure 25. It can be seen
that precipitation of pyrite (in the early part of the re-
action process) along A’B’ is accompanied by a gradual
decrease in the total concentration of sulfate in solution.
However, the appearance of magnetite at B’, and the
subsequent replacement of pyrite by magnetite along B'B
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F16. 26. Theoretical activity diagram for the system FeCl,-
HCI-H,S-H,S04-H:0 in the presence of an aqueous phase at 300°C,
one atmosphere, and unit activity of HyO. The arrows and letter
annotations refer to the reaction depicted in Figs. 2c, 24, and 25
(reaction 5, Table 4).

results in a drastic decrease in the total concentration of
sulfate. Precipitation of magnetite causes reduction of
sulfate to sulfide corresponding to a decrease in the fugac-
ity of O, of several orders of magnitude over this segment
of the reaction path. Equilibration of the solution with
biotite at B stops precipitation of magnetite. With con-
tinued reaction, biotite and magnetite exchange their
former roles; i.e., magnetite supplies the iron required for
precipitation of biotite along BC’, which causes the total
concentration of sulfate and the fugacity of O, to reverse
their previous trend and increase drastically. Pyrite stops
dissolving in response to this reversal, which causes pre-
cipitation of pyrite until all of the magnetite is consumed
at C’. Pyrite then takes over the role played by magnetite
in supplying iron for the formation of biotite until it too
is consumed at D’. The second generation of pyrite is thus
a function of the minimum in the fugacity of O, caused by
the appearance of biotite as a reaction product. The
reversal in the reaction path is illustrated in Figure 26 in
terms of log am,s and log ape?*/ag?+ in the aqueous phase.

2. Reaction involving a semiconcentrated alkali-chloride
solution. Essentially the same reaction as that described
above is depicted in Figures 2¢ and 27-29, except that the
aqueous phase involved in the reaction (reaction 6, Table
4) has a lower concentration of alkali chlorides (34,425
ppm chloride compared with 102,980 ppm in reaction 5).

HAROLD C. HELGESON

It can be seen by comparing Figures 24 and 27 that the
same sequence of reaction products is produced in the two
reactions, except for the appearance of sphalerite at the
end of reaction 6. On the other hand, reaction of the rock
with the less concentrated fluid (Fig. 27) separates out
(in terms of £) the two generations of pyrite produced in
the reaction. The hiatus causes the reaction path to pass
up into the magnetite field along C’//B’’ in Figures 28 and
29, rather than remaining on the pyrite-magnetite boun-
dary as in the previous reaction (Figure 26). The separation
occurs in the more dilute case because the solution fails to
equilibrate with biotite before all of the early pyrite is
replaced by magnetite. Changes in the fugacities of S,
and O; along the reaction path are illustrated in Figure 29.
These changes are similar to those discussed above for the
reaction involving the more concentrated solution. Note
in Figure 29 that the overall reaction path is considerably
more complex than that computed by Raymahashay and
Holland (1969) for the reaction of an hydrothermal solu-
tion with magnetite.

3. Reaction involving a dilute alkali-chloride solution.
Evaluation of the effects of lowering even further the con-
centration of alkali-chloride in the aqueous phase on the
reaction paths discussed above can be made in Figures 30
and 31, which depict reaction on the hypothetical quartz
~+microcline+albite+annite rock with a dilute hydro-
thermal solution (reaction 7, Table 4) containing a low
concentration of alkali-chloride (3,020 ppm chloride).
Comparison of Figures 24, 27, and 30 reveals that the
very dilute solution (Fig. 30) produces the same sequence
of events in the early stages of reaction progress as that
resulting from reaction with the more concentrated solu-
tions: 4.e., early precipitation of pyrite with subsequent
replacement of pyrite by magnetite, and precipitation of
quartz. However, later events in the very dilute case are
quite different from those in the reactions involving more
concentrated solutions.

Because the ore-forming metal ions (except Fe?") asso-
ciate to a considerable degree with the chloride ion to form
aqueous complexes in hydrothermal solutions (Helgeson,
1964, 1969), a decrease in the concentration of the chloride
ion is accompanied by an increase in the activities of the
“free” metal ions in solution. For this reason, the very
dilute aqueous phase in reaction 7 becomes saturated with
chalcopyrite shortly after reaching quartz saturation
(Figures 30 and 31). In contrast, the other two reactions
failed to produce a copper-iron sulfide. It can be seen in
Figures 30 and 31 that continued reaction results in re-
placement of pyrite by both chalcopyrite and magnetite.
After all the pyrite is consumed, chalcopyrite and magne-
tite continue to co-precipitate with quartz until the de-
creasing fugacity of O, accompanying precipitation of
magnetite causes chalcopyrite to start dissolving. Magne-
tite then replaces chalcopyrite until biotite appears as a re-
action product. As in the case of the double generation of
pyrite discussed above, the appearance of biotite reverses
the change in the fugacity of O, with further reaction pro-
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Fic. 27. Mass of minerals produced and destroyed (kgm H»0

)~1 as a function of progress in the reaction of an acid hydrothermal

solution with an hypothetical quartz-+microcline+-albite+- annite rock at 300°C and one atmosphere (reaction 6, Table 4). The arrows
and letter annotations at the top of the diagram refer to sequential events in reaction progress (see Figs. 2c, 28, and 29).

gress; i.e., continued reaction causes the fugacity of Os
to increase, and chalcopyrite, biotite and quartz then co-
precipitate at the expense of magnetite, K-felsdpar and
albite. A second generation of chalcopyrite thus results
from the reaction. Eventually the solution becomes satu-
rated with montmorillonite, and at a later stage with
sphalerite. Sphalerite and magnetite then replace chalco-
pyrite until all the chalcopyrite is destroyed. At this point
biotite and sphalerite begin replacing magnetite, which
continues until all the magnetite is consumed. Further
reaction results in precipitation of sphalerite, biotite,
montmorillonite, and quartz until the solution equi-
librates with albite and K-feldspar (Figures 30 and 31).
In summary, the sequence of events involving magnetite

and the sulfide minerals is: (1) precipitation of pyrite,
(2) replacement of pyrite by magnetite, (3) replacement of
pyrite by chalcopyrite and magnetite, (4) cotectic pre-
cipitation of chalcopyrite and magnetite, (5) dissolution of
magnetite and chalcopyrite, (6) replacement of magnetite
by chalcopyrite, (7) replacement of chalcopyrite by mag-
netite and sphalerite, (8) replacement of magnetite by
sphalerite, (9) precipitation of sphalerite. Note in Figure
31 that sphalerite is present throughout a large range of
solution pH (3.75-5.7).

In the reaction illustrated in Figures 30 and 31, the
mass of chalcopyrite precipitated from solution (and sub-
sequently destroyed) constitutes 1.5 percent copper ore,
based on the mass of quartz produced (kgm H,0)™*. The
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F1c. 28. Theoretical activity diagram for the system FeCls-
HCI-H,S-H>S04H:0 in the presence of an aqueous phase at 300°C,
one atmosphere, and unit activity of HyO. The arrows and letter
annotations refer to the reaction depicted in Figs. 2c, 27, and 29
(reaction 6, Table 4).

mass of sphalerite precipitated corresponds to “~5 per-
cent zinc ore on the same basis. The overall reaction causes
a net increase in solution of the concentrations of aluminum
(from 3 to 180 ppm), potassium (from 388 to 465 ppm),
and sodium (from 1,140 to 1,370 ppm), and a decrease in
the concentrations of iron (from 55 to 4 ppm), zinc (from
649 to 591 ppm), sulfide (from 40 to 15 ppm) and sulfate
(from 12 to 11 ppm). In the process, more than 14 ppm
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Fr16. 29. Theoretical fugacity diagram for the system Fe-S-O
at 300°C and one atmosphere (based on thermodynamic data
summarized by Helgeson, 1969). The dashed lines and letter an-
notations refer to the reaction depicted in Figs. 2c, 27, and 28
(reaction 6, Table 4).

copper are removed and subsequently returned to the
aqueous phase.

Comparison of mass transfer at 100°, 200°, and 300°C. It
can be concluded from the mass transfer calculations sum-
marized above that precipitation of a chalcopyrite-
sphalerite orebody from acid alkali-chloride solutions at
300°C requires either a very low concentration of chloride
in solution, or very large concentrations (tens of thousands
of ppm) of copper and zinc or sulfide and sulfate. The
stabilities of chloride complexes involving copper and zinc
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Fic. 30. Mass of minerals produced (kgm H,0)~! as a function of progress in the reaction of a dilute acid hydrothermal solution
with an hypothetical quartz+microcline+albite+annite rock at 300°C and one atmosphere (reaction 7, Table 4—see Fig. 31).
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F1c. 31. Mass of minerals produced (kgm H;0) as a function of solution pH in the reaction depicted in Figure 30 (reaction 7, Table 4).

and the solubilities of their sulfides in chloride-rich solu-
tions are substantially higher at 300°C than they are at
lower temperatures (Helgeson, 1969).

Comparison of the mass of the various sulfides produced
(kgm H;0)' in reactions 1, 4, and 6 (Table 4) at 200°, 100°,
and 300°C, respectively, can be made in Figures 32 and 33.
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Fic. 32. Comparative paragenesis diagrams depicting the rela-
tive mass of pyrite, bornite, chalcopyrite, magnetite, and sphalerite
precipitated as a function of progress in the reaction of acid
chloride-rich hydrothermal solutions with an hypothetical quartz
+microcline+albite+annite rock at 100°C (diagram a—reac-
tion 4, Table 4 and Figs. 2a and 23), 200°C (diagram b—reaction
1, Table 4 and Figs. 2d and 11-15), and 300°C (diagram c—reac-
tion 6, Table 4 and Figs. 2c and 27-29).

The results of the calculations are presented in Figure 32
in the form of paragenesis diagrams at the three tempera-
tures, and in Figure 33 as a function of temperature. It can
be seen in these figures that a change of 100° in temperature
causes a change in mass transfer of about 2 orders of
magnitude.
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T1G. 33. Mass of minerals produced and destroyed (kgm H,0)™*
in reactions 1, 4, and 6 (Table 4 and Figs. 2a, c, and d, 11-15, 23,
and 27-29).
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ReacTioNs wite LiMESTONE AT 150°C (MISSISSIPPI
VALLEY TyPE ORE DEPOSITION)

Reactions between acid alkali-chloride hydrothermal
solutions and limestone at 150°C (reactions 8-12, Table 4)
are illustrated in Figures 34-40.

Reactions involving dilute alkali-chloride solutions. Re-
action of a relatively dilute sodium-magnesium-chloride
solution (11190 ppm chloride) with limestone at 150°C
(reaction 8, Table 4) leads to the redistribution of com-
ponents illustrated in Figures 34-36. It can be seen in
Figures 34 and 35 that the pH increase accompanying the
initial congruent dissolution of calcite causes the solution
to become saturated first with chalcocite at A, but con-
tinued reaction results in the appearance of bornite at B;
bornite then replaces the earlier formed chalcocite along
BC until all the chalcocite is consumed at C. As calcite
continues to dissolve, bornite precipitates along CD, and at
D galena becomes a reaction product. Galena and bornite
then continue to precipitate until the solution becomes
saturated with sphalerite at E. Further reaction results in
replacement of bornite by sphalerite and minor precipita-
tion of galena along EF. At F the solution becomes satu-
rated (once again) with chalcocite, and almost immediately
thereafter with magnetite at G. Along GH chalcocite,

HAROLD C. HELGESON

magnetite, and sphalerite replace bornite until all the
bornite is consumed at H. Continued reaction causes co-
precipitation of magnetite, chalcocite, sphalerite, and
galena until the solution becomes saturated with dolomite
at I. Dolomite then precipitates and the earlier formed
minerals dissolve slightly until overall equilibrium is
achieved at J.

It can be seen in Figures 35 and 36 that the appearance
of dolomite causes a pH reversal as a function of reaction
progress. The pH decrease from I to J is caused by the
reaction

CaCOs + HCO; + Mgt — CaMg(COy), + 2H+  (13)

Magnetite, chalcocite, sphalerite, and galena respond to
the decreasing pH by dissolving in the final stage of reac-
tion progress. Destruction of calcite reaches 1.5 grams
(kgm H,0)~* over reaction path ABCDEFGHIJ in Figures
35-37; 1.3 grams of dolomite (kgm H,0)! are precipitated
in the interval IJ. Taking into account molar volumes
(Robie and Waldbaum, 1968), these figures mean that the
extent to which dolomite replaces calcite in the above reac-
tions is about 20 percent less than the volume of calcite
dissolved. The mass of sulfides precipitated (kgm H,0)!
amount to slightly more than 0.1 percent of the mass of
calcite destroyed (kgm H,O)~. Over the whole reaction
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F16. 34. Mass of minerals produced and destroyed as function of progress

in the reaction of an hypothetical limestone with a dilute

acid sulfide (and sulfate)-rich hydrothermal solution at 150°C and one atmosphere (reaction 8, Table 4). The letter annotations refer to

sequential events in reaction progress (see Figs. 35 and 36).
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Fi6. 35. Mass of minerals produced and destroyed (kgm H,0)™* as a function of solution pH in the reaction depicted in Figs. 34
and 36 (reaction 8, Table 4). The letter annotations refer to sequential events in reaction progress.

path the fugacities of O, and S; decrease from 10™* and
10738 to 10~% and 1072, respectively, while that of CO:
increases from 1073 to about a tenth of an atmosphere.
Because the reaction coefficients of the sulfides and mag-
netite in the interval IJ are small, little change in the total
molalities of lead, zinc, iron, copper, and sulfide occur along
this segment of the reaction path. The changes in the
molalities of HS™, HsS, HCO;s~, Fe*", and FeOHT in the
interval IJ in Figure 36 are caused by the redistribution of
species resulting from the decrease in solution pH. Note
that the chemistry of the aqueous phase changes drastically
after the appearance of sphalerite (at E) and before the
appearance of dolomite (at I), and that all the events at
F, G, and H take place at essentially the same solution pH
(Figure 36).

As noted above, two generations of chalcocite are pro-
duced along reaction path ABCDEFGHI] in Figures 34~
36. The reappearance of chalcocite (in the interval FGHIJ)
at a later stage of reaction progress (after early precipita-
tion of chalcocite in the interval AB, and subsequent re-
placement of chalcocite by bornite in the interval BC) is a
consequence of the greater increase in the activity of S~
compared to the decrease in the activity of Cu' in the
interval CF. Such behavior is probably typical of hydro-
thermal systems involving sulfide deficient solutions; 4.e.,
many such systems would be expected to exhibit multiple
generations of sulfides.

The effect of a higher initial oxidation state on the reac-

tion discussed above can be assessed in Figure 37. The com-
position of the aqueous phase involved in this reaction
(reaction 9, Table 4) is identical to that in the reaction
represented in Figures 34-36 (reaction 8, Table 4), except
for the intial concentration of sulfate (15 ppm compared
to 0.3 ppm). The higher concentration of sulfate causes an
initial fugacity of O, of 1074 compared to 107#2 in the
previous case. Although the complete reaction is not de-
picted in Figure 37, it can be seen that the slightly higher
oxidation state of the initial solution prevents precipitation
of chalcocite, and causes hematite to appear as a reaction
product instead of magnetite. The paragenetic sequence in
Figure 37 is: (1) bornite, (2) bornite + galena, (3) sphale-
rite + bornite + galena, and (4) hematite -+ bornite
+ sphalerite + galena. This sequence, although incom-
plete, is considerably different from that produced in the
preceding case; i.e., (1) chalcocite, (2) chalcocite + bornite,
(3) bornite, (4) bornite + galena, (5) bornite + sphalerite
+ galena, (6) bornite + sphalerite + galena + chalcocite,
(7) bornite -+ sphalerite + galena + chalcocite + mag-
netite, and (8) sphalerite + galena + chalcocite + mag-
netite.

Reaction involving a concentrated alkali-chloride solution.
The mass transfer resulting from reaction of a limestone
with an acid hydrothermal solution containing 105,000
ppm sodium chloride (reaction 10, Table 4) is depicted
in Figure 38. Although the complete reaction is not rep-
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Fi1e. 36. Molalities of species in an aqueous phase reacting with
limestone at 150°C (reaction 8, Table 4). The arrows and letter
annotations refer to sequential events in reaction progress (see
Figs. 34 and 35).

resented in Figure 38, it can be deduced from comparison
of Figures 35, 37, and 38 that the higher concentration
of chloride affects considerably the consequences of re-
action progress. As observed above, the higher chloride
concentration increases the ability of the solution to trans-
port metal ions as chloride complexes (Helgeson, 1969). In
this case (Figure 38) the initial solution contains 1 ppm
iron, 18 ppm lead, 29 ppm zinc, 6 ppm copper, 3 ppm sul-
five, and 9 ppm sulfate, with an initial pH of 3.0. Reaction
of the solutionwith calcite at150°Cleads first to the appear-
ance of pyrite, which precipitates until the solution be-
comes saturated with galena. As calcite continues to dis-
solve, galena replaces the earlier-formed pyrite; however,
before all the pyrite is consumed, the solution becomes
saturated with bornite, which then joins galena in replacing
pyrite. After destruction of all the pyrite, bornite co-
precipitates with galena, but then it soon begins to dissolve
slightly. With further reaction progress, the solution be-

comes saturated with magnetite, and magnetite and galena
then precipitate at the expense of bornite and calcite.

The mass of galena precipitated in the reaction depicted
in Figure 38 is about 20 percent of the mass of calcite dis-
solved, compared to 2 percent at a comparable stage of
progress in reaction 8 (Figure 35). Note that the mass ratio
of galena to bornite in Figure 35 is 2.5, while that in Figure
38is greater than 7. There can be little doubt that the reac-
tion represented in Figure 38 is capable of causing deposi-
tion of sulfides in ore proportions. Reaction up to the point
represented by the right side of Figure 38 causes abstrac-
tion of 15 ppm lead and 1 ppm copper from the aqueous
phase.

Reactions without replacement. Mississippi Valley ore de-
posits exhibit little or no replacement of sulfides. On the
other hand, they are characterized by multiple generations
of sulfides precipitated in open spaces. The depositional
process responsible for these phenomena can be modeled by
carrying out calculations similar to those described above,
but with the stipulation that earlier-formed minerals do
not react with the solution at later stages of reaction pro-
gress.! Model calculations for such a system are illustrated
in Figures 39 and 40 for reaction of a limestone with a
dilute (reaction 11, Table 4 and Figure 39) and concen-
trated (reaction 12, Table 4 and Figure 40) sodium chloride

1In the actual case, such reactions may be precluded by the
flow characteristics of the aqueous phase.
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F16. 37. Mass of minerals produced and destroyed as a function
of solution pH during reaction of a dilute acid sulfide (and sul-
fate)-deficient hydrothermal solution with an hypothetical lime-
stone at 150°C and one atmosphere (reaction 9, Table 4). Only
the first part of the reaction is depicted in the diagram.
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solution containing small concentrations of other com-
ponents. To facilitate comparison of mass transfer, the
same initial solution composition was used in reactions 8
and 11, and 10 and 12 (Table 4), respectively. Figures 35
and 39, and Figures 38 and 40 thus depict the consequences
of identical reactions, except that earlier-formed minerals
were not permitted to react with the aqueous phase at later
stages of reaction progress in Figures 39 and 40.

It can be seen by comparing Figures 35 and 39 that pre-
venting reaction of earlier-formed phases with the dilute
solution precludes the appearance of second generation
chalcocite. Also, there is no increase in the mass of sphal-
erite precipitated, and bornite is preserved rather than
destroyed. In summary, the paragenesis illustrated in
Figure 39 is: (1) chalcocite, (2) bornite, (3) bornite +
galena, (4) galena + sphalerite, and (5) galena + sphale-
rite -+ magnetite.

In contrast to the dilute case, the constraint imposed on
the reaction in Figure 40 causes a substantial decrease in
the mass of bornite produced (kgm H:0)™. The mass of
bornite produced by the reaction in Figure 33 is about an
order of magnitude higher than that produced by the reac-
tion in Figure 40, owing to the fact that in the latter case
the earlier-formed pyrite was not permitted to go into
solution in later stages of reaction progress. The para-
genesis in Figure 40 is: (1) pyrite, (2) galena, (3) galena +
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F1c. 38. Mass of minerals produced and destroyed as a function
of solution pH during reaction of an acid chloride-rich hydrother-
mal solution with an hypothetical limestone at 150°C and one
atmosphere (reaction 10, Table 4). Only the first part of the reac-
tion is depicted in the diagram.
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Fic. 39. Mass of minerals produced and destroyed as a function
of pH during reaction of a dilute acid hydrothermal solution with
an hypothetical limestone at 150°C and one atmosphere (reaction
11, Table 4) in a system in which minerals produced by the reac-
tion cannot react with the aqueous phase at later stages of reac-
tion progress. Precipitation of minerals (and dissolution of calcite)
is represented by solid lines, and the preservation of earlier formed
minerals by dashed lines. The dashed lines thus indicate intervals
of reaction progress in which the aqueous phase is undersaturated
with respect to the mineral.

bornite, (4) galena, and (5) galena -+ magnetite. In contrast,
the paragenesis in Figure 38 is: (1) pyrite, (2) pyrite +
galena, (3) pyrite + galena + bornite, (4) galena +
bornite, and (5) galena + bornite + magnetite. It can be
seen in Figure 40 that the mass of galena and dolomite
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Fr16. 40. Mass of minerals produced and destroyed as a function
of pH during reaction of an acid chloride-rich hydrothermal solu-
tion with an hypothetical limestone at 150°C and one atmosphere
(reaction 12, Table 4) in a system in which minerals produced by
the reaction cannot react at later stages of reaction progress.
Precipitation of minerals (and dissolution of calcite) is represented
by solid lines, and the preservation of earlier formed minerals by
dashed lines. The dashed lines thus indicate intervals of reaction
progress in which the aqueous phase is undersaturated with re-
spect to the mineral.
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precipitated (kgm H,0)~" is equal to about 1 percent and 80
percent, respectively, of the mass of calcite destroyed at the
end of the reaction process. As before, the appearance of
dolomite causes the solution pH to decrease with con-
tinued reaction progress. As in all of the limestone cases
(Table 4), the overall reaction leads to an appreciable in-
crease in the amount of open space in the reactant rock.

MINERALS AND SOLUTION CHEMISTRY

It has long been recognized that the presence of one or
another mineral in a vein system may affect considerably
the chemistry of hydrothermal processes. Mass transfer
calculations define quantitatively the roles played by these
minerals.

The appearance of calcite as a reaction product imposes a
constant solution pH on continued reaction progress if the
concentrations of Ca?" and CO; in the aqueous phase are
much higher than the change in the concentrations of
these species resulting from reaction of the solution with its
environment. If this constraint is established when two
sulfides are precipitating, it may cause one of the two to re-
place the other as the solution continues to react with
minerals in the host rock. Only after the concentration of
Ca or CO, begins to change can the pH again increase
with continued reaction progress. Thus the early appear-
ance of calcite may have a profound effect on the chemistry
of subsequent hydrothermal reactions.

Pyritization of wall rocks, which is accompanied by
oxidation of $*~ and reduction of SO2~ (as, for example, in
4K FesAlSis010(0H) o+ 7TH+3HSO4 +21H,S — 2A1,S1,05
(OH)4+-8Si0,+4K*+12FeS,+26H,0) serves to store sul-
fide for the formation of later copper-iron sulfides. Pre-
cipitation of biotite, chlorite, or siderite also affects con-
siderably the chemistry of hydrothermal processes. The
early appearance of one or more of these minerals promotes
the appearance of copper-rich sulfides at later stages of
reaction progress. Precipitation of magnetite or hematite
may cause a drastic decrease in the fugacity of O, and
either precipitation or dissolution of pyrite and copper-iron
sulfides depending on the relative sizes of np2*, my.t,
50>, mso,2, s, and ms®. Precipitation of biotite
may also destroy pyrite. If magnetite (or hematite) is pre-
sent when other iron-bearing minerals such as biotite begin
to form, the iron oxide may dissolve to provide iron for the
new phase, thereby causing the fugacity of O, in the system
to increase substantially. As this occurs, sulfides may pre-
cipitate from solution. As emphasized above, intermittent
hydrothermal leaching and multiple generations of sulfides
may be produced in this way.

Reaction of sulfate (and sulfide)-deficient solutions with
limestone may also result in multiple generations of sul-
fides. Hydrothermal leaching of minerals is promoted by
decreasing solution pH, which occurs in a limestone en-
vironment following the appearance of such minerals as
dolomite or ankerite as reaction products. The concentra-
tion of magnesium in the aqueous phase, and the stage of
reaction progress at which dolomite appears are important
discriminant factors in the process.

HAROLD C. HELGESON

Dolomitization is only one of several acid-producing
processes in hydrothermal systems. Precipitation of other
carbonates or silicates, oxides, and sulfides may also pro-
duce hydrogen ion. The chemistry of the process can be
illustrated by expressions written in terms of H+ and the
predominant species in the aqueous phase. For example,
equilibrium precipitation of pyrite, chalcopyrite, bornite,
magnetite and hematite can be represented by

4Fe’ + TH,S + HSOi =4FeS; + 4H,0 + 7H* (14)
8CuCly>~ + 8Fe?* + 15H,S + HSOF
= 8CuFeS; + 4H,0 + 24CI- 4 23H* (15)

40CuCls*~ + 8Fe?* + 31H,S + HSO+
= 8CusFeS; + 4H,0 + 120CI- + 55H*(16)
12Fe** + 12H,0 + HSOi — 4Fe;0, + H,S 4 231+ a7
8Fe?* + 8H;0 + HSO; = 4Fe,05 + 15H* 4+ H,S (18)

All of these reactions are displaced to the right by decreas-
ing temperature and/or reaction of the aqueous phase with
granitic or calcareous rocks. Congruent precipitation of
sulfides in response to a decrease in temperature may thus
increase the reactivity of a hydrothermal solution with
respect to its environment. Precipitation of iron sulfides or
oxides, and copper or copper-iron sulfides may be accom-
panied by an overall increase or decrease in the fugacity of
O: in the system, depending on the relative sizes of the
reaction coefficients and the concentrations of SO2~ and S—
in solution.

As indicated above, mass transfer calculations suggest
that deposition of silver, lead, zinc, copper, and copper-iron
sulfides in ore proportions from acid alkali-chloride solu-
tions at high temperatures (300°C and above) requires
either relatively dilute aqueous chloride solutions or rela-
tively high concentrations (tens of thousands of ppm) of
the ore-forming metals or sulfide and sulfate in solution.
The high solubilities of both aluminosilicates and sulfides in
acid chloride-rich solutions at high temperatures favors
metasomatic alteration of rocks and hydrothermal trans-
port (rather than deposition) of sulfides. Adiabatic expan-
sion of such a solution may cause precipitation of sulfides in
ore proportions (Helgeson, 1964). However, preliminary
theoretical calculations suggest that mass transfer as a
Sunction of temperature and/or pressure is not equivalent
quantitatively to mass transfer in response to isothermal reac-
tion of solution with its mineralogic environment.

Drscussion

The presence of large masses of anhydrite in an ore de-
posit suggests precipitation of sulfides from solutions con-
taining low concentrations of calcium and high concentra-
tions of sulfate and sulfide (of the order of thousands or
tens of thousands of ppm at temperatures greater than
250°C). In general, the activity of the sulfate ion in solu-
tion (and thus the tendency to precipitate anhydrite in
response to increasing activity of the sulfate ion) is in-
sensitive to changes in solution pH from 3 to ~6. This
observation is underscored by the fact that the aqueous
phase was nearly saturated with anhydrite at the outset of
several of the reactions discussed above, but anhydrite
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failed to appear as a reaction product. It is important to
note in this regard that the solutions involved in the reac-
tions all contained substantial concentrations of the cal-
cium ion relative to the mass transfer of the calcium ion
from the reactant rock to the aqueous phase. The solu-
bilities of anhydrite, calcite, and nonaluminous ferro-
magnesian silicates decrease with increasing temperature,
which no doubt affects considerably their occurrence in
hydrothermal systems. However, where the activity of
Ca?" in the initial solution is low and the concentration of
sulfate high, isothermal reaction of the solution with
plagioclase may cause precipitation of anhydrite. An in-
crease in the fugacity of O should then accompany in-
creasing solution pH as the reaction progresses, which
favors deposition of sulfides. Precipitation of a more sod-
ium-rich plagioclase (than that in the original rock) or a
sodium-rich montmorillonite as a reaction product would
be consistent with isothermal precipitation of anhydrite
from sulfide (and sulfate)-rich calcium-poor solutions.

The relative mass of sulfides produced (kgm H;0)! as a
function of reaction progress in the model calculations dis-
cussed above is generally consistent with volume for volume
replacement of precursing minerals; 7.e., the mass of a sul-
fide precipitated at the expense of an earlier sulfide is
usually greater than the mass of the mineral dissolved. In
contrast, sulfide replacement of carbonates leads to a large
increase in open space. The mass transfer calculations sug-
gest that the classical Butte pattern of silicate alteration
and sulfide zoning may form (at least in part) at tempera-
tures well below 200°C, and that only a small fraction of
the ore-forming metals and/or sulfide in hydrothermal
solutions may be extracted to form an ore deposit (with the
remainder passing out of the system to be lost eventually
through dilution of the hydrothermal solution with ground
water). On the other hand, the concentrations of sulfide
and/or the ore-forming metals in solution may have been
considerably lower than those generally considered “rea-
sonable” (i.e., lower than part per million concentrations).
The large volumes of fluid required to form ore deposits
from such solutions are consistent with those needed to
account for the metasomatic features and isotopic composi-
tions of the minerals in the marginal zones of large igneous
intrusives (Taylor and Epstein, 1968).

Convective models of solution flow such as that suggested
by Taylor and Epstein (1968) and Sheppard, Nielsen, and
Taylor (1969) in the vicinity of a hot intrusive body are
consistent with the zonal pattern of sulfides and alteration
minerals observed in porphyry copper deposits. An aqueous
phase entering the high temperature environment at depth,
where the solubilities of aluminosilicates and sulfides are
high, should react aggressively with the intrusive and
derive material from the host rock. As the solution rises
along the margins of the intrusive and the temperature
decreases, sulfides may precipitate, thereby lowering the
solution pH and promoting further reaction of the solution
with silicates at shallow depths. Aluminosilicates may also
precipitate as the aqueous phase rises through the contact
zone of the intrusive; in contrast, ferromagnesian silicates
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tend to dissolve as temperature decreases. The pressure
distribution in the system should cause the solutions to
permeate through fractures from the margins toward the
center of the crystallized (but still hot) intrusive, leaving a
pattern of mineralization consistent with increasing tem-
perature, diminishing acid attack, and increasing approach
to equilibrium from the outside toward the center. This is
the gross pattern observed in porphyry copper deposits;
i.e., the outer zones are characterized by the occurrence of
pyrite and sericite, and the inner zones by chalcopyrite,
and secondary biotite and K-feldspar. Solution flow from
the margins toward the center of a district also fits the
zonal distribution of mineralization at Bingham, Butte,
and other hydrothermal base metal deposits. Horizontal
temperature gradients probably play minor roles in the
depositional process, which may take place at both high
and/or low temperatures. In most instances the source of
the aqueous phase is probably the surrounding sediments;
however, the ore-forming metals may be derived either
from the sediments (Helgeson, 1967b) or the intrusive at
depth.

CoNCLUDING REMARKS

The hydrothermal systems considered in the preceding
pages are only a few of many that deserve similar investiga-
tion; e.g., sufficient data are available to study gold, silver,
mercury, tin, native copper, and arsenic deposition in the
same way. However, comprehensive calculations will re-
quire more experimental information (such as the ther-
modynamic properties of enargite, tennantite, tetrahedrite,
etc.) and extensive use of high speed digital computers
with large storage capacities. The effects of different initial
concentrations of aqueous species on mass transfer have yet
to be determined for a number of components. The chem-
ical consequences of the presence and compositional vari-
ability of phases containing Fes*, Fe*, and Mg?" such as
chlorite, epidote, and biotite, as well as siderite, ankerite,
anhydrite, arsenopyrite, muscovite, montmorillonite, and
other minerals in hydrothermal systems need to be ex-
plored in greater detail. As in the case of enargite, such
studies will require more and better thermodynamic data.
The importance of this observation is underscored by the
fact that thermodynamic data presently available require
montmorillonite to be considerably more stable than K-
mica in hydrothermal systems (Helgeson, 1969). The
abundance of sericite in hydrothermal ore deposits suggests
that the enthalpy of formation from the elements of K-
mica is actually several kilocalories more negative than
that presently in use. Similarly, the stability constants for
aluminum hydroxide complexes at elevated temperatures
are probably smaller than those used in this study (Helge-
son, 1970b), which means the solubilities of aluminosili-
cates at high temperatures should be lower than those pre-
dicted above. More experimental calorimetry is required
to resolve such uncertainties. Additional thermodynamic
data will also permit comprehensive mass transfer calcula-
tions to be carried out for simultaneous changes in tempera-
ture, pressure, and reaction progress. Ultimately it should
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be possible to include explicit and simultaneous provision
in mass transfer calculations for diffusional constraints,
convection, fluid flow, metastable equilibria, and selective
supersaturation of mineralsin the ageuous phase.

If mass transfer calculations are correlated closely with
geologic reality, quantitative field observations can be used
to derive realistic theoretical models of geochemical pro-
cesses. In principle, mass transfer calculations represent a
potential tool of ore search. Repeated and sequential cyclic
interchange of theoretical predictions and field observa-
tions should lead to a converging series of approximations of
the specific chemical environment responsible for the
formation of a given ore deposit. The observations needed
are: (1) fluid inclusion analyses and temperatures of filling,
(2) mineral compositions and compatibilities among the
silicates, sulfides, oxides, carbonates, and sulfates, (3)
quantitative information regarding zomal and paragenetic
sequences and cotectic-peritectic relations, (4) the relative mass
of each mineral in the system, and (5) the width of veins,
directional evidence of solution flow, gains and losses in the
alteration zomes, etc. Many discussions relating to such
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observations can be found in the geologic literature, but
regrettably most of these are qualitative rather than
quantitative.

The most important contributions to the understanding
of ore transport and deposition are still to come from the
field geologist. It is he who must supply the quantitative
information needed for realistic derivation and evaluation
of chemical and thermodynamic models of ore transport
and deposition, and it is he who must apply the results of
theoretical predictions to the geologic problem; therein lies
the challenge for the modern geologist.
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