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Chapter 8 George H. Brimhall and David A. Crerar
ORE FLUIDS: MAGMATIC TO SUPERGENE

INTRODUCTION

A diverse spectrum of fluids exists in the Earth which is responsible for the transport
and enrichment of ore-forming constituents including both metals and essential non-metallic
species such as water, sulfur and halogens. Through their mobility and peculiar solvent
characteristics, silicate magmas, aqueous fluids, and gasses mayall, under particular cir-
cumstances, contribute to the mass and heat transfer involved in ore deposition. Such tran-
sport fluids, be they magmatic, gaseous, or aqueous, not only interact with wall rocks
encountered along paths of migration by assimilation, thermal exchange, or hydrochemical
reaction, but mutually interact themselves by phase separation as with boiling or ex solution
of salt- and metal-rich magmatic water from a melt. Such release of solute-rich aqueous
fluids promotes intense physical and chemical interaction of solids, aqueous fluids, and
gasses and, because of enhancement of chemical mobility by complexing, results in selec-
tive metasomatic effects unsurpassed elsewhere in the Earth's crust.

In our treatment here, we have chosen to emphasize the continuum in nature in chemi-
cal and physical ore-forming processes and to develop relationships to those of common
petrogenesis. Consequently, rather than writing separate chapters, we have combined our
efforts into a single chapter, subdivided in three parts, beginning with the origin of ore-
forming magmas and aqueous fluids in the context of crustal processes. We then develop
the systematics in the physical chemistry of hydrothermal ore fluids, and end with the for-
mation of primary ore deposits and their chemical weathering products. Metasomatic
behavior is stressed.

In part, the high level of metasomatism is due to the chemical fractionation effects
peculiar to fluid/fluid, fluid/rock, and fluid/solute interactions which efficiently extract ore
elements from large source regions and quantitatively concentrate them in relatively small
physical domains which are preserved for geological periods of time. It is the potential for
such repetitive chemical focussing in the vicinity of available sources of thermal energy that
drives ore-forming systems to extreme values of reaction progress and fluid-dominance.
The attainment of end stages of chemical fractionation separates ores from the more com-
mon products of petrogenesis. The Earth as a thermally active planet surrounded by an
oxygenated atmosphere provides ample opportunities for fractionation processes to begin
internally; these ultimately are taken to completion by migrating fluids at shallow depths at
or near the interface of the lithosphere and atmosphere, where chemical gradients are steep
and disequilibrium common.

Many characteristics of these highly metasomatic systems such as rock permeability,
porosity, redox state, and solution acidity may reach extreme values. In fact, it is now
becoming obvious that constructive, that is mutually enhancing interrelationships, between
such coupled factors as overall volume changes due to chemical reaction and rock permea-
bility may be critical to attainment of ore-grade metasomatism. One reason why much
more common crustal assemblages as in metamorphic rocks, indeed once considered iso-
chemical products, have a more limited compositional spectrum than ores is that the heat
and mass transport processes are themselves exceedingly more restricted in terms of time-
integrated fluid and heat fluxes, solute load, permeability, and reactivity than in ore-forming
systems, or at least less intense near the final stages of thermal or chemical dissipation.
These ordinary crustal systems may in fact be self-limited while ore-forming systems may
be runaway in comparison. Nevertheless, in many other respects the principles are identical
to those governing igneous, metamorphic, and sedimentary processes within the Earth, but
differ mainly in extent.
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It is only now becoming possible to address rigorously such complex and interrelated
physiochemical phenomena. First-principle forward modeling has largely been limited to
consideration of either the chemical evolution or the fluid mechanics involved in ore tran-
sport and deposition, but not both simultaneously. Here we use the term "modeling" in a
general sense, meaning any conceptualization of process based upon fundamental analytical
considerations. This includes formulation of hypotheses from field, experimental, and
theoretical perspectives. Given the complexity of ore deposits, recent modeling studies for
the most part have had a limited scope, focussing on explaining central phenomena contri-
buting to enrichment of metals at certain stages of the thermal, mechanical, or chemical
evolution of specific types of ore deposits. While modeling has proceeded through such
gross simplification, the results are nevertheless illuminating. Still, a challenging frontier
remains in understanding fluid flow with chemical reaction from a theoretical, experimental,
or field perspective. It is likely that insights from all three approaches will be necessary to
meet the ultimate demands of the rich problems remaining in understanding ore fluids.

In this chapter we take a broad sweep through some of the processes responsible for
deposition of ore and mineral deposits. We have out of necessity limited our treatment here
considerably. Reviews of many relevant topics omitted here may be found in Brimhall
(1987a), including magmatic ore deposits (Irvine et ai., 1983), a topic neglected here alto-
gether but one in which elegant thermo-mechanical-chemical modeling techniques have
been developed. Instead, the focus here is on deposition from aqueous solutions, ranging
from high-temperature fluids associated with felsic magmas, through hydrothermal systems
at intermediate temperatures, down to ncar-surface oxidative weathering processes. We
limit our analysis in this way so as to present the most complete, overall treatment of a sin-
gle class of ore deposits, rather than err on the side of superficiality with a broader treat-
ment. As a common thread, you might regard this as the local history of water-related
deposits associated with a particular crystallizing pluton, from melting giving rise to a
magma, its intrusion, primary mineralization, to final supergene or residual enrichment of
ore metals. Metals, rather than being simply used as tracers to infer the nature of geochem-
ical processes, are themselves the primary focus.

PART I. THE GENERATION OF MAGMAS AND ORE FLUIDS

PRE-METALLOGENIC HISTORY OF MAGMAS

It is important to keep in mind in the scenario which follows that metal enrichment
does not simply begin with the emplacement of a parent pluton in the upper levels of the
crust. Such localization of ore-grade concentrations of metallic compounds represents only
the most recent metasomatic stage in a 4.5 billion-year history of selective enrichment of
useful primordial elements in the form of ore deposits contained in preserved supracrustal
environments (Hutchinson, 1981; Sawkins, 1984; Meyer, 1985). These supracrustal
environments have themselves evolved considerably over geological time from the earliest
Archean granite-submarine greenstone terranes through a variety of developing continental
cratonic settings, up to the present plate tectonic environments at active subduction zones,
continent-continent collision zones, passive continental margins, and submarine rift settings.

Ores occurring in these localized enriched states have as progenitors still earlier tran-
sport processes affecting large regions within the Earth. Within the first few hundred mil-
lion years of Earth history, core/mantle interaction depleted the mantle in moderately
siderophile transition metals (Fe, Co, Ni, Ag, Mo, and W) and highly siderophile metals
(Au, and Pt-group metals) (Ringwood, 1979). The subsequent growth of the continental
crust from the primitive mantle over a period of geological time spanning more than 3 Ga
enriched the crust in incompatible rock-forming elements and ore metals (Brimhall, 1987b).

In this context ores are the outgrowths of efficient crustal fractionation processes
beginning with the extraction of crustal components from the primitive mantle. Derivation
and ascent of basaltic liquids enriched in incompatible elements by crystal/liquid partition-
ing results in formation of the oceanic crust. The relatively small mass of the crust in
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relation to the mantle yields maximum enrichment factors of approximately 100 which are
limited essentially by mass balance constraints. For example, consider a highly incompati-
ble element such as Cs which is thoroughly fractionated into the magmas giving rise to oce-
anic crust which ultimately is reprocessed through subduction to make continental crust.
Figure 1 outlines bulk continental fractionation factors from the primitive mantle from
Brimhall (l987b) using estimates of the composition of the primitive mantle by Wanke et
al. (1984) and continental crust by Taylor and McLennan (1985). Most ore metals are
enriched in the continental crust relative to the mantle by factors which vary systematically
with Period and Group in the Periodic Table, as are all the incompatible elements, indicat-
ing a clear commonality of process and governing thermodynamic control. It is clear then
that crust-forming processes, specifically magma generation in the mantle is the first order
control on fractionation not only of rock-forming elements, but ore metals as well. Thus
the conditions under which melting occurs in the mantle become the starting point for
understanding fractionation of ore metals during crustal evolution. Subsequent remelting of
continental crust gives rise to highly differentiated igneous products, which extends the
spectrum of ore metal enrichment to still greater extremes. Many of the fractionation
processes which ultimately produce near-surface ore deposits begin with the large-scale tec-
tonic activity of the upper mantle and crust.

GENERATION OF MAGMAS AND PLUTONS AT SUBDUCTION ZONES

It has been known for a long time now that andesitic volcanoes and porphyry
copper/molybdenum ore bodies tend to occur at a relatively uniform distance from oceanic
trenches and subduction zones (e.g., Sillitoe, 1972; Turcotte and Schubert, 1973). The
Circum-Pacific andesitic volcanoes, for example, form the well-known "ring of fire." Fig-
ures 2 and 3 outline a commonly accepted geochemical model for this feature. We will see
that water plays an all-important role at every step. Our discussion is drawn largely from a
paper by Burrtham (1979) which you should consult for complete details.

Oceanic zones

Oceanic crust descending in a subduction zone carries with it some water in interstitial
pores and vesicles, as well as the hydroxyl component in clays and chlorites. At pressures
and temperatures represented approximately by point A on Figure 2, a subducting slab
should have metamorphosed to the amphibolite facies with 2.0 to 3.0 wt % water bound in
amphiboles. This descends further along the average P-T conditions for subduction zones
illustrated as A-7B on this figure. The solidus (beginning of melting) curves labeled S(aw
= 1.0 to 0.1) show the great effect water has on the melting temperature of amphibolite:
Increasing water activity from 0.1 to 1.0 (saturation) decreases the melting temperature by
roughly 500°C above 10 kbar. If this rock contains no pore fluid, it will not begin to melt
until it intersects the "fluid-absent" hornblende solidus (Hb-S) at B. Here hornblende reacts
to produce garnet peridotite and a silicate melt of water activity z 0.3 (which you can read
from the solidus curve for amphibolite). For this water activity, the melt must contain ;:::
6.4 wt % H20; this can be achieved by melting roughly 20% of an amphibolite containing
1.5 wt % H20.

This melange of solid + melt might continue on down the subduction zone for several
more kilometers, perhaps to point C, melting further at greater depths. Somewhere over the
narrow interval between B and C the melt will begin to rise (C-7D) into hotter overlying
lithosphere. Because it contains more water, it will melt or assimilate the low-melting frac-
tion of overlying rocks and will crystallize more refractory minerals (pyroxene, olivine, gar-
net), becoming more felsic as it rises. Burnham (1979) estimates that by the time this syn-
tectic melt rises to point D, it will have assimilated an additional 80% of overlying litho-
sphere, contain about 3% water and be roughly dioritic (andesitic) in composition. Since
the initial melting at point C occurs within a very narrow depth range of 75-80 km, this
overall process produces hydrous calc-alkaline magmas at a uniform distance from the oce-
anic trench. These magmas contain sufficient water to produce explosive island arc
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Figure 1. Bulk continental crust fractionation curves relative to the primitive mantle. Most metals are enriched in
the crust by factors varying systematically with Group and Period in the Periodic Table. From Brimhall (1987b).
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Figure 2. Melting relations for an amphibolite of olivine
tholeiite composition. Curves marked S are the begin-
ning of melting (solidus) for the water activities shown.
Hb-S(0.3) is the beginning of melting for amphibolite for
a mole fraction 0.3 of water in the melt. Hb-L(O.5) is
the maximum stability of hornblende at a mole fraction
0.5 of water in the melt. Hb-Lta; = 1.0) is the maximum
stability of water-saturated hornblende. From Burnham
(1979).

Figure 3. Melting relations for average hornblende-
biotite-granodiorite composition. The curve Mu + Q =
Or + As + V is the upper stability of muscovite + quartz.
S(a,. = 1.0) and L(a,. = 1.0) are the water-saturated
solidus and liquidus (plagioelase), respectively. Curves
Mu-S, Bi-S and Hb-S are the fluid-absent solidi for as-
semblages containing muscovite, biotite and hornblende,
respectively. The curves Mu-L, Bi-L, Hb-L and PI-L are
approximate thermal stabilities (liquidi) of muscovite.
biotite, hornblende and plagioclase, respectively.
Numbers in parentheses on each curve are the mote frac-
tion of water in tne melt. From Burnham (1979).
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volcanism and associated hydrothermal deposits, as we shall see below.

Continental zones

The above process occurs under oceanic lithosphere. By contrast, the path E-F-G on
Figure 2 represents intrusion of mafic magma at 1200°C into amphibolites underlying con-
tinents. Here the primary role of mantle-derived mafic magmas is simply to provide the
heat to partially melt and assimilate deep crustal rocks. A mafic, water-poor magma
intruded 'at 1200°C into lower amphibolitic crust at 40 km and 600°C can raise the tem-
perature of equal proportions of magma plus (crustal) amphibolite above 1025°C (point
G)-just above the solidus (F) for dry amphibolite. This can produce an anatectic melt (of
roughly 50% the mass of the intruding magma) containing 3% H20, with the composition
of a quartz diorite. Once again, the melt will rise while olivine, pyroxene and calcic pla-
gioclase crystallize and sink, and H20-rich amphibolite melts at the top of the magma
chamber.

Figure 3 illustrates what happens if the same mafic magma (at 12000q rises into a
felsic granodioritic gneiss in deep continental crust (containing quartz, muscovite, biotite,
plagioclase, orthoclase and amphibole). Starting at the same P-T conditions (point E), melt
will appear at 710°C (muscovite solidus) containing 0.59 wt % water. If this melt rises
without significant cooling, it could reach depths as shallow as 10-15 km before crystalliz-
ing (at the intersection with the solidus for water saturation, aw = 1.0). Because the melt is
water-saturated (aw = 1.0) when it crystallizes, it could produce pegmatites (where large sil-
icate crystals appear to have grown into immiscible aqueous bubbles in the silicate liquid).
This is our first example of an aqueous ore fluid of magmatic origin. Pegmatites are fre-
quently mined for elements which are incompatible in crystallizing silicates and are left
behind to crystallize out in residual aqueous phases: examples are the rare earths
(lanthanides), the actinides, and other anomalies such as tantalum minerals, boron in tour-
maline, beryllium in beryl, and lithium-rich micas and pyroxenes.

If heating continues in Figure 3 on to point F, biotite, hornblende and plagioclase will
melt in succession. This magma could reach a depth of less than 2.0 km before crystalliz-
ing (if it rises without significant cooling); for example, a magma at the intermediate tem-
perature of 820°C will have melted muscovite, then biotite, and if it rises adiabatically it
will not intersect the solidus (S for aw = 1.0) until about 2 km; note that at this point it
becomes water saturated (aw = 1.0). Thus, granitic to dioritic magmas containing 3.0-9.0
wt % H20 can be generated by intrusion of mafic mantle melts into lower crustal rocks. If
these felsic magmas rise without significant cooling, they will not crystallize (intersect the
solidus) until depths of several km, at which point they may become water saturated.

Figure 4 provides a closer look at the specific conditions which release water from a
cooling felsic magma. This comes from the experimental phase equilibrium studies of
Whitney (1975), and the figure represents a quartz monzonite system containing 3 wt %
total water. Notice that at pressures greater than P2, aqueous vapor (V) and silicate liquid
can coexist only over the very narrow temperature range of the field labeled PI+Af+Q+L+V.
Between P2 and PI vapor and liquid coexist over a slightly wider field (including
Pl+Af+L+V). However, below PI, aqueous vapor and silicate liquid coexist over the entire
range of temperatures from approximately 720°C on up beyond 1200°C; under these condi-
tions a felsic magma can be expected to become saturated in water and to ex solve or give
off water as it crystallizes. A monzonitic magma containing 3 wt % water rising from
depth will begin to ex solve copious water at PI = 1 kbar, at a depth of about 3.5 km. The
same thing will happen to a similar magma containing 4 wt % water at 1.3 kbar or about
4.5 km.

We emphasize that this evolution of water only occurs at fairly shallow depth, within
the upper few kilometers of the Earth's crust. Also, most of the water originally contained
in the magma must be given off as the system cools and crystallizes, because most felsic
rocks contain <1 wt % water (as hydroxyl in micas and amphiboles). This means that an
absolutely enormous quantity of water can be given off by a cooling magma. For example,
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a felsic magma of 1 km ' volume containing 3 wt % water would ex solve approximately 108

metric tons of water as it solidified at shallow depth.

CLASSES OF ORE-FORMING PLUTONS

A critical question to ask about the aqueous magmatic fluids released from crystalliz-
ing plutons is whether or not there is significant diversity in their composition. There are
certainly distinctive groups of base metal ores related to felsic magmas, indicating the
existence of some major differences in overall processes between families of ore deposits.
This may be attributable to essential differences in plutons and the ore-forming fluids
specific to them. '

In general, base metal ores related to plutons fall into three types. First, porphyry
copper deposits related to granodiorites or diorites may have either molybdenum or gold as
byproduct metals, depending upon whether the local tectonic setting is predominantly con-
tinental or oceanic, the former being relatively evolved chemically, the latter, primitive
(Kesler, 1973; Hollister, 1978). Secondly, porphyry molybdenum deposits, often accom-
panied by a suite of highly lithophile trace metals W, Sn, Be, Zn, and Li, are related to
highly differentiated silicic rhyolitic magmas of totally continental derivation (White et ai.,
1981, Barton, 1987; Christiansen and Lee, 1986). Thirdly, tin or tungsten deposits often
form in association with true granites (Lehmann, 1982; Taylor, 1979).

These three types of mineralization are fundamentally distinct, raising the question
whether the differences are due to the respective inheritance of metal suites or to other fac-
tors subsequent to formation of the magma body, such as composition of exsolved mag-
matic aqueous fluids and gasses. The latter possibility may depend on earlier processes
affecting magmas on their ascent, such as assimilation or fractional crystallization. It is
therefore essential to recognize and accurately interpret the salient differences between
parent magmas for the three main types of base metal ore deposits related to plutons. It is
logical to begin the analysis of this complex problem by examining the characteristics of
magmatic source rocks as these attributes may constitute the primary difference, not only in
terms of metal endowment, but physiochemical effects which are peculiar to pluton types.

Magmatic source rocks

Burrtham (1981) outlined a number of physiochemical factors relating hydrothermal
mineralization to intrinsic characteristics of parent magmas. These factors included water
content, temperature or heat content, metal content, chlorine content, sulfur content, and
oxidation state. He argued that each of these constraints is imposed differently on porphyry
magmas by each of three magmatic source rocks assumed to exist in the source regions of
partial melting. The critical source rocks are interpreted to be (1) hornblende-bearing mafic
rocks, (2) biotite-bearing rocks of intermediate composition, and (3) muscovite-bearing
metasedimentary rocks.

Utility of biotite mineral Chemistry. Further support for Burrtham's interpretation has
come from mineral chemistry studies, particularly those of biotite, a hydrous mineral which
reflects the relative fugacities of HF, HCI, O2, H2 and water during crystallization (Wones
and Eugster, 1965; Munoz and Swenson, 1981; Munoz, 1984; Brimhall et ai., 1985; Ague
and Brimhall, 1987, 1988a,b; Brimhall and Ague, 1988), thereby contributing simultane-
ously to understanding several of the factors expressed by Burnham. The prime utility of
biotite in this context is that it enters into equilibrium relationships with other common
rock-forming minerals such as alkali feldspar and magnetite and thus buffers O2 fugacity
(Wones and Eugster, 1965), and hence oxidation state, while simultaneously reflecting the
concentration of halogen species and water (Munoz, 1984). As a complex solid solution
crystallizing from both magmas and high-temperature hydrothermal fluids, the substitution
of F and Cl for OH which surround Mg and Fe in close octahedral coordination, makes
biotite ideally-suited to serve this useful purpose in monitoring intensive variables in mag-
mas and exsolved aqueous fluids from the magmatic stage to early hydrothermal processes
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responsible for the initial release of ore metals from the parent magma.

Using the XMg and XF of alteration hydrothermal biotite in this capacity, Munoz and
Swenson (1981) proved that there were in fact substantial differences in the HF/HCl fuga-
city between porphyry copper and porphyry molybdenum deposits pointing out, for the first
time, quantitative thermodynamic differences between the geochemical evolution of such
magmatic-hydrothermal systems at the hydrothermal stage. By considering biotite composi-
tions more broadly in terms of XF/XOH and XMg/XFe it was demonstrated by Brimhall et ai.
(1985) that igneous biotite compositions, in distinction to hydrothermal products, are
grouped into three main classes which each correlate with a distinct type of base metal ore
deposit.

Hornblende, biotite, and muscovite. Both porphyry molybdenum deposits and porphyry
Cu deposits have igneous biotites with nearly equal mole fractions of Mg and Fe, but the
former have a much higher XF/XOH in biotite. In contrast, tungsten and tin deposits have
magmatic biotites with much lower Mg contents reflecting relatively low oxygen fugacity.
This correspondence of ore metal type and biotite composition serve to illuminate the
source rocks involved in the genesis of ore-forming magmas. F-rich biotites probably
reflect the melting of biotite-bearing gneisses in the pre-Cambrian craton of North America
which gives rise to porphyry molybdenum deposits derived exclusively from highly frac-
tionated radiogenic continental materials. Melting of mafic amphibolites with a correspond-
ingly lower F content may form the parent magmas of porphyry copper deposits. The ferru-
ginous nature of biotites in tungsten and tin deposits indicates relatively reducing conditions
which have been ascribed to anatexis of pelitic metasedimentary rocks, often containing
graphite. Burnham and Ohmoto (1980) have demonstrated that the redox lines of descent of
these magma types are distinct, and accompanied by differences in the concentration of car-
bon and sulfur species.

A single orogenic belt in which major ore deposits occur can contain plutons of
several types differing markedly in their biotite mineral chemistry. Field relationships are
necessary to interpret the significance of the differences. Granitic batholiths of the Circum-
Pacific region have received intense study and serve a useful purpose in illustrating the fun-
damental differences between pluton types and the controlling geological factors.

Classification Qy redox state and biotite halogen composition

Figure 5 shows the spectrum of biotite compositions from the granitic batholiths of
California which range in composition from quartz diorites on the western oce-nic side to
true granites on the eastern continental side where plutons have intruded great thicknesses
of pre-Cambrian continental crust. The primary variable in biotite composition used in this
classification (Brimhall et aI., 1985; Ague and Brimhall, 1987, 1988a,b) is log(XF/XoH)
which increases from a value of -2.0 in biotite from primitive mafic rocks (quartz diorites)
to a high of 0.0 for the most felsic granites, with a range of a factor of 100 variation in
XF/XOH, from 0.01 to 1.0. In reference to the inferred amount of interaction or derivation
from the pre- Cambrian craton, the variations in these I-type plutons have been referred to
as I-wc (weakly contaminated), l-mc (moderately contaminated), and I-sc (strongly contam-
inated). I-wc, I-mc, and I-sc pluton types define elongate belts parallel to the edge of the
pre-Cambrian craton of North America (Ague and Brimhall, 1987). Well within the craton,
for example in Colorado, highly differentiated crustal anatectic melts contain biotites with
the highest F content studied.

The ratio 10g(XMg/XFe) in biotite in I-wc, I-mc, and I-sc plutons remains essentially
constant at a value near zero. However, a distinct type of pluton, I-scr (strongly contam-
inated and reduced) contains biotite with much lower ratios. Such plutons in California and
elsewhere, for example Japan, occur only where plutons intrude graphite-bearing pelitic
metasedimentary wall rocks. These special plutons are generally peraluminous, bearing
muscovite and, rarely, garnet, and often contain ilmenite as the main Fe-Ti oxide in contrast
to magnetite and ilmenite in the I-wc to I-sc series. The distribution of I-scr types is con-
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Figure 6. Calculated variation cf oxygen fugacity with temperature for I-we to t-sc plutons in comparison to I-scr
types. Based upon the ilmenite- granite buffer equilibria of Ague and Brimhall (1988b).

trolled solely by the nature of pre-batholitic wall rocks.

Classification of granitic plutons Qy intensive variables

Use of biotite mineral chemistry to subdivide distinct types of granitic plutons pro-
vides a simple means of extending their characterization to include ranges in intensive vari-
ables of importance to interpreting controls on mineralization. Through equilibrium rock-
forming mineral assemblages and experimental activity-composition relations for biotite
(Munoz, 1984), Ague and Brimhall (1988b) transform observed igneous biotite composi-
tions in terms of XMg/XFe and XF/XOH into calculated values of oxygen fugacity and fuga-
city ratio of HF to H20. Thus a direct comparison between plutons may be made based on
fugacities of HF/H20 and O2, intensive variables of thermodynamic significance.

Oxygen fugacity. Granitic plutonic rocks, in contrast to their extrusive equivalents
which cool rapidly upon air quenching after eruption, have Fe-Ti oxide compositions which
are affected by sub-solidus re-equilibration during slow cooling. Plutonic magnetite is gen-
erally pure Fe304, having lost its Ti content through diffusion during cooling. However,
ilmenite is affected much less severely than magnetite by re-equilibration, and may be used
to estimate oxygen fugacity of plutons. This is accomplished by modifying the granitic
rock oxygen buffer equilibria of Wones and Eugster (1965) to use the hematite (Fe203)
component of ilmenite instead of magnetite (Fe304)' The equilibrium from (Ague and
Brimhall, 1988b) is:

annite + 0.7502(gas) = alkali feldspar + 1.5 hematite + water

Compositional data on biotites and ilmenites from plutons of the batholiths of Califor-
nia provide both oxygen fugacity and temperature estimates shown in Figure 6 from Ague
and Brimhall (l988b). I-scr plutons crystallize at much lower oxygen fugacities than I-wc,
I-mc, or I-sc plutons. The latter three types generally cluster along the Ni-NiO buffer,
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Figure 7. Calculated gas fugacities assuming a total pressure of 3 kbar and 8()()OC. From Ague and Brimhall
(1988b).

below magnetite-hematite and above quartz-fayalite-magnetite. I-scr plutons have oxygen
fugacities between quartz-fayalite-magnetite and the isofugacity curve of CO2-CH4• falling
generally in the realm of the granite melting minimum in the presence of graphite as calcu-
lated by Ohmoto and Kerrick (1977); this supports the conclusions of Burnham and Ohmoto
(1980) that some S-type (sediment-derived) granites cool along the latter gas buffer curve.
I-scr type plutons are distinct from I-wc, I-mc, and I-sc types in terms of oxygen fugacity
trends, and crystallize at much lower values, probably in equilibrium with graphite. It is
likely that at least some of the I-scr plutons are in fact derived by partial melting of graphi-
tic and pelitic wall rocks which gives rise to the peraluminous character of these plutons.

HF/H20 fugacity. Using activity-composition relations of Munoz (1984), biotite com-
positions expressed in terms of XF/XOH may be interpreted as fugacity ratios of HF/H20.
In Figure 7 we present these calculations (from Ague and Brimhall, 1988b) at crystallization
conditions of 3 kilobars and 800°C. The separation of pluton classes in terms of fugacities
of HF/H20 and O2 is clear. The oxygen fugacity trend of the I-wc to I-sc plutons along the
Ni-NiO buffer is similar to common temperature-oxygen fugacity curves derived for vol-
canic rocks using magnetite-ulvospinel and ilmenite-hematite Fe-Ti oxides (Carmichael et
ai., 1974). It is clear then that with the exception of the reduced I-scr plutons, the I-wc to
I-sc types do have extrusive equivalents. The I-scr plutons are distinct from the main igne-
ous trends.

Correlation of ores with plutonic classes

In Figure 8 we show the compositions of biotites from mineralized plutons. Igneous
and hydrothermal biotites from the three ore types Cu, Mo, and W are depicted (Brimhall
and Ague, 1988). Included are data for porphyry copper deposits: Santa Rita, New Mexico
(Jacobs and Parry, 1979) and Butte, Montana, the Henderson Colorado porphyry molybde-
num deposit (Gunow et ai., 1980), and two tungsten deposits (Pine Creek and Strawberry).
For comparison, the biotite data from the unmineralized plutons of the California batholiths,
and the Magnetite and Ilmenite Series of Japan (Ishihara et ai., 1979) using data from
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Figure 8. Comparison of hydrothennal biotite compositions with igneous biotites. Hydrothennal biotites form
arrays with a positive slope extending away from the composition of the local igneous biotite composition.
Hydrothermal biotites are 'shown for three types of base metal ore deposits related to porphyries; W, Mo. and Cu.
The Japanese Ilmenite and Magnetite Series plutons are shown in comparison to the California batholiths. From
Brimhall and Ague (1988).

P=300 bars
37

t ,
I
I

a x 103 t·C-1)
I
I,,

I
/
I,

I

,4-- v x 103
I (cm2/sec)
I

i
I

I
6H 1

I ilI ..
I II
I 'j
I .
I !, ,
, i
\ .
\ !
\ !
\ ! I
\ !I
\ ~Cp(cal/gm·C)
\ !/i ~.,~... 1/·

.... -, /1 \
l \\.;/ \
._ ';'X~" ' .....~ .... -._._.-.-._._

p '~~ al[) x 10 -1 (bars I ·C)~-

e,
'-o

200 600 1000
Temperature ,·C

Figure 9. Physical properties of pure water at 300 bars versus temperature. The symbols ex, fl. P. Cpo and v refer
to coefficients of thermal expansion and compressibility, density, heat capacity and viscosity, respectively. From
Norton (1984).

245

T
hi

s 
co

py
 p

ur
ch

as
ed

 b
y 

G
eo

rg
e 

B
rim

ha
ll 

on
 .



Czamanske et ai. (1981) are shown. It is clear that assuming similar crystallization condi-
tions, Cu, Mo, and W deposits are characterized by distinctive igneous biotite compositions,
and hence by distinct values of oxygen and HF/H20 fugacity. Both Mo and Cu systems are
in general much more oxidizing than W deposits, a conclusion consistent with recent exper-
imental studies indicating inverse dependence of scheelite and cassiterite solubilities with
oxygen fugacity (Wilson and Eugster, 1984; Haselton and D'Angelo (1986). While having
generally the same redox state, Mo systems are more fluorinated than Cu deposits, con-
sistent with the radiogenic character of the parent rhyolitic intrusives derived from biotite
gneiss of the pre-Cambrian craton.

Hydrothermal biotites form arrays extending away from the compositions of local
igneous biotites, and in general are richer in magnesium and fluorine. Interpretation of this
effect will follow a consideration of the composition of magmatic water and its release from
plutons.

Physical implications of magmatic water

Energy release. The range of water concentrations of felsic magmas as estimated by
Burrtham (1979) is 2.5 to 6.5 wt % with a median close to 3.0%. The lower limit is neces-
sary to produce biotite or hornblende, and the upper limit corresponds to saturation at 2.1
kbar or 8 km depth. As water ex solves from a melt, it undergoes a considerable change in
volume. For example the partial molar volume of water in a silicate (albite) melt as meas-
ured by Burnham and Davis (1971) is 22 em? mote"! at 800°C, lkbar, while the molar
volume of pure water at the same T and P is 78 cm ' mole"! (Burrtham et aI., 1969); under
these conditions, water expands 3.5 times as it exsolves from a magma. The total change in
volume of the reaction H20-saturated melt -7 crystals + vapor generates tremendous P-V
mechanical energy, on the order of 1016 J km-3 of magma. This is the approximate explo-
sive energy of a 10 megaton bomb for each km ' of magma -- for details, see Burnham
(1979, 1985). The most spectacular consequence is explosive volcanism, such as the Mount
St. Helens blast of May 18, 1980 which was equivalent to a 400 megaton explosion
(Decker and Decker, 1981). More important for ore emplacement, less cataclysmic release
can cause intense fracturing, brecciation, void volumes, and extensive comminution of the
solidifying magma. Ore deposits (such as porphyries) associated with large plutons are
commonly mineralized at scales ranging from large veins and breccia zones down to
microscopic dissemination in finely comminuted host rock. Explosive volcanism is rare
relative to this latter type of fracture release because the tensile strength of typical igneous
wall rocks is only on the order of 100 bars (corresponding roughly to 1000 J kg-I).

Hydrothermal convection. The intrusion of any heat source such as a magma into
fluid-rich crustal rocks will generate convection cells, irrespective of whether magmatic
fluid is released or not. The energetic release of magmatic water will intensify convection
by increasing permeability and acting as an upward-moving, high-temperature plume. Some
of the properties of pure water that guide its behavior in such systems are summarized in
Figure 9, from Norton and Knight (1977) and Norton (1984). This is particularly interest-
ing because it shows a near coincidence of conditions favorable for convection in the vicin-
ity of 300°-400°C: maximum heat capacity and minimum density (promotes buoyant force
and heat-carrying ability); minimum viscosity; and a maximum ratio of thermal expansivity
to compressibility (develops maximum pressure per unit increase in temperature). This
demonstrates that a hydrothermal fluid exerts considerable control over its own P-V-T con-
ditions in a convecting system. It also suggests that the temperature range 300°-400°C pro-
vides optimal convective behavior, and might partly explain why temperatures measured in
the most active ocean ridge vents often fall within this range.

There is certainly no dearth of hydrologic models for hydrothermal convection around
magmatic systems (see, for example, Cathles, 1977; Norton and Knight, 1977; Norton,
1978; Henley and McNabb, 1978; and Norton, 1984, on convection around plutons; and
Fehn, 1986; and Fehn and Cathles, 1986, on multiple convection cells at oceanic spreading
centers). These models all have in common the entrainment of groundwaters within the
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convection cell, and some do not consider magmatic waters at ali. Other models include
provision for boiling or vapor formation, and we illustrate one of these by Cathles (1977) in
Figure 10. This represents the behavior of a pluton 0.75 km in half-width, 2.25 km high,
intruded at 700°C to a depth 2.75 km below the surface assuming a uniform permeability of
0.25 millidarcies. Free flow of water is permitted at the surface (as hot springs and as
groundwater recharge). Initial discharge of magmatic water is not considered, so the model
is conservative. The diagram shows a cap of vapor above the pluton which reaches a max-
imum for these conditions after 5000 years. This is formed by boiling if the fluid is
sufficiently NaCl-rich to remain subcritical. This vapor phase rises and disappears after
10,000 years for these conditions and convection dies out in less than 100,000 years. The
convection cell includes considerable entrained groundwater and total flow would be 250 kg
water/crrr' through the top of the pluton in the 104 year lifetime of this system. Cathles
shows by simple mass balance that this flow is sufficient to leach 0.05 wt % Cu from the
intrusive and concentrate it in an ore shell 1 km deep and 200 m thick of grade 0.43 wt %
Cu, provided solubility exceeds 1000 ppm Cu, and suitable deposition mechanisms can be
invoked. We will see below that these conditions are not unreasonable, particularly if ini-
tial magmatic water is included in the picture.

Active hydrothermal convection has now been observed at many sites along oceanic
spreading centers, as illustrated, for example, by upwelling vents such as the celebrated
21°N "Black Smokers." Recently, downward circulation of hot, chloride- and metal-rich
brines has been observed in crater lakes of active volcanoes, providing a potential for ore
generation within volcanic stockworks (Brantley et aI., 1987).

Lifetimes of hydrothermal systems

The general lifetime of hydrothermal ore-forming systems is not well known because
radiometric dating techniques are insufficiently precise to date the beginning and end of
deposition. Skinner (1979) suggests that 106 years is an upper limit for porphyry coppers,
simply because some known deposits in the Pacific are about that old. He notes that
seafloor hydrothermal' deposits of the Kuroko and Cyprus type probably formed in several
thousand years because they contain little sedimentary detritus. Observation of active
seafloor vents seems to indicate that these change almost daily, but that large systems such
as the Guaymas basin and Red Sea brines may persist for periods of 102 to 103 years at
least. Theoretical models of convection also indicate relatively rapid formation «104 years)
as we have just seen.

SOURCES AND GENERAL COMPOSITIONS OF HYDROTHERMAL SOLUTIONS

Sources of water

The question of source has been debated by economic geologists for over a century.
In fact, Skinner (1979) managed to find comments on the subject by Agricola (who favored
meteoric water) and Descartes (a magmatist of sorts).

Aside from magmatic and entrained groundwater, it is also certain that seawater con-
vects at oceanic spreading centers, perhaps to depths on the order of 7-10 km (the thick-
ness of the oceanic crust). There is also considerable evidence in metamorphosed terrains
suggesting that hydrothermal waters could have been produced by metamorphic dehydration
reactions (Henley et ai., 1976; Fyfe and Kerrich, 1984; Henley, 1985).

The greatest success in differentiating magmatic and meteoric water sources has come
from oxygen and hydrogen isotope analyses. Figure 11 is a now quite familiar compilation
of data for different ore deposits by Taylor (1979) showing the fields of meteoric and pri-
mary magmatic water. A complication with these diagrams is that many groundwaters of
meteoric origin react with rock-forming minerals to become enriched in 180, which moves
them to the right of the meteoric line. However, you can see from this diagram that some
deposits such as the Kuroko ores must have formed predominantly from heated seawater;
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Figure 10. Convective behavior of pure water around a pluton 0.75 kin in half-width, 2.25 km high. intruded at
700·C to a depth 2.75 kin beneath the surface. assuming uniform permeability of 0.25 millidarcies. and calculated
for a period 5000 years after intrusion. Free flow of water is permitted in and out of the surface. The sbaded area
above the pluton represents a region of vapor-like fluid, and would be generated by boiling in systems containing
>10 wt % total dissotved salts. Temperature and bydrostatic pressure are contoured, and streamlines are given in
units of em'lsec flow. From Cathles (1977).
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Bluebell appears to have formed from a meteoric source; other deposits such as Homestake
and Providencia were predominantly magmatic; and a third class started as predominantly
magmatic and evolved to late-stage hydrothermal waters of meteoric origin (Casapalca,
Climax, Butte).

Because of this variety of possible sources it is inappropriate to associate the term
"hydrothermal solution" with waters of anyone origin. Instead, take the word in its literal
sense to mean any natural hot water.

Composition

The compositions of ore-forming hydrothermal solutions vary widely, but all can be
thought of as brines with total dissolved solids ranging from roughly 1 to 50 wt %. The
major components are generally Na, K, Ca and Cl, with lesser concentrations of Mg, Br,
S04' H2S, CO2 and possibly NH3 at concentrations frequently exceeding 1000 ppm. Ore-
forming metals may be present in concentrations ranging from <1 ppm to >1000 ppm. The
pH generally falls within 1-2 units of neutral; more acidic conditions predominate for many
ore deposits, while many active geothermal systems are Slightly basic. Barnes (1979) sug-
gests that the most common, idealized ore-forming solution might have the following pro-

perties: 1m Cl", O.lm carbonate, <O.lm total dissolved sulfur (H2S or HSO.j), O.Olm NHt
and pH 1 unit acid from neutral. It is commonly presumed that such solutions must contain
at least 1 to 10 ppm of a dissolved metal to deposit potential ore. Very high concentrations
(>10,000 ppm) of metals such as Fe, Cu, Mn and Zn have occasionally been observed in
fluid inclusions (Roedder, 1979; Kwak et aI., 1986), usually in more saline and/or higher
temperature samples.

The observed compositions of hydrothermal solutions have been compiled by: Skinner
(1979) and Barnes (1979) (hydrothermal, ore-forming); Ellis and Mahon (1977), Ellis
(1979), Weissberg et ai. (1979), Henley et ai. (1984) and Henley (1985) (geothermal, typi-
cally sub-economic); and Von Damm et ai. (1985 a,b) (hydrothermal vents at oceanic
spreading centers).

COMPOSITION OF MAGMATIC WATER

As a hydrothermal solution ex solves from a cooling magma it will take with it any
components that preferentially concentrate in aqueous rather than silicate fluids. This
includes most highly volatile species, all electrolytic salts and many transition (and other)
metals. Experimental data so far indicate that this is an extremely important fractionation
process, capable of transporting many ore-forming components.

Water solubility!!!. silicate melts

The primary volatile components of late-stage magmas include H20, H2S, HCl, HF,
CO2, CH4, S02 and H2. Preliminary experimental results quoted by Burrtham (1979) sug-
gest that the solubilities of H20, H2S and HCl in granitic melts are comparable and high.
These should all be expected to fractionate strongly into an exsolving aqueous phase,
because they are similar, strongly polar small molecules, fundamentally different from the
large, polymerized structural units of silicate melts.

The first, obvious question is whether water is really significantly soluble in silicate
melts. If so, then presumably other volatile, polar molecules important to ore-formation
such as HCI and H2S may behave similarly. In fact. water is extremely soluble in magmas
covering the entire composition range from basaltic to pegmatitic as shown in Figure 12
from Burnham (1975). The larger plot expresses water solubility in these different rock
types normalized against the molecular weight of albite (according to rules described by
Burrtham). The surprising feature here is that a silicate melt can actually contain more
moles of water than silicate since 14 wt % H20 (maximum measured solubility on the
insert) is 70 mole % relative to albite. Note the strong pressure dependence; as pressure
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drops, water solubility falls causing exsolution at near-surface pressures as already observed
in Figures 2 to 4.

Partitioning of ore components between magmas and ex solving water

Fractionation of different components between felsic melts and exsolving aqueous
fluids has been studied by Kilinc (1969), Kilinc and Burnham (1972), Holland (1972),
Flynn and Burnham (1978), Webster and Holloway (1980), Carron and Lagache (1980),
Manning (1981), and Candela and Holland (1984, 1986).

Chloride and sulfur. The early experimental work by Kilinc (1969) and Kilinc and
Burrtham (1972) showed that chloride partitions very strongly from felsic silicate melts into
coexisting aqueous fluids. They observed molal partitioning coefficients (mC],aq/mCI,melt)of
43, 85, and 13 at 2, 6 and 8 kbar, respectively. Unpublished results by Kilinc (1969) show
a similar fractionation of H2S. If the granodioritic gneiss of our previous example (Fig. 3)
with 3.0 wt % H20 contains a conservative 0.1 wt % Cl, the first-formed aqueous fluid (0.6
kbar, 2 km depth, 90% melt) would contain 4.6 wt % Cl; at 8 km depth (2.1 kbar) exsolu-
tion of water begins only when the magma is 53% crystallized, and first-formed waters here
should contain 7.5 wt % Cl (Burnham, 1979).

The quenched pH of these and similar experiments by Holland (1972) were very low
with median values about pH=2. This is presumably due to strong fractionation of HCI
from melt to aqueous fluid. This fractionation has been interpreted by Eugster (1985, 1986)
as hydrolysis of NaCI dissolved in the melt:

2NaClme1t+ H20ftuid -7 HClftuid + Na20melt .

As we shall see below, HCl and other electrolytic components are highly associated as neu-
tral species (HClO) at magmatic temperatures, and under these conditions, the solutions are
probably not far from neutral pH. However, as temperature falls HCl and similar com-
ponents ionize, becoming strong acids. Thus, chloride partitioning into the aqueous fluid
provides a complex-forming ligand for metal transport as well as acid potential. We will
see that this acidity increases metal solubility at higher temperatures, and as temperature
falls it causes wall rock alteration and concomitant metal precipitation. The partitioning of
sulfur is important for similar reasons: it too becomes acidic at lower temperatures, can
serve as a possible complex-forming ligand, and is obviously necessary for deposition of
metallic sulfides (and sulfates such as barite and anhydrite).

Cations and metals. Experiments by Holland (1972) showed that partitioning of both
Na and K from melt to aqueous vapor varies linearly with the total Cl concentration of the
vapor. The molal partitioning coefficients for melts of granitic composition are:
mNa.aq/mNa.melt= 0.46 mCI,aq' and mK.aq/mK.melt= 0.34 mCI.aq' A similar result was obtained
by Candela and Holland (1984) for monovalent Cu, for which mcu,aq/mcu.melt= 9.21 mCt,aq'

The divalent cations Ca, Mg, Zn and Mn also partition into the aqueous phase with
Mn and Zn being most strongly concentrated (Holland, 1972). For these four cations, the
partitioning coefficients increase more rapidly than the first power of Cl concentration:
mi.aqlmi.melt= k (mCI,aq)X(for x > 1).

Finally, Candela and Holland (1984) showed that Mo partitioning is independent of
Cl: mMo,aq/mMo.melt= 2.5. The chloride dependence is necessary to maintain an electrical
charge balance between chloride (the predominant anion) and all cations. At these mag-
matic temperatures the predominant aqueous species are associated, neutral molecules such
as CtrCl", NeCl", CaClo2 and ZnClo2. The 1:1 proportionality between univalent cations
and Cl follows from these stoichiometries, and the 1:2 relations between divalent cations
and CI, from equilibria such as

CaCI2(aq)+ 2Na(melt) = Cal':;elt) + 2NaCl(aq)

where NaCl(aq) varies directly with Cl(aq)' Equilibrium constants for such reactions derived
from the partitioning coefficients fit the observed data relatively well, suggesting that these

250

T
hi

s 
co

py
 p

ur
ch

as
ed

 b
y 

G
eo

rg
e 

B
rim

ha
ll 

on
 .



t
..c
.:J!
fJ'
'-
~
VI
fJ
'-
0..

4.0 6.0 8.0 10.0

\Nt Y. H20

.7

Figure 12. Observed solubility of water in silicate melts including basalt, andesite, Li-pegmatite and albite. The
insert plots wt % solubility, and the larger figure gives the mole fraction of water in all four melt compositions
normalized against albite composition. From Burnham (1979).
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Figure 13. The percent efficiency of removal of Cu from a felsic silicate melt into an exsolving aqueous fluid as a
function of both wt % water in the melt at saturation and of the initial wt % water in the melt. Calculated for a
solid/melt Cu partition coefficient of 0.3 and an initial concentration ratio (chloride/water) in the melt of 0.1. From
Candela and Holland (1986).
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kinds of exchange reactions control the distribution of cations between the aqueous and sili-
cate phases. Mo, which is Cl-independent, may be a special case which does not form
appreciable chloride compounds, but instead partitions as mixed H20-OH- complexes such
as molybdic acid, Mo02(OHh.

The partitioning coefficient for Cl, coupled with those for Zn, Mo, Cu and Mn, can be
used to calculate the metal concentrations of hydrothermal solutions ex solving from felsic
magmas as a function of initial Cl, H20 and metal concentrations. This depends on the
water content of the melt at the time of water saturation, and on the degree of crystalliza-
tion of the melt. A representative calculation by Candela is included here as Figure 13, and
many of the possible variations are discussed by Holland (1972) and Candela and Holland
(1986). All metals studied so far can be very efficiently extracted from a melt into an
ex solving aqueous phase, provided water concentrations at the time of melt saturation are
sufficiently high. In Figure 13, for example, the fractionation of Cu into exsolving water is
nearly complete (95%) for the 3 wt % water concentrations used in our representative felsic
magmas above. Based on his own experimental work, Burnham (1979) calculated that an
aqueous vapor coexisting with a granodioritic magma containing magnetite and 0.1 wt % CI
at 900°C and 1 kbar would have the following composition: roughly 1m total Cl, O.4Om Na,
0.23m K, O.lm total dissolved Fe, 0.09m H (as H+) and 0.02m Ca. The very high concen-
tration of iron has been borne out by more recent solubility studies mentioned below. In
addition, the exsolving HCI-charged vapor phase will leach metals from the cooling, solid
carapace of the pluton and from adjacent wall rocks.

Magmatic !.Q_ hydrothermal transition: the biotite sensor

The phase separation accompanying the transition from magmatic to early hydrother-
mal processes affects considerable fractionation of ore metals and dissolved salts manifested
in precipitation of abundant ore sulfides and the presence of solute-rich fluid inclusions in
quartz in biotitic igneous- hydrothermal breccias occurring near the tops of plutons or dikes.
Since biotite crystallizes both from magmas and as a reaction product in the potassic altera-
tion assemblage, it serves a critical function of monitoring the earliest stages of hydrother-
mal fluid circulation. Hydrothermal biotite is easily recognized petrographically on the
basis of its shreddy habit and occurrence in veinlets, and in their alteration halos. For-
tunately hydrothermal biotites form in all three ore deposit types (Cu, Mo, and W-Sn) and
from its composition and the associated mineral assemblages the nature of the magmatic to
hydrothermal transition can be compared between systems. See Brimhall and Ague (1988)
for more details on the thermodynamic arguments which follow.

Compositions of hydrothermal biotites. Figure 14 presents a generalized version of
Figure 8, showing the compositions of hydrothermal biotites accompanying mineralization.
In all three cases (Cu, Mo, and W deposits) biotite compositions form regular linear data
arrays extending away from the specific composition of igneous biotite in the parent pluton,
I-scr for W, I-mc for Cu, and crustal anatectic melt for Mo. The slopes of these arrays are
positive, near a value of 3/2 shown with a solid bar in Figure 8, such that systematic F and
Mg enrichment occur simultaneously during potassic alteration. One possible explanation
of this positive slope is simply that it is due to the Fe-F avoidance principle (Munoz, 1984).
Ague and Brimhall (l988b) have shown that this effect would produce a slope of only 0.6
in contrast to the observed 3/2 and have concluded that other processes are responsible for
the Mg and F enrichment observed. Fe-OH and Mg-Fe exchange equilibria for chemical
components in biotite in equilibrium with aqueous ions in solution can be used effectively
for this purpose:

KMg3AISi30lO(OHh + 2F- + 3Fe2+ = KFe3AlSi30IO(F2) + 20H- + 3Mg2+. (1)

This expression is one of two possible mineral-solution equilibria which defines the
exchange of F, OH, Mg, and Fe end-member components in biotite. The alternative set of
exchange components is Mg-F and Fe-OH which we will return to later. The equilibrium
constant for this reaction is:

252

T
hi

s 
co

py
 p

ur
ch

as
ed

 b
y 

G
eo

rg
e 

B
rim

ha
ll 

on
 .



-0.5 0
log (XMQ/XFe)Biofife

Figure 14. Summary of the relationships of igneous and hydrothermal biotites near ore deposits. From Brimhall
and Ague (1988).

Cl> 0--o
iii
%:
~'-IL~-I
01
.2

K(p,t) =
biotite a 2 Iluid 3 fluid
aKFelAIS~JO,o(~(OBr-aMg" (2)
abiotite a 2 fluid a 3 fluid
KMg,AISi,O",(OBhr Fe"

-I 0.5

Assumption of ideal site mixing in biotite gives a useful simplification. For example:

(3)

biotite X3 X2aKMg,AISi,O,.(Olih= Mg * DB (4)

The dependence of F and OH on Mg and Fe may be then derived after substituting the
assumed ideal mixing activity-composition relations in (3) and (4), taking logarithms, and
rearranging:

log (XF/XOB)biolile= 1.5 log (XMg/XFe)biulite+ log (aF-Iaow)

(5)

Therefore, at constant pressure and temperature and F-/OH- and Mg2+IFe2+ ion activity
ratios, log (XF/XOII) in biotite should increase linearly with log (XMg/XFe) at a rate of 1.5.
Written more formally:

(
d log (XFIXoH)biotitc)

b ,-~ = 1.5 .
d log (XMglXFe) route fluidcomposition.p.t

The alternative set of exchange components gives an analogous expression to (5) but
with a slope (6) of negative 3/2. Since the data on natural biotites clearly indicate a posi-
tive correlation, the alternative set can be disregarded. Given that the observed slope is
about 3/2, it is likely that hydrothermal biotite precipitates essentially under these con-
straints: essentially constant pressure, temperature, and the aqueous activity ratios indicated.
What then causes the exchange reaction to proceed and cause the compositional variation
which is characteristic of hydrothermal biotite in Cu, Mo, and W deposits?

Given the oxygen and halogen fugacities inferred from biotite and related mineral
assemblages, the three magmatic-hydrothermal systems evolve from different starting points
but apparently undergo processes held in common. In all three cases, the biotites formed
are more magnesian than their igneous counterparts, and therefore it is likely that oxidation

(6)
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accompanied the hydrothermal process. This conclusion is supported by the granite oxygen
fugacity buffer of Wones and Eugster (1965):

annite + 0.5 O2 = magnetite + alkali feldspar + water .

Using ideal site mixing in biotites again gives an expression for oxygen fugacity:

log fo, = -610g (I - XMg) - 4 log XOH + 210g fH,o - 210g K .

(7)

(8)

Oxygen fugacity is expected to increase with XMg as with the activity of water. Conse-
quently, oxidation could be the result of water saturation in the parent magma, although this
explanation seems unlikely since the effect may be limited to melts containing only low
iron contents (Candela, 1986).

Early high temperature hydrothermal oxidation. A more likely possibility is that oxida-
tion is driven by changes in the solutes contained in magmatic aqueous fluids. Of these,
perhaps the most likely to affect oxidation are the acidic components such as HCI, which at
high temperatures are quite associated but ionize rapidly with decreasing temperature. With
the quantitative partitioning of such acid constituents into aqueous fluids, their collective
ionization could dramatically lower the fluid pH. Writing the granite oxygen fugacity
buffer again in terms of H+ and OH- instead of water provides a way to relate oxidation to
ionization.

annite + 0.502 = magnetite + alkali feldspar + H+ + OH- . (9)

With the H+ activity increasing by acid ionization and charge balance being main-
tained by increased chloride ion activity, the granite buffer reaction could be driven to the
left, and in so doing, increase oxygen fugacity and modify biotite compositions producing
the magnesium enrichment arrays present in all three types of base metal deposits. The
simultaneous enrichment of fluorine may be due to maintenance of the biotite exchange
component equilibrium (I) and the proportionality required (5) and (6).

Hydrothermal biotites and the compositional exchange path, probably due to late-stage
magmatic and early-stage hydrothermal oxidation, are rare in major batholiths such as the
Sierra Nevada, and so far have only been recognized in and near major ore deposits, the
Pine Creek and Strawberry Mine tungsten skarn deposits (Brimhall and Ague, 1988). The
technique of using biotite as a sensor for detecting mineralizing aqueous fluids is therefore
specific to the oxidative events responsible for major deposition of ore metals (tungsten,
copper and molybdenum), and therefore offers a means to differentiate between mineralized
and unmineralized plutons.

Relative importance of magmatic and meteoric waters

Much of the above discussion supports the century-old theory that cooling plutons can
exsolve hydrothermal brines which carry sufficient dissolved metal and sulfur to produce
economically attractive deposits. The high acid potential and alkali chloride content of
these solutions is also consistent with observed alteration of neighboring wall rocks and the
high-salt fluid inclusions commonly associated with pluton-related ores. This is sufficient
evidence to terminate the old debate on the importance of magmatic waters in ore deposi-
tion: exsolved magmatic waters have the full potential to produce ores given the appropriate
physical environment for deposition and preservation.

At the same time, high-temperature aqueous solutions, no matter what their origin, are
capable of leaching metals and other components from wall rocks as well as magmas.
Thus, meteoric ground waters entrained in a hydrothermal convection system also become
potential ore-forming fluids; in some cases, such as the Mississippi Valley-type Pb-Zn depo-
sits, they appear to be the sole aqueous component since no igneous intrusions occur any-
where nearby. In other cases, heated and recirculated seawater seems to be the ore- form-
ing fluid (Kuroko, oceanic spreading centers), although here a small magmatic component
cannot be entirely dismissed. Many ore bodies appear to have formed from multiple
sources, perhaps starting with predominantly magmatic waters, and finishing with predom-
inantly meteoric input (as apparent in Fig. I I). Quite clearly, there are many possible
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sources of ore-forming solutions, all important to varying degrees in different environments.

The historic confusion and long-standing debate over the relative ore- forming poten-
tial of hydrothermal fluids from different sources is based more on geological than chemical
arguments. In the field it is obvious that different ores were produced by different geologi-
cal processes: porphyry coppers quite clearly formed by a different process and from a
different source than Mississippi Valley-type Pb-Zn ores; these are different again from the
Cyprus-type umbers or stratiform sulfides. Nevertheless, the chemical properties of water
are the same, no matter what the origin. Aqueous solutions of different composition are
governed by the same chemical principles. From the chemist's point of view, ore-forming
aqueous solutions appear much less diverse. In the following sections we discuss some of
these underlying chemical controls.

PART II. PHYSICAL CHEMISTRY OF HYDROTHERMAL ORE FLUIDS

SOLVENT-SOLUTE CONTROLS ON ORE SOLUTIONS

Water is, of course, the most abundant liquid in the Earth's crust and governs many
chemical processes from surface to upper mantle. It seems ironic that water is also a very
anomalous solvent, unlike most other liquids in many respects. For example, it has been
called "the universal solvent" and "one of the most corrosive substances known" (Franks,
1972, p. 20). These peculiarities arise from the structure of the water molecule itself. The
following discussion is taken largely from the series on the chemistry of water edited by
Franks (1982, and preceding volumes). For further references, see Eisenberg and
Kauzmann (1969), Horne (1969, 1972) and Neilson and Enderby (1986).

The water molecule

Figure 15 illustrates (very schematically) the electron structure of a gaseous water
molecule. This has a distorted tetrahedral shape (the perfect tetrahedral angle being
109028 ') with two Sp3 hybrid sigma bonds between 0 and H. Recall that the electron
configuration of 0 is Is2 2S2 2p4 (Fig. 15A). In the H20 molecule the H-H repulsion
increases the H-O-H angle from 900 to 920

• Shrinking of the two orbitals opposite the H
atoms (+Py, -Px) and other interactions further increases this angle to 104040' (nearly

tetrahedral). The 2s2 and 2p~ electrons are not bonded to hydrogen and are left behind as
two "lone-pairs" in approximate tetrahedral positions (Fig. 15B).

Water structure, hydrogen bonding and polarity

These lone-pair electrons cause much of the anomalous behavior of water. For exam-
ple, they interact with electron-deficient species (such as cations). Perhaps the most impor-
tant interaction is electrostatic bonding with hydrogen atoms in other water molecules. In
the structure of ice, for example, all lone-pairs are bound to hydrogens in neighboring water

molecules, and the lattice consists of a puckered, rigid network of 0-H4 tetrahedra analo-
gous to silicate structures (Fig. 15C). In liquid water, hydrogen bonds are formed and bro-
ken, with a strength as high as 1/10 that of the sigma H-O molecular bond in the individual
water molecules themselves. This imparts a structure to water consisting of random "flick-
ering clusters" of hydrogen-bonded molecules (the Frank model), bending hydrogen bonds
(Pople'smodel) and/or "iceberg" structures where individual molecules fill the interstices of
broken-down ice structures (the Bernal and Fowler model). These models and their varia-
tions are reviewed by Horne (1969). In other words, liquid water retains some of the
tetrahedral structure characteristic of ice through lone-pair interaction and hydrogen bond-
ing. Hydrogen bonding accounts for many of the anomalous properties of water, many of
which have tremendous geological implications: high heats of fusion and vaporization and
high heat capacity (regulating effect on climate); high surface tension (capillary movement
in soils, sediments and living organisms); high melting and boiling points (without
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;:.

Af~ hybrid ice

Figure 15. Schematic structure of the water molecule. (A) Electron orbitals just prior to formation of gaseous
water showing 2s and 2p lone pairs and distortion of the 2p orbitals. (B) Gaseous water molecule showing near-
tetrahedral H-O-H angle and two lone-pair distributions. (C) Tetrahedral structure of water in ice showing H-
bonds. The hydrogens are constantly moving and. in general. no two hydrogens are at the same distance from any
oxygen at one instant.

H

o
The water dipole

Figure 16. The dipole moment of water. The water molecute may be considered a simple electrical dipole because
of the charge distribution shown here and in Figure 15B.

capacitor not charged,
disoriented waler dipoles

External field (capacitor)

Internal field (dipoles)

~

~
(~)

~
+-

+-
+

charged,
oriented dipoles

Figure 17. The dielectric constant of water, illustrated by the orientation of water molecules in an electrical field
imposed between two capacitor plates. Oriented water dipoles create an internat field which opposes the external
field of the capacitor and reduces net voltage across the plates. The dielectric constant of water is defined as the
voltage across the plates when separated by a vacuum divided by the voltage when separated by water.

256

T
hi

s 
co

py
 p

ur
ch

as
ed

 b
y 

G
eo

rg
e 

B
rim

ha
ll 

on
 .



hydrogen bonding, water would be a gas at ambient temperature like NH3, and Earth would
have a hot, aqueous atmosphere); a local density maximum at 4°C (ice floats and insulates
underlying water, but if it sank like solid NH3, most regions of the Earth's oceans would
freeze solid). An equally important property attributable to the same lone-pair structure is
that water is quite polar. By this we mean that free water molecules (in liquid or gas) have
negative and positive directions, or behave like electrical dipoles, as illustrated in Figure 16.
The dipole moment of free gaseous water is 1.83 x 10-18 e.s.u., and this increases when
associated with other molecules as in liquid water. By comparison, the dipole moments of
other molecules, in units of 10-18 e.s.u. are: CO2 = 0 (linear O-C-O molecule); CCl4 = 0
(perfectly tetrahedral, Sp3 covalent molecule, no lone-pairs); NH3 = 1.3 (distorted
tetrahedron, Sp3, one lone-pair); H2S = 1.10 (similar to water, two lone-pairs, but 3s2 3p4
configuration); HCI = 1.08 (ionic); CsCI = 10.42 (extremely ionic).

Dielectric constant of water

Because of this high dipole moment, water molecules align themselves in an electrical
field, as illustrated in Figure 17. Think of these as the two plates of a capacitor at voltage
V with stored charge q. As shown, the alignment of water dipoles sets up an opposing
field, so that the net potential across the plates decreases. In fact, the individual water
molecules become even more polar in an electrical field, and their effect is accentuated by
hydrogen bonding. For the same stored charge on the capacitor plates, you would find that
if you started with a vacuum between the plates and then added water, the voltage across
the plates would drop by a factor of 78.47 at 25°C. Recalling that capacitance is C = qN,
we define the dielectric constant of the medium between the plates relative to a vacuum as
Cdiel/Cvac = Vvac/Vdiel' At 25°C and 1 bar, the dielectric constant of water (78.47) is
extremely high, exceeded by only a few geologically unlikely liquids (such as pure hydro-
cyanic acid). For comparison, the dielectric constant of CCl4 is 2.2, pure HCl is 4.6, H2S is
9.1 (at -78°C) and pure NH3 is 16.9.

Solvating power of water

Coulomb's law. There are several main reasons why water is an unusually good sol-
vent for ionic (electrolytic) compounds such as NaCI. These all relate to the two lone-pair
electrons and polarity of the water molecule itself; one of the most important effects stems
from the dielectric constant of water. First, recall that Coulomb's law for the electric force
between two charges in a medium of dielectric constant D is

(10)

where r is the separation between the charges. The higher the dielectric constant, the lower
the force of attraction between anions and cations. Thus, tightly bonded ionic crystals, such
as NaCI break apart and ionize to Na+ and CI- in water. By contrast, they remain associ-
ated in non-polar solvents such as CCl4 and have much lower solubilities.

Hydration. A second, related effect, is that water dipoles align themselves around
charged ions as shown in Figure 18, forming hydration shells. The physical picture here is
called Gurney's co-sphere model of ionic hydration (see Gurney, 1962; Franks, 1973). In
the primary, innermost hydration layer, called zone I, water molecules are relatively fixed
(not free to rotate), are more compact than in normal water, and therefore have lower
specific volume and entropy. In the next shell, zone II, water molecules are disoriented,
pulled one way by the field of zone I and another by the flickering field of outside bulk
water; thus zone II water has higher volume and entropy (disorder) than pure water. We
should emphasize that the hydrated species itself is dynamic and that all water molecules
are constantly moving and exchanging with a half-life as low as pure water structures
(10-10_10-11 sec.). In general, cations tend to be more highly hydrated than anions of simi-
lar charge and size, because the positive region of the water dipole is more dispersed than
the negative (as you can see in Figure 16). Small, highly charged (Z) cations such as U+,
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Figure 18. Gurney's co-sphere model of ion hydration. Zone I is an inner region of water dipoles relatively fixed
about the ion. Zone II is intermediate and more disordered than bulk water. Water outside this zone is shown
with a flickering cluster structure caused by H-bonding.

a 500
Temperature, ·c

800

Figure 19. The dielectric constant of water as a function of temperature and pressure. The triangular spot marks
the critical point of water. Data sources are cited by Seward (1981) and Eugster (1986).

258

T
hi

s 
co

py
 p

ur
ch

as
ed

 b
y 

G
eo

rg
e 

B
rim

ha
ll 

on
 .



Na+, H30+, Ca2+, Ba2+, Mg2+ (high Z/r) tend to be most highly hydrated, have a predom-
inant zone I, and are called electrostrictive structure-making ions. These tend to decrease
net solution entropy (increase order), to lower total density and to increase viscosity. In
contrast, larger cations with low charge and some anions tend to have the opposite effect
and are called structure breakers (K+, NH3+, Rb+, Cs+, Cl-, Br-, NO). BrO}. 103, ClO4').

These kinds of qualitative models need to be applied with care, but do account for
observations such as the low viscosity of K+, Rb+ and Cs+ salt solutions (lower than pure
water) and the low electrophoretic mobility (movement in electrical fields) of Li+. With the
transition metals, spectroscopic studies mentioned below indicate that the primary hydration
shell is bound in specific geometries, forming true molecular entities or complex ions.

The two combined properties of hydration and dielectric constant help explain the
extraordinary solvating power water has for ionic compounds, at least at ambient T and P.
Dissolved ions are effectively shielded or insulated from each other by their hydration shells
and by the high dielectric constant of the solvent between each hydrated complex.

Solvation energies. As might be expected, there have been a great many attempts to
quantify these effects, many summarized again in the volumes edited by Francks (1982 and
preceding), and by Helgeson et ai. (1981). Two of the oldest and more successful
approaches have also received much use in geochemistry. The first is the Debye-Huckel
equation for activity coefficients, which predicts the non-ideal (electrostatic) free energy of
interaction based on Coulomb's law. The second approach is the Born Equation (1920) for
the free energy change associated with removing an ion of radius ri and charge Zie from a
vacuum and placing it in a solvent of dielectric constant D:

(Zie)2 1
G= -NA--(1 --)

2ri D
(11)

Here NA is Avogadro's number, so the equation applies per mole of ions. This comes
directly from Coulomb's law (10), and despite its overly simplistic picture, is in reasonable
agreement with experimental observation at 25°C (Bockris and Reddy, 1970, p. 69); grow-
ing evidence indicates it works even better at higher temperatures (e.g., Tremaine et al.,
1986, and references therein). It is an important component of the model used by Helgeson
et ai. (1981) for electrolytic solutes in hydrothermal solutions. Note that since the dielec-
tric constant of any medium is always greater than that of a vacuum, D>1 and the Born free
energy (11) will always be negative; this also predicts that the free energy of ionic solvation
should become more negative for smaller, more highly charged ions in solvents of higher
dielectric constant. For singly charged ions of radius 1.5 Angstroms, Equation (11) predicts
a free energy of solvation of roughly -100 kcal mole"! at 25°C. These large negative free
energies help explain the stability of ions in aqueous solutions even without taking into
account the additional stabilizing effect of hydration shells.

Effects of temperature and pressure on the dielectric constant

The chemical behavior and solvating ability of water changes enormously with tem-
perature and pressure. This is perhaps best illustrated by the changes in a fundamental pro-
perty such as the dielectric constant shown in Figure 19. Notice that at liquid-vapor equili-
brium the dielectric constant falls by almost an order of magnitude from O°C to 374°C, the
critical point of pure water. Under supercritical conditions the dielectric constant is 25 or
less; at low temperatures it is high and almost independent of P, and at high temperatures, it
increases with P.

Temperature. The effect of temperature can be explained, to a good approximation, by
the Kirkwood equation, derived and discussed in detail by Bockris and Reddy (1970, p.
152):

(12)
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This includes the effects of molecular clusters (bound by hydrogen bonds) orienting in an
electric field. Here ex is a measure of the degree to which an electric field induces a dipole
in anyone molecule; g is the number of nearest-neighbor water molecules linked with a
central water molecule as a cluster; cos y is the average of the cosines between the dipole
moment of the central molecule and those of its neighbors in the same cluster. This illus-
trates several important effects. First, the dielectric constant should decrease at higher tem-
peratures simply from the inverse relationship in (12). Increasing temperature at constant P
will also lower the quantities g and cos y by breaking hydrogen bonds and disorienting indi-
vidual molecules, causing a further decrease in D. This is expected intuitively because at
higher temperatures molecular vibrations (including rotations and translations) increase, and
the molecule is less capable of aligning itself in an applied electric field. Equation (12)
also illustrates the importance of hydrogen bonding which increases the size of orient able
clusters, g, and of cos y. As an example, the dipole moments of liquid H20 and S02 are
similar, at 1.83 and 1.67 x 10-18 e.s.u., respectively. However, because water is hydrogen
bonded and S02 is not, their dielectric constants at 25°C are 78.5 and 12.35.

Pressure. The effect of pressure on the dielectric constant of water may be predicted
by analogy with Equation (12). At higher pressures individual molecules squeeze closer
together, increasing interactions such as hydrogen bonding; this increases the dielectric con-
stant. The detailed effects of pressure have been summarized by Millero (1971), Helgeson
and Kirkham (1974, 1976), Seward (1981) and Eugster (1986). Of primary importance is
the electrostrictive volume decrease due to ion hydration and collapse of water structure in
the hydration shell (zone I). Again, this can be modeled very simplistically by Coulomb's
law (10) for electrostatic interaction of water dipoles and charged ions. Differentiating the
Born Equation (11) with respect to pressure leads to the expression

- Z2e2 (a In D )
Vion(eleclrostriction) = 2Dr ---aP T • (13)

Rather surprisingly, this was derived before the Born equation by Drude and Nernst (1894).
This gives the theoretical contraction of solvent of dielectric constant D, around a sphere of
radius r with total charge Ze. This is a conservative estimate because it does not include
specific solvent collapse and structuring in the primary hydration sheli. For a simple ion of
unit charge, Equation (13) predicts a volume decrease of roughly 10 cnr' mole"! due simply
to the electrostatic constriction of water around the ion (Seward, 1981, p. 119). For further
details, see Hamann (1981).

The effect of this electrostrictive volume decrease around ions is to increase the ten-
dency toward ionization at higher pressures. We guessed a similar result above by analogy
with Equation (12); higher pressure should raise the solvent dielectric constant, thereby
increasing ionization.

We have purposely chosen a very simple picture of electrostatic interactions in the
above discussion, with Equations (11) through (13) following directly from Coulomb's law
(10). Given what we have also said about water structure and solute hydration along with
some of the effects to be considered below, the Coulombic view of hydrothermal solutions
seems almost absurdly unrealistic. However, this simple electrostatic picture works to a
first approximation for salt solutions that are not too concentrated, and it is an essential part
of other more rigorous models. For example, the Debye-Huckel equation for activity
coefficients of dissolved ionic species assumes Coulombic interactions. The more detailed
expressions for activity coefficients derived by Pitzer and his colleagues (e.g., Pitzer, 1979;
Pitzer and Weare, this volume) add a virial equation for non-ideal interaction to the basic
Debye-Hiickel equation. The Born Equation (11) and Debye-Hiickel equation are the two
primary components of the model proposed by Helgeson et ai. (1981) for activity and
osmotic coefficients of hydrothermal solutions (see also Sverjensky, this volume). The fact
that Coulombic models work at all attests to the importance of electrostatic interactions
between ions and water dipoles. For present purposes these models provide a simple and
intuitively satisfying way of thinking about systems that in reality must be extraordinarily
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complicated.

Effects of temperature and pressure on ionization

With this kind of reasoning we can predict that electrostatic interactions should
increase at lower pressures and higher temperatures where the dielectric constant of water is
reduced. This means that we should expect considerably increased ion-association for such
conditions along with a tendency towards formation of electrically neutral or low-charge ion

pairs and complex ions. Highly charged species such as CuCI~- are unstable at these lower
dielectric constants, and electrically neutral complexes such as CuCJO and PbCl O2 predom-
inate.

Similarly, association reactions such as

Na+ + Cl" -7 NeCl" (14)

will increase, and compounds that we think of as strongly ionized at room temperature may
become almost entirely associated at high T and low P. Compounds such as HCl which are
strong acids (highly ionized) at ambient P and T, become weak to moderate acids at high T
and low P. As an example, the dissociation constants of NaC)O and HClo are plotted in
Figure 20 as a function of P and T. At constant P, these decrease exponentially with T; at
constant T, they increase with P, just as predicted above. Similarly, Figure 21 shows the
temperature variation of dissociation constants for several geologically important acids at
vapor-saturated pressure; all become more associated at higher T (including H20, which
rises above 11.5 above 350°C). At the lower pressures of these vapor-saturated conditions,
the effect of temperature predominates the change in dielectric constant and ionization, and
pressure effects are negligible (see Fig. 19). By contrast, at very high pressures ionization
may become extreme: it has been estimated, for example that water itself almost completely
ionizes to OH- and H30+ at pressures in excess of 200 kbar and 8000-1000°C (Franck,
1981; Hamann, 1981). Under these conditions water would resemble a fused salt or ionic
fluid, with interesting implications for behavior in the mantle.

Other effects of pressure and temperature on water-solute interactions

While changes in the solvent dielectric constant are extremely important, other factors
also control changes in the chemical behavior of hydrothermal solutions with temperature
and pressure.

Molecular vibration. At higher temperatures, molecular vibrations increase, making
molecules such as the NaCl? species more likely to dissociate, and reversing the trend of
Reaction (14). The two competing effects at higher T of decreasing dielectric constant
(lowers ionization) and increasing vibration (increases ionization) account for the maxima
commonly observed in the dissociation constants of ionic compounds as you can observe in
Figure 21 (this was discussed at length 20 years ago by Helgeson, 1967).

Ligand field stabilization. With transition metals dissolved as aqueous complex ions,
an additional stabilizing energy is produced by splitting of electronic d-orbitals, as illus-
trated in Figure 22. This is termed ligand-field stabilization energy (LFSE) and is propor-
tional to l/r5, the average separation between anions and cation in a complex ion (Dunn et
aI., 1965, p. 12). As we shall see below, this is a significant control on the behavior of
transition metal ions in hydrothermal solutions, affecting the relative stabilities of the
different metal complexes across each transition row. However, as predicted by the r-5 pro-
portionality, the effect becomes less important at higher T and lower P. This is the P-T
region where ion association is most intense because the dielectric constant is lower; the
effect of LFSE might therefore be partly masked by important electrostatic, ionic interac-
tions under the nigh-T, lower-P conditions typical of shallow ore-fluids at or near magmatic
temperatures. While some preliminary work has been done on this problem for ore-forming
conditions, much remains to be learned in this potentially quite important area (see discus-
sions by Buback, 1981; Susak and Crerar, 1985; and Buback et ai., 1987).
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Figure 20. Dissociation constants of Hel and Nael as a function of temperature and pressure. From Eugster
(1986) after measurements by Quist and Marshall (1968) for Nael, and Frantz and Marshall (1984) for He!.
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Figure 21. Variation of selected acid ionization constants with temperature at saturated water vapor pressures.
Note tendency towards a maximum at intermediate temperatures. From Ellis and Mahon (1977).
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Figure 22. Splitting of 3d orbitals into two separate energies (e, and t,,) in an applied ligand field (such as occurs
in transition metal complex ions). Note that IODq (the difference between the two new energy levels) depends
strongly on the strength of the ligand field (hence on ligand type and metal-ligand bond length), and can change
dramatically as shown to the right. Illustrated here with a high-spin d, ion such as Fe". From Crerar et a!. (1985).
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Pressure-induced electron spin-pairing. Another related phenomenon is the possibility
of an electronic transition from high- to low-spin state at elevated pressures (and with
ligands which impose strong electrical fields). Figure 22 is drawn for the normal, high-spin
case in which all electrons fill orbitals in accordance with Hund's rules. Under high pres-
sures (or field strengths) it is possible to raise the upper eg energy level illustrated here so
far that electrons spin-pair and fill the lower level first, giving a low-spin configuration.
The LFSE of high-spin Fe2+ shown here is (2 x 6Dq) - (4 x (4Dq» = -4Dq; for the low-
spin case, all six electrons would occupy the lower t2g orbital with a total LFSE of -6 x
4Dq = -24Dq. The quantity Dq is a measure of the field strength and is on the order of 5
kcal more"! (or higher at higher pressures, Crerar et aI., 1985). Hence low-spin LFSE
could be -120 kcal mole-lor higher as opposed to high-spin which is only about -20 kcal
mole"! for this ion. Therefore, transition to the low-spin state at higher pressures is poten-
tially very important, capable of stabilizing complexes and increasing total solubility of
complex-forming minerals. The low- to high-spin transition is also accompanied by a
significant decrease in partial molal volume (Seward, 1981). Unfortunately, once again,
there have been no experimental studies of geologically interesting systems under appropri-
ate conditions. Several geochemical laboratories have the experimental capability at the
present time, so we may hope for direct measurement of this effect in the near future.

spliftingTn-a
strongerOh
Iigand field

TRANSITION MET AI. COMPLEX IONS

It is now recognized that complex ions are responsible for transport of transition
metals in hydrothermal solutions. Aqueous transition-metal complex ions can be regarded
as well-defined molecular entities having a specific geometry and coordination number and
co-ordinate bonding described by ligand-field/molecular-orbital theory (Figgis, 1966;
Huheey, 1978; Crerar et aI., 1985). The chemical controls on metal complex behavior in
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natural systems have been summarized in several recent reviews (Barnes, 1979; Seward,
1981; Crerar et al., 1985; Eugster, 1986), and we will only touch the more important points
here.

Geologically important ligands
The metal in a complex ion is bound to, or coordinated by, ligands which serve as

electron donors to the molecule. The potential ligands of most importance geologically
have been discussed at length by Barnes (1979). These include: Cl", OH-, HS- and, of
course, H20 (probably the four most important); other probable ligands include organic

acids, NH3, F-, S~-, S20~- and HC03. Spectroscopic studies show that the transition
metals are usually coordinated to water so that the formula for an octahedral one-chloro
Cu(I) complex, for example, should really be written as Cu(H20)sClo• Available ligands
are always competing with water for coordination sites about transition metal ions in aque-
ous solutions, and as we have seen above, water is a strong complexer, forming stable
hydration shells.

Recent studies show that the speciation of natural hydrothermal systems may be much
more diverse and complicated than was generally believed a decade or more ago. Based on
a comprehensive solubility study of ten ore-forming minerals in hydrothermal solutions, for
example, Scott Wood has recently concluded,

"Our data underscore the highly complicated nature of ore-forming solutions. No sin-
gle complex or species can be expected to predominate for any metal over reasonable
ranges of solution composition and temperature, many different ligands may be
significant in any given solution, different metals are likely to be transported by quite
different mechanisms ... , and mixed-ligand and perhaps also polynuclear species can be
expected. In the mid-temperature range (approximately 2000-400°C) the most compli-
cated solution chemistry and speciation is to be expected. At lower temperatures

Table 1. Classification of geological metals and tigandst

Hard Acids

H', U', Na+, K', Rb', Cs'

Ca2+, Mg2+. Ba2+. Ti4+. Sn·+

MoO", WO", Fe", AI", CO2

Borderline Acids

Fe2+. Co2+. Ni:!+. Cu2+. Zn2+

Sn2+, Pb2., Sb3+. Bi3 •• S02

Soft Acids

Cu', Ag", Au', Cd2., Hg+, Hg2., MO (metal atoms and bulk metals)

Hard Bases

Borderline Bases Soft Bases

tAccording 10 ret alive hardness. Condensed from Huheey' (1978) .

•Relative hardness of common metal ions and ligands

Cu" > Ag" > Au'

Zn2+ > Cd2+ > Hi+

H+ > U+ > Na+ > K+ > Rb+ > Cs·

As3+ > Sb.l+ ~ BiJ+.
Hardness decreases toward Ihe right.
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major electrolyte components are generally more dissociated and ion-pairing is less
important. However, true inner sphere complexes remain important for some metals.
At higher temperatures, there appears to be a Simplification of metal complexes and a
preponderance of species with neutral charge; the major electrolyte components (NaCl,
KCl, CaCI2) become essentially fully associated as ion pairs." (Wood et ai., 1987).

Chemical controls

The ionic behavior of all transition metals is governed by d-orbital chemistry. There
are four main chemical controls (Crerar et al., 1985): (1) Bonding changes from predom-
inantly ionic to more covalent across each transition row from dO to d 10 ions. (2) There is a
general increase in electrostatic interactions with anions across each row (because ionic
potential Z/r increases and ionic radius r decreases from Ti2+ to Cu2+ somewhat like the
lanthanide contraction). Hence, complexes formed with a common ligand increase in stabil-
ity from left to right across each row. (3) The splitting of d-orbitals mentioned above (Fig.
22) adds an additional LFSE (stabilization energy) to complexes formed by cations with
configurations other than dO, d5 and d 10. (4) A relativistic effect dramatically increases
covalency down each column of the heavier transition metals. Combined with rule #1, this
means that the heavier dlo cations such as Au+ and Hg2+ should form the strongest covalent
complexes.

Hard-soft behavior

The interaction between specific metal ions and ligands (coordinating species, such as
Cl" or H20) can be regarded as acid-base reactions, with metal and ligand acting as electron
acceptor and donor, respectively. In predicting which metals form complexes with which
ligands, it is very helpful to use the hard-soft classification of Pearson (1963) and others
(Ahrland, 1968, 1973; summary by Huheey, 1978). Class-A (or hard), metals and ligands
are generally small, highly charged, and arc only slightly polarizable. Class-B (or soft)
species arc large, relatively low in charge and highly polarizable. Hard species behave ioni-
cally, and soft species more covalently. The important point for present purposes is that,
given competition between several ligands ,U1dmetals, soft metals bind preferentially to soft
ligands and hard metals bind with hard ligands. Table 1, from Crerar et ai. (1985),
classifies geologically important metals and ligands as hard, soft or borderline. Using this
table we might guess, for example, that soft ligands such as HS- might form relatively
strong, predominantly covalent complexes with Hg, Au, Ag, Cu and Sb (all soft), weaker
complexes with Pb and Zn (borderline), extremely weak complexes with Fe and Sn, and
probably do not complex at all with W and Mo (hard). Borderline ligands such as Cl" fall
between the cracks and should form relatively stable complexes with most transition metals
(except for the dO ions Sc3+, Ti4+, etc., which tend to form very weak chloride ion pairs).
Finally, we should not expect stable complexes with mixed ligands if the ligands differ con-
siderably in hardness; as an example, HS- is much softer than Cl" or OH- and we should
not expect mixed metal-Cl" -HS- or M-OH- -HS- species to be geologically important.

All transition metals should display increased type-A (hard acid) behavior at higher
temperatures (and lower pressures) where electrostatic interactions increase as noted above.
Thus complexes with intermediate or hard ligands such as Cl" and OH- should become
more stable at higher T. This prediction is borne out by the observed increase in hydroxy
complexing (Khodakovskiy and Yelkin, 1975; Baes and Mesmer, 1981), and the increased
stability of chloro complexes, with temperature (Crerar et ai., 1978; Barnes, 1979; Seward,
1981, 1984; Ruaya and Seward, 1986).

Electronegativity, LFSE and ionic potentiai. The effect of these three important vari-
ables on transition metal behavior is summarized in Figures 23 and 24. Try to picture these
two diagrams as a single three-dimensional plot with axes Z/r, electronegativity and LFSE,
since all three variables apply simultaneously. Ionic potential, Z/r, is a measure of the rela-
tive strength of electrostatic interaction and increases from left to right in each transition
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row (as in rule #2, above). Electronegativity gives the relative degree of ionic or covalent
bonding. LFSE is determined by the degree of splitting of metal d-orbitals in the presence
of ligands (Fig. 22) and stabilizes complexes with configurations other than dO, d5 or dlO.

It is possible to outline four general regions on Figure 23 where different types of
complex ions predominate. As we have mentioned above, bisulfide (HS-) will preferen-
tially complex the most electronegative, lower Z/r metals. We would expect this to be par-
ticularly important for Au+ which, as you can see from this figure, is anomalously covalent;
it is thought that Au and its neighbors Pt, Ag, Pb, Bi and Sb are so electronegative because
of an interesting relativistic property summarized by Crerar et al. (1985) (the velocities of
the inner s and p electrons of these metals approach the speed of light, their orbitals con-

tract and more effectively shield the outer d and f orbitals). In fact, strong Au(HS)2 com-
plexes are known to exist in hydrothermal systems (Seward, 1973). Based on limited avail-

able data for gold chloride systems, Seward (1983) estimated that Au(HS)2 complexes

should be four orders of magnitude more concentrated than AuCl2 complexes at near-
neutral pH, total CI = 1.0m and total S (reduced) = 0.05 m. Somewhat less dramatic
differences might be expected with Ag+ and Hg2+ based on Figure 23. However, we
should emphasize that at higher temperatures, strong bisulfide complexing is expected only
with these most covalent metals. In general, bisulfide complexing should be less important
for all other metals of intermediate or lower electronegativity; aside from its soft base
behavior, the HS- species predominates relative to H2So (a weak ligand) only at basic pH at
temperatures above 25°C (e.g., Crerar and Barnes, 1976). Instead, for most transition
metals, Figure 23 shows that chloride and/or hydroxy complexes predominate. These bord-
erline to hard bases preferentially bond to metal cations of intermediate ionic potential and
electronegativity. Hence the most important transition metal species in many geological
environments are probably OH- and CI- complexes. For the extreme case of metals with
very high ionic potentials, strong oxyanions such as molybdic and tungstic acids (H2Mo04,
H2W04) are expected instead of chloro or even aquo complexes; here metal-oxygen bond
strengths exceed that of the H-O bond in water, and oxygen is effectively stripped from the
water molecule itself.

Figure 24 is the parallel diagram for LFSE versus ionic potential, and we can broadly
delineate two fields for ions that either commonly or rarely form hydrothermal ore deposits.
This diagram seems paradoxical at first sight because it indicates that metals with the
highest LSFE's (which should form the most stable aqueous complexes) are least likely to
form hydrothermal ores. In fact, as noted by Crerar et al. (1985) only four of the ten metals
in the first transition row (from Sc to Zn) typically form large hydrothermal deposits: Mn,
Fe, Cu and Zn. These four metals have the lowest (or zero) LFSE's of the first transition
row. The probable explanation is that the remaining six metals have even greater LFSE's in
minerals or magmas and are not as easily leached by hydrothermal solutions in the first
place.

Of the 30 transition metals only 9 or 10 commonly form sizable hydrothermal deposits
(Mn, Fe, Cu, Zn, Mo, Ag, W, Au, Hg and occasionally Co), and this in no way correlates
with average crustal abundance. This interesting problem needs further research. Much can
probably be learned about the metals that do form ores from the chemistry of those that do
not. Figure 24 suggests that LFSE is one of the more promising chemical properties on
which to focus initial attention. A possible relationship between LFSE and porphyry copper
mineralization has already been recognized by Feiss (1978); he showed that economic
mineralization correlates with the AI20Jl(K20 + Na20 + CaO) ratio of plutons in the Amer-
ican southwest. High Al/alkali magmas have more liquid octahedral structures (with high
LFSE's); crystallizing plutons comprising such magmas might be able to retain metals
longer, perhaps to the point of water saturation. Susak and Crerar (1982,1985) have sug-
gested that the coordination and structure of metal ion complexes might help control deposi-
tion; there is some preliminary evidence that large deposits correlate with conditions that
produce complexes of tetrahedral (or lower) coordination-see Figure 25 and discussion
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Figure 23. Plot of ionic potential (Z/r) versus Pauling electronegativity for selected ions. Crystal radii and elec-
tronegativities from Huheey (1978). Ions in selected columns of the periodic table are connected by solid lines. as
arc ions of the ,first transition series. Note that the ions group into four overlapping, general fields forming oxya-
cids, hydroxide, chloride and bisulfide complexes. From Crerar et al. (1985).
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Figure 24. Ligand field stabilization energy (LFSE) versus ionic potential (Zlr) for selected metals. The valences
shown are common in geological systems. A rough discrimination is drawn between metals that either commonly
or rarely form large hydrothermal ore deposits. The tetravalent Sn, Me and W ions are exceptions since they are
heavy and more electronegative; on a three-dimensional plot including electronegativity, LFSE and Z/r, these three
metals fall in the field of hydrothennal ores. From Crerar et al, (1985).
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below. Since metals with higher LFSE tend to form complexes of octahedral (and possibly
higher) coordination, this is another potential clue to the inverse relation between LFSE and
ore deposition indicated on Figure 24.

Why solubilities increase with temperature

There is a general tendency for the solubilities of most substances in water to increase
at higher temperature. This is a matter of everyday experience, dissolving sugar or salt in
hot water for example. It is true that there are some minerals that show an anomalous
retrograde solubility (become less soluble in hot water), at least up to certain limiting tem-
peratures; this includes carbonates (calcite, dolomite, strontianite, witherite) and some sul-
fates (anhydrite, celestite) (see Holland and Malinin, 1979). However, these minerals are
exceptions. Magma-water element partitioning experiments summarized above suggest that
some metals might reach concentrations on the order of 1 wt % in exsolving water, and
high-temperature fluid inclusion data from mineral deposits occasionally indicates similar
high metal content (Roedder, 1979; Kwak et aI., 1986). In most ore mineral solubility stu-
dies, solubility increases at higher temperatures. For example, experiments by Whitney et
al. (1985) and Hemley et al. (1986) with magnetite, and sulfides in NaCl-H20-quartz mon-
zonite systems above 500°C gave metal concentrations (Fe, Mn and Zn) on the order of 1
wt%.

This is really a very complicated question, with different explanations for different
minerals. Many variables such as pH, oxygen and sulfur fugacity and even solution density
change with T, and these all influence SOlubility. However, we will single out a few gen-
eral effects which are directly related to temperature from our preceding discussion.

First, molecular vibration increases at higher T, increasing the probability for molecu-
lar dissociation; this partly explained the maxima in ionization constants observed in Figure
21. For most metal oxides, sulfides and silicates, this effect should increase the solubility
product (see for example, mineral solubility products tabulated as a function of temperature
by Helgeson, 1969).

We have also observed that at higher T there is a general increase in electrostatic
interactions because of the decreased dielectric constant of water. We noted that transition
metals all show increased type-A (hard acid) behavior at higher T. Now the relative stabil-
ity of any species is determined by its Gibbs free energy (more stable compounds have
more negative free energies). This, in turn, is a balance between enthalpy and entropy

6G = 6H - T6S (15)

with entropy becoming increasingly important at higher T because of the T6S term. As
summarized by Ahrland (1968) and Seward (1981), soft-soft interactions are characterized
by exothermic (negative) enthalpies and low entropies (possibly even negative, which indi-
cates increased molecular order). Thus the free energy of these species is dominated by the
large negative enthalpy of predominantly covalent bonds. The low to negative entropy is
less significant, and arises from the decrease in the total number of particles (through com-
plex formation) and ordering of ligands around metal ions. Disruption of water structure
(which would cause an increase in entropy) is minimal because these type-B complexes do
not display strong electrostatic interactions and are not heavily solvated by water dipoles.
The energy required to displace water dipoles from the hydration shell by a coordinating
ligand such as CI- must be less than that gained by the metal-ligand bond (with the end
result being an exothermic process).

At higher T where the dielectric constant falls, the situation reverses and ion-solvent
interactions become increasingly electrostatic. Type A (hard) interactions are characterized
by large positive enthalpies and entropies of complex formation (Ahrland, 1968). Recall
that from the Born Equation (11) and the related Drude-Nernst Equation (13) we now
expect a major effect from the electrostatic attraction between metal cations and water
dipoles as well as other coordinating ligands. This would occur largely in zone I of the
co-sphere model in Figure 18, with concomitant disorder in zone II. The electrostriction of
water around the metal ion and its displacement by coordinating ligands causes a large,
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Figure 25. First appearance of tetrahedral complex ions for aqueous chloro complexes of four metals. Octahedral
complexes predominate to the left, and tetrahedral complexes begin to the right of each tine, with tetrahedral coor-
dination eventually predominating at high T and/or Ct concentration. Data for Co(II) and Fe(II) from Susak and
Crerar (1985) and Vogel et aI. (1987). respectively. Lines for Cu(II) and Ni(II) are estimated by Susak and Crerar
(1985). Environments of deposition for various types of ore deposits tend to occur in the tetrahedral region for
each metal. Data on depositional fields are summarized by Susak and Crerar (1985).
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Figure 26. Distribution of aqueous chloro-zinc(lI) complexes at different temperatures and total chloride concen-
trations, calculated from measured stability constants, The number of chloride ligands attached 10 each Zn nucleus
is indicated on each curve (e.g., "I" refers to the ZoCl+ complex). Notice that the one- and two-chloro species
predominate ar high T, and that speciation is much more diverse at lower T. From Ruaya and Seward (1986).
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positive (endothermic) enthalpy. In other words, energy has to be put into the system to
create this kind of inner sphere ordering and volume constriction (Nancollas, 1970).
According to (15) the free energy would be positive and the complex unstable unless the
entropy term overwhelms this positive enthalpy. In fact, the entropy term usually i§.
sufficiently large, and dominates the free energy expression. Thus ligation by an anion such
as Cl" displaces waters in co-sphere I, causing increased disruption in co-sphere II (Fig. 18)
and perhaps also in bulk solvent (which is already more disordered because of the higher
temperature and decreased hydrogen bonding). This requires more energy than is gained by
the metal-ligand bond (hence is endothermic) and increases disorder (positive entropy
change). These changes in speciation with temperature are apparent in Figure 26 for aque-
ous chloro-Zn(II) complexes-see also discussion of complex stoichiometries below.

Of course, covalent molecular bonding is also possible at higher T (this is indicated by
the Raman peaks of Figure 27, for example, which represent strong, predominantly covalent
vibrations). The complex itself is a polar entity though, and at high T (and low dielectric
constant), electrostatic interactions also occur. The net result is a complex doubly stabilized
by both true molecular bonding and electrostatic attraction at high T.

These effects are summarized in Table 2. This shows the free energy, enthalpy and
entropy of formation of the three neutral complexes AgCJo, PbCl02 and ZnCl02, all of
which predominate at 300°C-350°C at vapor-saturated pressures, from data of Seward
(1981, 1984) and Ruaya and Seward (1986). These properties were derived from the
observed variation of complex stability constants with T, and are not as reliable as quanti-
ties obtained directly by calorimetry, but the trends are significant. In all cases, the enthal-
pies and entropies of reaction increase at higher T; the free energy decreases, signifying
greater stability; and the overall formation constants increase with temperature. This, cou-
pled with increased mineral solubility products, results in higher solubility at higher tem-
perature.

At high temperatures, water dissolves most minerals, whereas at low T it is a better
solvent of ionic salts. As pointed out by Eugster (1986), low-T water tends to dissolve
more covalent structures such as silicates only at low or high pH, whereas at high T most
silicates dissolve readily and at roughly the same rate (Wood and Walther, 1983; Walther
and Wood, 1986).

Note that large positive en thaI pies are required for increased stability at higher T as
predicted by the van't Hoff equation:

( alnK)aT p
(16)

Species such as the ZnCI3' which die out at higher T have exothermic (negative) enthalpies
of formation. This illustrates the importance of electrostatic interactions at elevated T,
since they produce large positive enthalpies.

RECENT EXAMPLES AND APPLICATIONS

It is no longer possible in a single article to adequately review all research involving
metal-bearing hydrothermal solutions. Instead we will illustrate some of the chemical con-
trols described above with recent experimental results. The examples are chosen to display
some of the enormous diversity of the field as well as the many different experimental
approaches now being used.

Molecular structures of complex ions

Aqueous transition metal complexes have clearly defined structures that can be deter-
mined by spectroscopic techniques. The two most successful approaches to date have been
laser Raman spectroscopy and UV /Visible/Near-Ik optical absorption spectroscopy. Raman
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Figure 27. Raman spectra of aqueous zinc(II) bromide complex ions as a function of temperature. Peaks represent
the totally symmetric vibration of each species. Notice that the dibromo complex predominates at high T, while
speciation is more diverse at lower T. Spectra by Mary Yang. Princeton University.

Table 2. Enthalpy, entropy. Gibbs free energy and overall formation constant, for the AgClo. PbC1i and Zna~ aqueous complex ions from
250 10 HO° C. Oala (rom Seward (1976. 1984. 1986).

Ag+ + CI- _ AgClO Pbl+ + 20- - PbCl1 Znl+ + 20- • ZnCl1
log K 60: AH;' AS: togK AO: AH;' as: log K .6.0: AH;' !lSiTO C kJ mole"! Ie] mole-I J K-'mole-I kJ moie-I kJ mole"! J K-1mole-1 kJ mote"! kJ mole"! J K-'mole

25 3.27 -18.66 -12.5 20 1.95 -1J.t4 14.76 87 0.620 -3.54 30.3 1I2
so 3.10 -19.17 -12.5 20 2.16 -t3.37 t6.72 93 1.04 -6.46 33.0 121
100 2.88 -20.57 -5.9 39 2.61 -18.65 26.5 121 1.89 -13.5 48.5 170
ISO 2.88 -23.33 0 55 3.18 -25.75 47.4 168 2.90 -23.5 77.4 240
200 2.87 -26.00 2.0 59 3.95 -35.8 75.7 236 4.12 -37.7 119 334
250 3.07 -30.74 36.6 130 4.96 -49.7 119.2 320 5.70 -57.1 176 449
300 3.52 -38.62 73.6 200 6.23 -68.4 178.t 430 7.52 -82.5 245 570
350 4.21 -50.22 121 280 - - - - 9.39 -114.4 328 710
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spectroscopy measures molecular vibrations and optical absorption spectra result from elec-
tronic transitions between molecular orbitals. The peak energies and shapes of both kinds
of spectra are controlled by the geometry, bond strengths, and ligation numbers of the com-
plex ion, so these techniques probe the molecule itself. The method requires sealing win-
dows (quartz, sapphire or diamond) into high-pres sure-temperature autoclaves, which is not
entirely straightforward; some of the ingenious methods devised by different laboratories to
do this have been summarized by Buback (1981) and Buback et al. (1987).

Experimental measurements to date indicate that most transition metal complexes are
distorted tetrahedral or octahedral molecules, with the metal at the center surrounded by
four or six coordinating ligands (e.g., Susak and Crerar, 1984). The higher coordination
numbers are favored by higher LFSE's. Recent Raman studies by Mary Yang at Princeton
University indicate that Zn(II)-chloro complexes are probably linear, as predicted by Crerar
et ai. (1985) for this and other dlo ions (see discussion of Figure 27, below). Coordination
numbers as high as 8 or even 12 might be possible at high pressures, although there is no
experimental evidence for this as yet. The octahedral -7 tetrahedral transition occurs at
higher T and chloride activity as indicated in Figure 25 (which includes recent data for
Fe(II)-chloro complexes by Vogel et al., 1987).

As noted above, Susak and Crerar (1982, 1985) have suggested that large ore deposits
might correlate with conditions that promote tetrahedral (or even lower) coordination; this is
evident on Figure 25. Recall that Figure 24 shows an apparent inverse relation between
LFSE and ore deposition. Electronic spectroscopy gives both the LFSE and geometry of
metal complexes directly, and is therefore ideally suited for work on such questions.

Stoichiometries

The formulas or stoichiometries of complex ions can be determined in many different
ways. Many of these methods give the stability constants for the predominant complexes at
the same time. The most common approach is statistical analysis of mineral solubility data
as a function of ligand concentration (for different techniques, see Crerar et ai., 1978;
Barnes, 1981; Wood 'and Crerar, 1985; Eugster, 1986; Ruaya and Seward, 1986). Spectros-
copic techniques have also been used successfully for both purposes at hydrothermal condi-
tions (references above, and Irish and Brooker, 1976; Seward, 1984).

An example of the changing speciation of Zn-chloro complexes with temperature at
saturated vapor pressures is given in Figure 26. This comes from recent solubility studies
by Ruaya and Seward (1986) which determined complex stoichiometries and stability con-
stants simultaneously. The most important point to notice here is the relative simplification

of species at higher temperatures. At 25°C all species from Zn2+ to ZnCI~- occur together
at significant concentrations; at higher temperatures only the ZnCl+ and ZnCl02 complexes
are important, and ZnCl02 predominates at moderate chloride concentrations. This trend
toward neutral-charge at higher T was predicted above from the decrease in dielectric con-
stant of water with temperature.

A similar trend is evident in the Raman spectra of Zn-bromo complexes shown in Fig-
ure 27, measured recently by Mary Yang. This is a spectroscopist's view of the totally
symmetric vibration of these tetrahedral complexes at different temperatures and the same
total bromide concentration. Once again, the neutral ZnBr2 species predominates at the
highest temperature while higher ligation numbers are Significant at and below 200°C. The
znsr" complex is apparently linear because there is no evidence for associated waters else-
where in the spectrum as there is with ZnBr2(H20)02 and ZnBr3(H20)-.

Stability constants

Stability constants of metal complexes in hydrothermal systems can be determined by
many techniques, as outlined in the references cited in the previous section. Compilations
and references to complex stability constants at elevated temperatures are given by Baes
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and Mesmer (1976,1981), Barnes (1979,1981), Frantz et ai. (1981), Seward (1981,1984),
Eugster (1986), and Wood et al. (1987).

There are two fundamentally different ways of measuring stability constants for
metal-complexing reactions, each with its pros and cons. We will illustrate these using
Fe(lI) and the mineral pyrite as an example.

First, you can consider the aqueous species alone, and determine overall formation
constants for ionic reactions such as:

(17)

In this and the following equations, parentheses denote activities (and thus implicitly
include activity coefficient corrections). There is one Expression (17) for each different
complex, depending on the value of n. The measurement is usually accomplished by spec-
trophotometric or electrochemical techniques which are sensitive to the concentrations of
individual aqueous species. There are innumerable examples at 25°C (see Smith and Mar-
tell, 1976), and one outstanding study at hydrothermal conditions by Seward (1984) who
determined Pb(lI)-chloro stability constants from UV charge-transfer spectra. These
methods should give the most accurate and precise measurements of stability constants for
ionic reactions.

However, if stability constants such as (17) are to be used to calculate mineral solubil-
ities, additional information is required. To calculate the solubility of pyrite at given tem-
perature, CI- activity, pH, and oxygen and sulfur fugacities, for example, we would also
need equilibrium constants for the following reactions:

and

(19)

Finally, Reactions (17) + 2 x (19) + (18) give

fs,(FeCI~-n)

flj;(H+)2(Cnn

This is the kind of reaction geologists need: the solubility of a mineral is expressed in
terms of accessible variables such as pH, CI- activity, and oxygen and sulfur fugacities.
Unfortunately, it is two steps removed (Reactions 18 and 19) from the stability constant
(17). There are two alternatives. We could devise some means of measuring or estimating
equilibrium constants for Reactions (18) and (19), which would then allow us to calculate
the constant for Reaction (20) from K20 = K17 X 2KI9 x K18; the cumulative errors here
could be daunting. A more direct approach would be to measure the equilibrium constant
for Reaction (20) by determining the solubility of pyrite as a function of T, P, pH, CI-
activity, and sulfur and oxygen fugacities.

FeS2 + 2H+ + ncr + 11202 = FeCI~-n + S2 + H20 ; K, = (20)

Such experiments are difficult but possible, and this is the second common approach
(see Barnes, 1981, for an overview). Here the most difficult problem is controlling or
measuring all necessary variables required to evaluate the equilibrium constant: for reac-
tions such as (20) these variables are pH, oxygen and sulfur fugacity, chloride ion activity,
and metal ion activities. Since one equilibrium constant K, applies to each complex

FeCl~-n, the individual stability constants can be found by rewriting (20) as the sum of all
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metal ion concentrations:

f}j2 n K(Cni
I,Fe = -' (H+)2 I, __:_'____:_

fs, i=1 Yi

The right side is divided here by the activity coefficient Yi of each metal complex to convert
from metal activities to concentrations. Expression (21) is fitted as a regression equation to
total Fe versus Cl" activity data, which gives the stability constants K; for each complex as
regression parameters (Crerar et al., 1978; Wood and Crerar, 1985). This same expression
may also be used to calculate solubilities for given T, P, Cl" activity, pH, and oxygen and
sulfur fugacities, once the equilibrium constants are evaluated. Note that once again, this
requires knowledge of activity coefficients for all species in Expression (21); this is a seri-
ous problem and is discussed below.

(21)

We mentioned that there are pros and cons for both general methods of obtaining sta-
bility constants for reactions such as (20) or (17). The positive aspect of this second
method is obvious-a mineral solubility is obtained directly in terms of geologically useful
or reasonable variables. On the negative side, the experiments require control or measure-
ment of many variables and thus cumulative errors can be large. In theory, it should be
possible to use such experiments to obtain equilibrium constants for the purely ionic reac-
tions such as (17); for example, if the stability constants K3 and K2 are measured for the 3-
and 2-chloro forms of Reaction (20) then the constant for the reaction

FeCl02 + Cl" = FeCI]

is obtained from K3/K2 (equivalent to subtracting reaction 20 with n = 2 from the same
reaction for n = 3). This is equivalent to (17) as determined by spectroscopic or electro-
chemical methods. However, the equilibrium constant obtained by the solubility approach
is likely to be less accurate for the reasons just given. In other words, solubility experi-
ments are better suited to measuring full mineral dissolution reactions such as (20); the
other approaches are best for determining stepwise stability constants such as (17).

Ore zoning

It has been recognized for over a century that there is a rough zoning of metals within
many hydrothermal ore deposits, particularly those associated with large igneous intrusions.
This is a subject of great controversy with absolutely no common agreement, but a very
general, simplified sequence of metals from source to periphery might be
Mo-+Fe-7Ni-7Sn-+Au-+Cu-7Zn-Pb-7Sb-Hg (e.g., Barnes, 1975). You should not expect
to find this exact sequence in anyone deposit since it is an average drawn from many
different places and types of ores. Ore zoning is much more than a simple effect of tem-
perature. Susak and Crerar (1982), for example, have recently emphasized that it depends
on many variables such as degree of saturation, T, P, pH, sulfur and oxygen fugacities,
mineral stoichiometries, crystal structures and the molecular and thermodynamic properties
of aqueous metal complexes.

This is a wonderful chemical problem, of obvious interest to the mining community as
weli. However, it is not likely to be answered definitively until much more is known about
mineral solubility and deposition reactions. At present it is difficult to compare data for
different minerals because of possible systematic errors involved in the various experimental
approaches; there are even some differences in what the various experimental methods actu-
ally measure. One possible approach is to run solubility experiments containing many com-
patible minerals. Here, most systematic errors should apply to all minerals simultaneously,
and the dissolution behavior of different minerals can be compared more easily. In a recent
experiment of this type, Wood et ai. (1987) measured simultaneous solubilities of the
minerals pyrite, pyrrhotite, magnetite, sphalerite, galena, gold, stibnite, bismuthinite, argen-
tite and molybdenite in hydrothermal NaCI solutions to 350°C at controlled oxygen and sul-
fur fugacities and fixed CO2 partial pressure. Relative solubilities followed the order

274

T
hi

s 
co

py
 p

ur
ch

as
ed

 b
y 

G
eo

rg
e 

B
rim

ha
ll 

on
 .



Sbc-Pec-Znc-Pbc-Ag.Mcc-Au in chloride-free solutions, and Fec-Sb, Zn>Pb>Au>Ag, Mo, Bi in
concentrated chloride solutions. This is in rough agreement with the zoning sequence sug-
gested by Barnes, above. Major differences in chemical behavior were apparent in this data
set. Fe, Zn , Pb, Au and Ag formed chloride or hydroxy-chloride complexes in 0.5 to 5.0
m NaCI solutions; in contrast, Mo formed an oxyacid (tentatively, molybdic acid), and Sb
appeared to dissolve as an neutral hydroxy complex. In chloride-free solutions, Au and Ag
apparently formed bisulfide complexes; Fe formed the simple aquo complex; Zn, Sb and Bi
formed hydroxy species; and Pb formed a carbonate. Much of this behavior could be
predicted from the chemical controls outlined above. This diversity suggests that natural
ore-forming solutions may be extremely complicated, with no single type of complex
predominating over a wide range of conditions. The application to questions such as ore
zoning will require much more work, methodically defining these species and their
dissolution-precipitation reactions.

Metal-organic complexing

The importance of natural compounds in dissolving and transporting metals has been
clearly demonstrated for surface- and ground-waters (see, for example, Reuter and Perdue,
1977; Jackson et ai., 1978). Many natural humic and fulvic acids can chelate (form multi-
ple bonds) metals and have stability constants on the order of 106 for metal complex forma-
tion at 25°C (Sohn and Hughes, 1981). By contrast, monochloro complex stability con-
stants for many transition metals at 25°C are on the order of 1 to 100 (Smith and Martell,
1976). Organic matter is commonly associated with sedimentary and lower-temperature
hydrothermal ore deposits (e.g., Nissenbaum and Swaine, 1976; Macqueen and Powell,
1983). Coupled with the strong metal-complexing ability, this has led to suggestions that
the acids may participate in metal transport in hydrothermal systems (Barnes, 1979; Gior-
dano and Barnes, 1981; Giordano, 1985). There are three interrelated problems here: what
is the concentration of organic ligands in hydrothermal solutions? To what temperature do
these ligands persist without degrading? What is their chelating capability at higher tem-
peratures?

None of these questions can be answered very satisfactorily at the present time, but
each is the topic of considerable current research in several laboratories. Data from Willey
et ai., (1975) and Carothers and Kharaka (1980) summarized by Giordano (1985) suggests
that concentrations of potential organic ligands in sedimentary basin brines may range from
< 1 ppm to several thousand ppm. Experimental work on organic degradation kinetics in
aqueous systems shows that aliphatic and aromatic compounds with metal-binding carboxy
and phenolic -OH functional groups can persist to temperatures between 1000 and 200°C
(Kharaka et al., 1983; Drummond and Palmer, 1986; Boles et aI., 1987). Electrochemical
measurements in progress at Princeton by Remy Hennet (1987) show Pb-organic stability
constants ranging from log K = 2.3 (acetate, 85°C) to 7.8 (dipicolinate, 90°C). Given
sufficient concentrations, such ligands could be significant metal transporting agents. How-
ever, this requires that the concentrations of other competing cations are not too high. Prel-
iminary calculations by Giordano (1985) and Hennet (1987), for example, show that Na, Ca
and Mg may bind organic ligands in solutions believed typical of the Mississippi Valley-
type Pb-Zn ore-forming environment; if so, there would not be sufficient free organic
ligands left to complex significant concentrations of Pb or Zn. At present, the question is
not resolved. It appears likely that metal-organic interactions will be important in organic-
rich environments, contributing to diagenetic processes, but that very unusual conditions
will be required for organic deposition of metallic ores (high organic concentrations, low
reduced sulfide and low alkali and akaline earth concentrations).

Activity coefficients

Now we come to one of the most perplexing barriers to understanding ore-forming
solutions. Activity coefficients are essential in deriving thermodynamic data from experi-
mental measurements (as with Eqns. (17) and (21), above). They are also necessary in cal-
culating solution behavior from known stability constants and thermodynamic data. All
species, whether ionic or neutral require this correction. Unfortunately, it is not certain
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what the correction should actually be in many cases.

Major salts. Experimental information is most complete for the major salt components
of hydrothermal solutions, NaCI, KCl and CaCI2• Much of this is reviewed by Wood et ai.
(1984). There arc considerable data on mixed salts so that it is now possible to describe
some multi-component salt solutions of geological interest to temperatures of 3000 to
350°C. For this purpose, you should use the Pitzer (1979) formalism which is also
described in this book (Pitzer and Weare, this volume). With this approach data on two salt
systems can be used to predict activity coefficients in much more complex mixtures contain-
ing the same salt components.

Activity coefficients of several common salts at 350°C are compared in Figure 28 .

.220
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_ .140
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CIl

~ .120.....
CIl

~ .100

CoCi

0.0 1.0 2D 3D 4.0 5.0 6.0 ZO 8D 9.0 10.0
Moles/ Kg H20

Figure 28. Mean molal stoichiometric activity coefficients for selected salts at 350°C versus salt concentration.
Note that coefficients of all 1:1 salts are similar bur that CaC12 is much lower. Activity coefficients of all salts at
this temperature are roughly independent of concentration for concentrations above 2 m. Data from Wood et a1.
(1984) and Crerar et aI. (1985).

At this higher temperature, the correction is considerable; the activity coefficient remains
roughly the same at total salt concentrations exceeding 1 molal; and the activity coefficients
of many of thc 1:1 salts arc similar. Lindsay (1980) suggested that at 3000 to 350°C the
structure of water becomes so thermally disrupted that all ions begin to act as structure-
makers and will have similar activity coefficients. This approximation appears to work rea-
sonably well for the alkali halides, but Wood ct al. (1984) showed that it fails with other
halides such as LiI. As should be expected from the charge difference alone, 2:1 electrolytes
such as CaCl2 show quite dilTerent behavior, and the activity coefficient for CaCl2 at these
elevated temperatures is on the order of 10-3• These low values can be attributed in part to
formation of the CaCI+ ion pair; there have now been several problems fitting the Pitzer
equations to data for NaCI-CaCI2 mixtures both at 25°C (Ananthaswamy and Atkinson,
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1982) and at elevated temperatures (Brantley, 1986) which could be attributed to such
species. This is a problem for people working with hydrothermal solutions since NaCI and
CaCl2 arc often predominant components. Resolution of this difficulty could require inclu-
sion of Ca-CI speciation in the fitting procedure.

Three main non-ideal effects. The non-ideal effects which contribute to activity
coefticients can be divided into three broad categories based on a simple model described
by Crerar (1973) and summarized by Wood et ai. (1984). These include ion association
(Y., short-range solute interactions), ion hydration (Yh, short-range ion-solvent interactions)
and electrostatic effects (Yo, long-range solute interactions). As shown in the insert, Part B,
of Figure 28, each effect can be represented by all activity coefficient Ye, Yh, and Y.; the
multiple Yo' Yh' Y. of these three coefficients gives the overall stoichiometric activity
coefticient Y±. Agreement between predicted and measured activity coefficients is surpris-
ingly good using hydration numbers derived by Marshall (see Marshall, 1972, and refer-
ences therein).

Because the physical model involved in our approach is too simplistic, we do not
recommend it for predicting activity coefficients; however, it is a very helpful way of
visualizing non-ideal processes in electrolyte solutions. Ion association and electrostatic
interaction both contribute activity coefficients less than unity, while hydration causes large
positive deviations, particularly at higher ionic strengths. At lower temperatures activity
coefficients for many salts reach values as high as 10-30, reflecting low electrostatic interac-
tion and ion-association, and high hydration. At temperatures above 300°C, activities fall
below 0.1-0.001 because electrostatic interactions and association have increased
significantly.

Minor components !!! concentrated solutions. The behavior of minor components in
concentrated salt solutions is a major, unresolved problem. All components, whether dilute
or concentrated, can have significant activity coefficients; this includes minor species such
as dissolved metal complexes as well as the major dissolved salts like NaCl. At present
there is no really adequate model for these minor species under the full range of ore-
forming conditions.

For highly dilute solutions (less than O.Olm ionic strength), the Debye-Hiickel (D-H)
equation can be used. This gives Ye' and the effects of association and hydration are
assumed insignificant by comparison. This might be appropriate with a low temperature,
relatively pure ground- or surface-water, for example, At high T and relatively low P
where the dielectric constant is minimized, ion association becomes most important and

neutral species such as Na Cl? or CirCl" predominate. Here the ionic strength (1/2 L mjZf)
may become sufficiently low that the D-H equation can be used again, provided that your
calculation includes all relevant association reactions (i.e., calculate ionic strength and
activity coefficients, use them to calculate association again and iterate to convergence).
The D-H equation has been recommended by Eugster (1986), for example, for high-T,
supercritical ore fluids. This might work to a first approximation, but does not take into
account the effect of hydration (which may be significant at low P and low dielectric con-
stant). It is also not clear how to treat neutral species under these (or any other) conditions,
since the D-H equation applies only to charged ions. Common recommendations are to
treat neutral species such as Naf.l? as ideal and to assign them unit activity coefficients
(e.g., Helgeson and Kirkham, 1981, p. 1478), or to treat them the same as CO2 dissolved in
a solution of the same ionic strength (Helgeson, 1969). Neither approach seems satisfac-
tory, since intermolecular interactions, hydration and even electrostatic effects (with polar
molecules) can be expected to vary with different species. At high ionic strengths, activity
coefficients of neutral species might rise above unity simply because the other ionic species
in solution are hydrated.

One point of related interest comes from a study of brucite dehydration by Barnes and
Ernst (1963). They showed that NaOH exists predominantly as a neutral ion pair above
400°C in hydrothermal solutions, and that it mixes approximately ideally with water above
500°C. This means that both water and NaOHo obey the Lewis fugacity rule, fj = Xrj
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(where fi is fugacity of i in solution, fOi is the fugacity of pure i at the same P and T, and
Xi is its mole fraction; see Nordstrum and Munoz, 1985, p. 148) This is convenient for cal-
culating activities of volatile components (like water), but does not help particularly with
NaOHo unless you know its fugacity at T and P. Also, components may mix ideally and
obey the Lewis fugacity rule without being ideal themselves: in the Barnes and Ernst exper-
iments, water fugacity differed from water pressure, hence neither H20 nor NaOH were
ideal (which would require fi = PJ

At any rate it appears that the simplest activity corrections may apply at the two tem-
perature extremes: dilute low-T solutions, and supercritical, high-T, lower-P fluids. The
truly difficult problem lies between these two limits; unfortunately these are precisely the
conditions expected for most ore fluids. Here, as we have already seen, speciation is most
complicated, and ionic strengths may still be quite high.

The approach most frequently used by geochemists over the past several decades for
calculating activities of minor components in concentrated salt solutions was suggested by
Helgeson (1969); this in tum was an outgrowth of earlier work by chemists such as
Scatchard and Harned summarized by Pitzer and Brewer (in Lewis and Randall, 1961, pp.
326, 578 and Appendix 4). A deviation function "B-dot" was defined as the difference
between observed and predicted activity coefficients for an electrolyte such as NaCl:

_ 10gy~bS + A IZ+Z_I ,JI/(1 + A B,JI)
B°(l) = t co -~-----~ = logy~~s. - 10g~:H (22)

Here the second term in the numerator is the D-H equation, A and B are D-H constants at
any T and P and A is an adjustable parameter specific to each solute (representing the "dis-
tance of closest approach of two ions"). In Helgeson's treatment, the true (association-
corrected) ionic strength 1 is used. According to our simple model above, association is
therefore accounted for in (22) and electrostatic interactions are partly included by the D-H
equation. B ° should therefore mostly represent hydration corrections and other left-over
non-ideal interactions not included in our model (solvent electrostriction and structural
changes, etc.).

Now (22) can be rearranged to give a guess at the activity coefficient of a minor
species (such as several ppm FeCI2+) in a strong salt solution (perhaps 2m NaCl):

-A IZ 12,JIlog Yi"inorspecies= -----~I~-- - + BO(l).!
1 + aiB,JI

(23)

Here, Yi is the activity coefficient for the minor component, Z, and a are for the minor com-
ponent (not NaCl), 1is calculated from the total salt concentration (and known association
constants and activity coefficients), and BO(f) for NaCI over a range of P and T is tabulated
by Helgeson (1969, and 1981, pp. 1345 and 1457). This presumes that the deviations from
the D-H equation are the same for minor species as for NaCl, and to a rough approximation
this might be so (for example, if removal of free water from the system by hydration of
NaCI is predominant, it would have roughly the same effect on the activity coefficients of
minor species as on NaCI). The problem is that FeCl+ is a very different entity from Na+
and CI- ions and will undergo different interactions, each capable of changing its activity
coefficient.

More recently, Helgeson et ai. (1981) have revised Equation (23) by splitting the BO
term into two parts:

(24)
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The first term here is the D-H equation again; r is a small correction to change from mole
fraction to molar concentration (Helgeson ct al., 1981, p. 1322); wjbNaCI is a hydration
parameter derived from the Born Equation (11); and all the rest accounts for remaining
non-ideal short-range interactions (and any other effects). The Born parameter Wj =

1.66027 X 105 Zllrej' and values of the Born ionic radius re,j are tabulated by Helgeson et
ai. (1981, p. 1304). Values of bNac1and bNa•CI-for NaCl to 500°C and 5 kbar are tabulated
on p. 1477 of the same article. The D-H parameters A and B are given by Helgeson and
Kirkham (1974, pp. 1202 and 1256).

This equation is more flexible than (23) but similar concerns still apply. As before,
the only parameter specific to a minor component (one other than NaCl) in (24) is the
radius re,j' Equation (24) is a major contribution and the best method available for estimat-
ing activities of minor components in the absence of direct experimental data. Unfor-
tunately, until such data appear we are left with considerable uncertainty in modeling mul-
ticomponent hydrothermal solutions.

Mineral solubility calculations from thermodynamic data

Geologists interested in the formation of a specific ore deposit commonly need to cal-
culate the mineral solubilities for the presumed conditions at the time of ore deposition.
This gives the saturation compositions of ore components in the solution and often provides
insight into deposition processes. This is also important for engineers working with geoth-
ermal reservoirs. There are many examples of such calculations in the literature, and the
following list is selected to cover some of the variations and complications that can arise:
see for example, Crerar and Barnes, (1976), Barton et al, (1977), Crerar et al. (1978),
Barnes (1979), Frantz et ai. (1981), Henley ct ai. (1984), Seward (1976, 1983, 1984), Hen-
ley (1985) and Ruaya and Seward (1986).

There are two fundamentally different ways of working through a solubility calculation
based on the available thermodynamic data. First, if you are lucky, you will find an accu-
rate equilibrium constant for a mineral dissolution reaction such as (20) above. In this case
you will need estimates for T, P, and for pertinent variables which appear in the equilibrium
constant (in this case, pH, oxygen and sulfur fugacity and total chloride). Finally, you will
have to estimate activity coefficients for each species. Using an equation such as (21),
which sums all the Reactions (20) for each of the different complexes (or values of n), you
then have an estimate of total metal solubility. NaCl activity has been measured to 350°C,
and if concentrations of other components are insignificant by comparison, then you know
the chloride activity coefficients (tabulated by Wood et aI., 1984).

The second approach is more difficult, and we will illustrate it with calculations being
completed currently by G. M. Anderson (Barrett and Anderson, 1987, and personal com-
munication). In this case data for a mineral solubility reaction such as (20) are not avail-
able. However, there do exist stepwise formation constants for aqueous complexes such as
(17), and data for the "solubility product" or equilibrium constant for the solubility Reaction
(18) forming the simple ion.

Anderson wanted to know the solubility of galena and sphalerite to 300°C. We start
with Seward's (1984) overall formation constants for PbS and Ruaya and Seward's (1986)
analogous constants for ZnS to 300°C:

(25)

Here parentheses denote acuviucs (so activity coefficients are included), and M stands for
either Pb or Zn. There is a separate formation constant (25) for each value of n (e.g.,

zscr', ZnCl°z, ... ,ZnCl~-n). Next, we obtain equilibrium constants from the compilation of
Bowers et ai. (1984) for the hydrolysis reactions

(M2+)(H2S)
KMS = (26)
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Adding Reactions (26) and (25) gives an expression for the total metal concentration:

(27)
n n

where we have divided the activities on the right hand side by the appropriate activity

coefficients to obtain concentrations. Substituting (25) and (26) for (M2+) and (MCl~-n)
into (27) gives

(28)

This is our desired expression for total concentration of Pb and Zn as a function of dis-
solved H2S, CI- activity and pH. This is also where the real problems start, since we now
need activity coefficients for all the quantities in parentheses and for all the metal species.
We outline the calculation here since it is so crucial,

The first problem is to calculate the true ionic strength. If we choose a total 3m NaCI
concentration, then true (association-corrected) ionic strength can be calculated from the
known dissociation constant of NaCIo (Helgeson et ai., 1981, pp. 1427 and 1428) and the
measured activity coefficients of NaCI (Wood et ai., 1984). The true ionic strength is
required by Equation (24) and sums the true concentrations of all ions, corrected for associ-
ation:

(29)

This is different from the stoichiometric ionic strength which presumes complete dissocia-
tion of all NaCl:

tot1= mNaCi (30)

There are both rigorous (and more tedious) and approximate (simpler) ways to calculate
true ionic strength, and we will illustrate the tedious way first.

The equilibrium constant for the association Reaction (14) of NaCl" is

K=
Yo

(31)
2

ffiNa+

Solving this for mNa gives

~

tot Yo-1 + 1 + 4KmNaCI--
- y+y-

mNa = I =
2K _2'<:__

Y+Y-
This can be solved initially by setting all activity coefficients equal to 1.0 (or by using the
measured stoichiometric coefficients at T, P and total NaCI concentration). With the new
value for I calculate new activity coefficients from Equation (24). Start the procedure over
again, using the new activity coefficients to calculate a better true ionic strength from (32),
and iterate to convergence. The difference between true and stoichiometric ionic strength is
considerable at higher T; such calculations show, for example, that at 3000 a 1m NaCI solu-
tion is 41% associated and a 3m solution is 57% associated.

(32)

There are two, simpler but approximate ways to calculate true ionic strength. The first
was suggested by Helgeson (1981, p. 162): approximate the true ionic strength by calculat-
ing stoichiometric ionic strength up to 300°C and 3m NaCI, since there is little effect on
calculated activity coefficients below this limit. The second assumes the ratio of the true to
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stoichiometric ionic strength stays fairly constant over small ranges of concentration and
uses the following equation (Helgeson, 19!D, p. 162):

yffl
I = I + .._

KnYn

If you want to calculate the true ionic strength of a 3m NaCl solution, substitute 3 for I to
give I. Then the desired true ionic strength is given by scaling total molality according to
the ratio 1/1 x 3 = desired true ionic strength. This can also be solved by iterative interval-
halving on j for an exact solution.

With the true ionic strength estimated, Equation (24) can now be used to calculate
activity coefficients of individual species for use in Equation (28). For this you will need

(33)

the ionic radii re.j. These are available for everything but the PbCl~-n complexes for this
particular example. However, these too can be estimated from correlation plots between re.j
and ionic entropy given by Helgeson et al. (1981. pp. 1302 and 1303). In this case, the
necessary entropies of Pb and Zn chloro complexes can be taken from Seward's (1984) and
Ruaya and Seward's (1986) data, respectively.

How accurate are calculated solubilities?

At this point the solubilities of galena and sphalerite can be calculated from Equation
(28). Calculated results are shown in Figure 29 where they are compared with actual meas-
ured solubilities by Barrett and Anderson. There is good agreement between observed and
predicted solubilities at 25°C, but calculated solubilities are roughly an order of magnitude
higher than observed values at 80°C. Both the theoretical calculations and the experimental
measurements are arguably state-of-the-art. Hence this probably represents the minimum
difference or error we can expect between observed arid calculated properties at the present
time. There are many sources of potential error, including any of the equilibrium constants
used in the calculation as well as errors involved in using Equation (24) for the activity
coefficients of minor species in concentrated NaCI solutions.

Estimating chemical conditions !!! mineral deposits

As we have seen, solubility expressions such as (21) and (28) require knowledge of
variables such as pH, oxygen and sulfur fugacities, T, P, chloride concentration and so on.
With mineral deposits the original solution has long since disappeared (with the important
exception of lluid inclusions), but many of the chemical properties at the time of deposition
can be estimated from the minerals themselves. Fluid inclusions can provide important
information on many of these parameters, and are the most commonly used method of
estimating temperature and chloride concentration (see reviews by Roedder, 1979; Hollister
and Crawford, 1981; and references therein).

Another common approach is to use coexisting minerals to provide estimates of chem-
ical conditions at the time they were formed. Here you must be careful to show that equili-
brium was attained for each assemblage used. Of course, different minerals may have
appeared at different times so textures must be studied quite carefully. We will use Figure
30, a phase diagram by Crerar and Barnes (1976), to illustrate the method. Referring to the
stability fields in this figure you might argue that many porphyry type deposits contain bor-
nite, pyrite, chalcopyrite, but no graphite or native sulfur. Often calcite, barite and/or anhy-
drite appear to have been mobile (depositing and dissolving), and the ores frequently form
where K-feldspar has altered to muscovite (sericite zone). This is a simplification because
these minerals probably did not deposit simultaneously. However, it does suggest some
reasonable chemical limits for an ore-forming lluid: This would be somewhere near the stip-
pled center of the diagram, constraining pH (slightly acid), oxygen fugacity (about 10-37),
sulfur fugacity (average 10-") and so on. We have contoured pyrite solubilities as ppm Fe
in this region of the diagram; according to Reaction (18) if we decreased total dissolved
sulfur to 10-2 m, iron concentrations would increase 100 times, which gives quite
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Figure 29. Comparison of calculated and measured Zns
and PbS solubilities in 3 m NaCl solutions at H2S-
saturated pressures as a function of pH and temperature.
From T.1. Barrett and G.M. Anderson (personal commun-
ication).
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Figure 30. Oxygen fugacity versus pH stability fields of Cu-Fe-S-O minerals, plus calcite, barite, anhydrite, gra-
phite, sericite (muscovite). and aqueous sulfur species at 250°C. Drawn for total S ~ 0.1 m: B.2+ ~ 10-3 m; total
carbon ~ 0.1 m; K+ ~ 0.5 rn: Ca'" ~ 0.1 m. The stippled region is the "most probable ore fluid" for porphyry depo-
sits discussed in the text. Pyrite solubility is contoured as ppm Fe within this region based on data in Crerar et al.
(1978). Pyrite solubility increases 100-fold for a IO-fold decrease in total dissolved sulfur. Revised from Crerar
and Barnes (1976).
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respectable solubilities of 1 to 1000 ppm Fe in the stippled field. One of the best examples
of this kind of reasoning is the study by Barton et al. (1977) of the Creede ore deposit. A
similar approach is often used with active geothermal reservoirs where deep hydrothermal
waters can often be sampled directly; in such cases solution chemistry can sometimes be
described in considerable detail (see Ellis and Malton, 1977, p. 101, and Ellis, 1979, for
examples),

The variables chosen as axes for these diagrams should depend on what you know
about the system or wish to describe. For example, if the deposit contains many sulfide and
oxide minerals, oxygen and sulfur fugacity would be useful coordinates. If some informa-
tion is available on dissolved components, activity ratios of cations can be very helpful.
Details on the calculation of such diagrams are given by Holland (1959), Barnes and Kul-
lerud (1961), Garrels and Christ (1965, Ch, 10), Barton and Skinner (1979) and Stumm and
Morgan (1981, Ch. 9). An extensive compilation of activity diagrams to 5 kbar and 600°C,
together with thermodynamic data used in their calculation, has been provided by Bowers et
al. (1984),

A third, important class of techniques for estimating the physical and chemical param-
eters of ore deposition requires isotopic analyses, Since this could be (and is) the subject of
several books, we will only recommend several comprehensive reviews for the details,
First, isotope ratios between coexisting minerals can be used to estimate deposition tem-
peratures (provided the minerals equilibrated). The most useful isotope geothermometers
have proven to be 180/160, summarized by Taylor (1979), and 34S/32S (Ohmoto and Rye,
1979). With sulfur and 13C!12C isotopes it is often also possible to trace the evolution of
pH and oxygen fugacity of ore-forming fluids throughout the period of active ore deposi-
tion; this was discovered by Hiroshi Ohmoto (1972), In conjunction with the other methods
outlined in this section and information on mineral solubilities, the isotope record often pro-
vides remarkably detailed information on the chemical history of ore deposits (for some
examples, see Rye and Ohmoto, 1974).

PART III. FORMATION OF PRIMARY AND SECONDARY ORE DEPOSITS

PRIMARY ORE DEPOSITION

Up to this point, we have been primarily concerned with generation and transport of
ore components in hydrothermal solutions, We now consider the reverse problem, that of
precipitating ore minerals from solution. There are many possible precipitation processes,
many of them interrelated, The list includes: decreasing solubility by decreasing tempera-
ture; decreasing solubility by raising pH; decreasing ligand concentration (by dilution with
groundwater); boiling; reaction with reduced sulfur; and changing oxygen fugacity.

Initial acidity

Starting with a nigh-T vapor phase which has just exsolved from a magma, we have
seen that it is likely to be charged with ore components, as well as acidic components such
as H'Cl". Most species should be electrically neutral and associated at these temperatures,
The exsolving solution will also contain dissolved sulfur, which you will recall partitions
about as strongly as Cl from magma into vapor. The initial oxidation state of this exsolved
sulfur depends on the oxygen fugacity at magmatic temperatures; for all natural mineral
buffers (such as hematite-magnetite, 2Fe304 + 1/2 O2 = 3Fe203) oxygen fugacity increases
exponentially with temperature (see tabulation by Huebner, 1971). The oxygen fugacity of
rhyolitic and dacitic lavas summarized by Carmichael et al. (1974, p. 330) fall between the
QFM and HM buffers with values on the order of 10-11_10-15 bars. For a similar argument,
see Henley et al. (1984, p, 156). Figure 30 provides a dramatic contrast with the oxygen
fugacity of roughly 10-34_10-37 bars estimated for a porphyry-type ore environment at
250°C, Under these magmatic conditions, much of the exsolved sulfur may be oxidized to
S02' Burnham (1979), for example, estimates that about 50-90% of the ex solving sulfur
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will be oxidized by reactions such as

SH;;,elt + 50H;;;elt = 3 O~~lt + S02,vapor + 3 H2,vapor (34)

This S02 has considerable acid potential too (like undissociated HClO), and as temperature
falls it should hydrolyze, producing H2S and H2S04 in a 1:3 ratio by the Reaction (Holland
and Malinin, 1979):

(35)

The ionization constant of H'Cl? also increases exponentially at lower temperatures (Fig,
20) so considerable acidity can be generated by both sulfur and chlorine as our ex solving
solution cools,

Sulfur

Reaction (35) has immediate implications for ore deposition: Reduced sulfur will pre-
cipitate metal sulfides, The sulfate is the probable source of barite and particularly anhy-
drite which can be quite abundant in higher-T alteration zones (notice that the stability lines
for both minerals pass through the center of our "most probable" porphyry ore fluid zone on
Fig, 30). Eugster (1985, p. 20) summarizes isotopic evidence that "most or at least some of
the sulfur in Sn-W deposits" associated with granites came from the original magma. The
country rock itself is the only other possible source of sulfur. This could be derived in part
from evaporitic sulfates (e.g. the carbonate-hosted Sn-W Dachang ores of SE China, Eug-
ster, 1985; sulfide deposits in the Red Sea brines, Shanks and Bischoff, 1977), or from
disseminated sulfide and sulfate minerals in adjacent wall rocks. Thermal or bacterial
degradation of organic components is often invoked as the source of reduced sulfur for
lower temperature sediment-hosted deposits such as the Mississippi Valley-type Pb-Zn ores
(see review by Anderson, 1975). H2S-charged brines and gas pockets are relatively com-
mon in deep sedimentary basins; mixing with metalliferous chloride brines could produce
the sulfide deposits characteristic of the rims of large sedimentary basins (Jackson and
Beales, 1967). There is no doubt about the sulfide-rich rims, but whether or not this mixing
process really happens has been a topic of great debate and considerable interest for many
years (for a critical review read Sverjensky, 1986),

Q!! and alteration reactions

Almost all ore mineral precipitation reactions such as

(36)

not only generate acidity (H+), but are actually driven to the left by acidity. (Notice on Fig,
30 that pyrite solubility increases by two orders of magnitude for each unit decrease in pH).
This is certainly a complicating factor since we have just observed that ore solutions should
become increasingly acidic as they cool. Reaction (35) generates three times as much sul-
furic acid as H2S (and even H2S is a weak acid), and the ionization of HCl'' with decreas-
ing T compounds the problem, We clearly need some means of titrating out the acidity of
cooling hydrothermal solutions if ore minerals are to precipitate at all,

This problem was resolved with the work of Julian Hemley (1959; Montoya and Hem-
ley, 1975) and many others since (summary by Rose and Burt, 1979). The minerals of the
host rocks themselves react with these corrosive ore fluids. Many of these wall-rock altera-
tion reactions consume acidity with the minerals acting as proton sinks or Brensted-Lowry
bases. This can produce an enormously complex assemblage of changing alteration zones
around and within large pluton-related deposits, For example, in the typical porphyry
copper deposit, a central potassic zone of biotite-orthoclase alteration grades outward
through quartz-sericite to sericite-kaolinite and finally to propylitic chlorite-epidote-calcite
zones; primary copper sulfides are commonly most abundant in the sericitic zone near the
potassic core (Lowell and Guilbert, 1970; Crerar and Barnes, 1976). Silicate alteration is
typified by the orthoclase-sericite-kaolinite reactions:
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3 KAlSi30g + 2H+ = KAI2AlSi30IO(OHh + 2K+ + 6Si02
orthoclase sericite

(37)

2 KAI2AlSi)0 IO(OHh + 2 H+ + 3 H20 = 3 AI2Si205(OH)4 + 2K+
sericite kaolinite

Equilibrium constants for these two reactions have been measured by Montoya and Hemley
(1975) both in terms of total mKCI/mHCI and the activity ratios (37) and (38) (both are
necessary since the degree of ionization of KClo and HClo increases at lower temperatures).
Given an estimate for K concentration and temperature, the pH of the ore fluid can be cal-
culated from these constants, The vertical arrows on Figure 30 delimiting the fields of
orthoclase, sericite and kaolinite alteration were derived this way. Equilibrium constants for
many alteration reactions have been tabulated by Frantz et al. (1981) and Bowers et al.
(1984),

Alteration processes such as (37) and (38) continue down to the lowest ore-forming
temperatures and play an important role in supergene, freshwater, and marine environments.
At lower temperatures these are usually thought of as weathering reactions, and are dis-
cussed in detail in the low-temperature aqueous literature (e.g., Stumm and Morgan, 1981,
Ch. 9; Morel, 1983, en. 5).

Ore mineral deposition in an alteration environment probably proceeds by two
mechanisms, both of which can produce replacement textures, First, the wall rock minerals
themselves might react with ore lluids, raising pH and thereby driving precipitation reac-
tions such as (36). The second possibility is that the mineral precipitates in response to
some other stimulus; with Reaction (36) this might be decreasing T or chloride activity, or
increasing oxygen fugacity or H2S, Sulfide precipitation releases protons (2 moles of H+
for every mole of pyrite deposited), which then react with host rock minerals. For a precip-
itation reaction such as

ZnClo2 + H2S -7 ZnS + 2HClo

the total reaction in carbonate host rocks might be:

ZnClo2 + CaC03 + H2S -7 ZnS + CaClo2 + H2Coo3
calcite sphalerite

(39)

(40)

or, in silicates:

ZnClo2 + 3KAISi30g + H2S -7 ZnS + KAl1Si30IO(OH)z + 6Si02 + 2 KCl" . (41)
orthoclase sphalerite muscovite

The field record indicates that these are very important, common causes of ore mineral
deposition, Sulfide/silicate or sulfide/carbonate replacement textures are very common;
large hydrothermal deposits related to igneous plutons are almost invariably associated with
extensive wall rock alteration .

.P!::! buffer capacity. This is an important control on the potential for corrosion or
mineral deposition which has not received much attention to date, pH buffer capacity is
defined as the increment of acid or base that causes unit change in pH. A hydrothermal
solution with a high buffer capacity will resist change in pH during wall rock alteration and
mineral precipitation reactions; it will be highly corrosive and will show less tendency to
precipitate metallic minerals. Crerar ct al. (1985) have calculated the pH buffer capacities
of some idealized ore fluids: these vary by 5 orders of magnitude, from simple quartz-
saturated NaCI solutions (low buffering) to high-T seawater and basic NaCI-NaHS solution
(highest). Many calculated buffer capacities also increase exponentially with temperature.

The geological ramifications are considerable. Weakly buffered systems which react
with wall rocks will become basic more quickly and will rapidly deposit metals via reac-
tions such as (39), If the same solutions do not react with wall rocks, the precipitation of a
trace of metal (same reaction) will lower pH and metals will stay in solution, so the altera-
tion reactions are necessary for ore deposition. Our calculations suggest that the NaCl-rich
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ore fluids associated with felsic plutons are weakly buffered and that they rapidly precipitate
copper, molybdenum and other sulfide ores in response to extensive wall rock alteration
reactions at moderate to high temperatures. As temperature falls, the buffer capacity of
these same solutions becomes even less and most metals are probably dumped before the
solutions become too cool to react quickly with wall rocks. In contrast, fluids in carbonate
terranes are highly buffered by the H2C03-HC03-conjugate pair; this helps explain how
Mississippi Valley-type ore fluids can travel great distances without precipitating much
metal; it also suggests that in this case metals may be precipitated by something other than
a pH change (for example, meeting H2S brines). Finally, seawater heated above 200°C has
a very high buffer capacity, and also becomes acidic at elevated temperatures (Bischoff and
Seyfried, 1978), both of which make it very corrosive; this is why circulating hydrothermal
systems at oceanic spreading centers are so effective at leaching metals up and out of the
oceanic crust. This is now recognized as a major control on the Chemistry of the world
ocean and a likely cause of many massive sulfide deposits (see Von Damm et aI., 1985a,b;
Bowers et aI., 1985 and references therein).

Boiling

Extremely high salt concentrations (roughly 40 wt %) and variable liquid/vapor ratios
are not uncommon in fluid inclusions (e.g., Roedder, 1979) and suggest the solution was
boiling at the time of entrapment. There are many known geothermal reservoirs which
discharge steam and boil at depth (Lardcrello, The Geysers, Matsukawa, and others
described by Ellis and Malton, 1977, p, 52). Hydrothermal fluids appear to have boiled in
specific deposits ranging from porphyry copper-molybdenum and tin-tungsten ores to
silver-gold and polymetallic vein deposits (summarized by Drummond and Ohmoto, 1985),

Physical models for convective now around plutons, such as Figure 10 indicate boiling
regions (see Cathles, 1977; Henley and McNabb, 1978). The "vapor" region shown in Fig-
ure 10 above the pluton is actually generated under supercritical conditions for pure water
(so is not true boiling). However, addition of only 10 wt % salinity extends the boiling
region (critical curve) so that boiling occurs for the same conditions, The computed life-
time of these vapor-dominated regions is less than 5,000-10,000 years, so if the computa-
tions are physically realistic, boiling is geologically short-lived,

The qualitative model for ore deposition in boiling systems is clearly outlined by Bar-
ton et al. (1977) for the Creede polymetallic vein deposits (see also Slack, 1980):

"The ores were deposited from a freely convecting hydrothermal system that probably
was initially charged by meteoric solutions, although the salts, metals, and sulfur may
well have been derived from deeper sources. The circulating solutions deposited
gangue and ore minerals near the top of the convecting cell in a hypogene enrichment
process that extracted metals and sulfur from whatever sources were available at depth
and swept them toward the surface. Boiling, with the loss of acid components (H2S
and CO2) which recondensed in the cooler overlying rocks, led to the formation of an
intensely altered sericitic capping above the ore. Precipitation of the ore is attributed
to cooling and perhaps to a slight pH rise complementary to the loss of acid consti-
tuents through boiling."

The possible relation between boiling and ore deposition has now been modeled quan-
titatively by Drummond and Ohmoto (1985). In their work the essential features of the
Creede model remain unchanged, except that the effect of boiling on pH is even greater
than previously envisioned. Because natural hydrothermal solutions are complicated, mul-
ticomponent systems, the detailed behavior is highly dependent on solution composition.
The effects are most pronounced for open, saline systems at lower temperatures with ini-
tially high COVH+ and COzlS04 ratios. The predominant volatile components partition
from the liquid into a boiling vapor phase in the order H2>CH4>C02>H2S>S02' While the
computed results vary considerably with initial composition, the computation shown in Fig-
ure 31 is not atypical. Here you can see that the first 5% boiling (5% liquid converted to
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vapor) raises pH roughly 1 unit, which in tum precipitates most dissolved metals. The
effect is highly temperature-dependent, and all changes are maximized at about 300°C.
Drummond's model shows that typical boiling hydrothermal solutions should lose most of
their volatile components to the steam phase and precipitate most of their metals by the
time the volumes of vapor and liquid are equal; this occurs at 1, 2, 5 and 10% boiling at
2000, 2500, 3000 and 350°C, respectively. Obviously, boiling can be a powerful deposition
mechanism, for those circumstances where it occurs. It remains to be demonstrated how
common this is geologically, since not all systems are sufficiently hot and shallow, and/or
sufficiently saline, to boil, and when this does occur, hydrodynamic models indicate boiling
is relatively short-lived.

Remaining deposition controls

The remaining controls seem rather obvious at first sight, but even here there are
potential complications, suggesting enough interesting research directions to keep us all
occupied for years, It is unreasonable to think that any one deposition mechanism predom-
inates, and in fact, it is likely that some or all are important to varying degrees in different
environments.

Temperature. This seems the most obvious control since the solubilities of most ore
minerals decrease at lower temperatures, Based on measured solubilities of chalcopyrite,
pyrite and bornite, the concentration of CtrCl" should drop two orders of magnitude from
3500 to 250°C in the center of the "average" ore lluid zone of Figure 30, and Fe concentra-
tions should fall roughly an order of magnitude. For this reason, Crerar and Barnes (1976)
suggested that the general, large-scale deposition of porphyry coppers might be attributable
to decreasing temperature, with wall rock alteration and increasing pH being a secondary
cause of local, highly disseminated precipitation. That idea lasted one year, until Larry
Cathles (1977) argued that porphyry copper ore shells are not very thick (averaging about
200 m thickness by 1 km depth) and that the temperature gradients across such zones are
probably too small (or too short-lived) in Circulating systems to be the major cause of depo-
sition, His preferred mechanism was boiling, but we have just pointed out some possible
objections to that theory, too.

Dilution. The argument here is that dilution by relatively pure ground waters entrained
in a more saline, convecting hydrothermal system decreases ligand concentrations, driving
precipitation reactions such as (36) to the right. A pronounced decrease in the chloride con-
centrations of tluid inclusions at greater distances from intrusive source rocks is commonly
observed (see references in Crerar and Barnes, 1976), but this does not necessarily imply a
cause-and-effect relation with ore deposition. If the pluton was the source of chloride then
such gradients are expected. Dilution also reduces metal concentration (and degree of
saturation) as well as that of other species such as H2S; if a I:1 complex such as FeCI °
predominates there should be no net result. If complexes with higher ligation numbers
predominate, then precipitation might be possible, and becomes more probable if the
entrained solutions also decrease temperature or raise pH.

Oxygen fugacity. The oxygen and sulfur fugacities of typical mineral buffers increase
exponentially with temperature (Eugster and Wones, 1962; Huebner, 1971; Barton and
Skinner, 1979), In our discussion of initial acidity above, we observed that oxygen fugacity
drops by about 20 orders of magnitude from magmatic temperatures to 250°C in porphyry
systems. Many mineral dissolution reactions such as (36) are dependent on oxygen (or
hydrogen) fugacity, so it seems reasonable to expect a profound effect on solubilities. Oxy-
gen fugacity has opposing effects on different minerals as illustrated by magnetite and
pyrite dissolution:

FeS2 + 2H+ + 112O2 = Fe2+ + S2 + H20 ;
pyrite

113 Fe304 + 2H+ = Fe2+ + H20 + 1/6 O2
magnetite

(42)

(43)
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Figure 31. Change in metal and proton concentrations as a function of boiling for an open hydrothermal system at
300°C. The % boiling axis represents the wt % liquid converted to steam. Drawn for total carbonate ~ 3 m, and
total sulfate ~ 3 x 10-9 m. Solubility data are summarized by Drummond and Ohmoto (1985). Diagram from
Drummond and Ohmoto (1985).
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Figure 32. Solubilities of pyrite and magnetite versus Iff for different oxygen fugacities in pure water. (A) Pyrite
solubility when oxygen fugacity is buffered by pyrite + pyrrhotite + magnetite. (B) Pyrite solubility at constant
log f(O:,) ~ -43.9. (C) Magnetite solubility at constant log f(02) ~ -43.9. (D) Magnetite solubility when oxygen
fugacity is buffered by pyrite + pyrrhotite + magnetite. Solubility data from Crerar et aI. (1978) and original
diagram from Crerar et al. (1985).
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The combined effects of oxygen fugacity and temperature on solubilities of both minerals
are illustrated in Figure 32 (from solubility studies by Crerar et aI., 1978), Curves B and C
are for constant oxygen fugacity while A and D represent the fugacity change of the pyrite
+ pyrrhotite + magnetite buffer with temperature. The oxygen fugacity of this buffer
increases roughly 13 orders of magnitude between from 2000 to 350°C. Despite the reverse
sense of oxygen in Reaction (43), magnetite solubility increases with temperature for both
cases (the equilibrium constant for this reaction increases sufficiently with temperature to
outweigh. the opposing effect of higher oxygen fugacities). However, the solubilities for
curve D (increasing oxygen fugacity) fall to 1% of that for C (constant oxygen) by 350°C.
For pyrite, the effects are reversed and more pronounced, with concentration increasing
100-fold to 350°C for A (increasing oxygen) and decreasing enormously at constant oxygen
fugacity. In general, the solubility of minerals such as gold, pyrite and molybdenite (for
which solubility increases with oxygen fugacity) should increase dramatically with tempera-
ture, This helps explain the sharp rise in solubility of minerals such as gold with tempera-
ture (Fyfe and Hemley, 1973; Seward, 1983) and is consistent with the common occurrence
of metals such as Au, Mo and Cu in higher-T deposits. Minerals such as cassiterite (Sn02)
and magnetite which show the reverse trend (since dissolved species are more reduced than
the minerals) pose a different problem; here solubilities can decrease at higher oxygen fuga-
cities (hence at higher T if the same mineral assemblage controls oxygen fugacity at all
temperatures), See, for example, the data for cassiterite (Sn02) solubility summarized by
Eugster (1986), and the study of magnetite solubility under supercritical conditions by Chou
and Eugster (1977).

Natural processes responsible for sulfide precipitation are complex, and depending
upon specific circumstances, an array of mechanisms such as boiling or variation of sulfide
solubilities with temperature may operate, However, in the absence of fluid inclusion data
indicating boiling or strong temperature gradients, it is likely that alteration reactions are
necessary to explain the observed metal concentrations within ore zones, Genetic and spa-
tial associations of hydrothermally altered wall rocks and fracture- controlled sulfides are
common (Meyer et aJ.,1968; Brimhall, 1977) indicating the importance of irreversible reac-
tions between ore-forming solutions and surrounding wall rocks to the final deposition of
sulfides. Circulation of hydrothermal fluids through previously-mineralized wall rocks
occurs frequently in nature and is the norm not the exception.

Multi-stage mineralization and ore metal remobilization

Field studies of hydrothermal mineralization in porphyry systems have shown that pri-
mary mineralization, that is ore which is unoxidized by chemical weathering, is generally
composed of superimposed networks of veins and veinlets which control alteration patterns,
either in halos around individual veins or pervasive zones in regions of high fracture den-
sity. The fracture networks and corresponding alteration is formed during single or multiple
hydrothermal events, each of which can be attributed to the intrusion, convective fluid cir-
culation, and cooling of a specific parent pluton (Meyer et al., 1968; Lowell and Guilbert,
1970; Gustafson and Hunt, 1975; Brimhall, 1977 and 1979).

Ore metal remobilization versus introduction. Certain systems, particularly porphyry
molybdenum deposits often have multiple intrusions, each having localized ore grade
mineralization (Wallace et aI., 1968) near the apex of each successive intrusion as at
Climax, Colorado. Field and petrographic evidence strongly suggest that each intrusive
released its own ore-forming fluid, In contrast, copper rich porphyry systems seldom have
as many mineralized plutons as in the molybdenum systems. In fact in copper systems
driven by only a single thermal event, the nature of mineralization and alteration may
change drastically during the cooling history with the incursion of meteoric water. The
superposition of phyllic (sericite-bearing, biotite destructive) alteration on earlier, higher
temperature potassic alteration assemblage (biotite, muscovite, and alkali feldspar) is due to
this late-stage modification of the ore- forming hydrothermal fluid (Taylor 1979),

Ore metals are clearly first emplaced locally in a district from saline magmatic aque-
ous fluids through circulation in the highest temperature vein networks and biotitic igneous
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breccias which control potassic alteration, With cooling and dilution by meteoric water, the
ore-forming aqueous fluids become highly acid and circulate more extensively than before.
Intense hydrolysis reactions pervade the wall rocks as well as the earlier, sulfide- bearing
potassium silicate altered proto- ore (protore). At this stage, the source or sources of
metals is difficult to ascertain, The basic question is whether or not ore metals in veins
within phyllic alteration halos were derived by dissolution of earlier sulfides related to
potassic alteration mineral assemblages, or whether they were simply scavenged by circula-
tion of late hydrothermal fluids through ordinary urrmineralized wall rock, The former
mechanism is referred to as ore metal remobilization, the latter as scavenging. Both
processes actually involve remobilization, but the former mechanism refers to extraction of
metals from a previously mineralized state, rather than from ordinary wall rocks. In actual-
ity, both mechanisms may occur, and given the enormous size of hydrothermal convection
cells, the possible source regions for metals is not only gigantic but potentially quite varied
as well. Resolution of this question is important as it relates to two of the most fundamen-
tal aspects of understanding ore fluids: the source of metals and their behavior during super-
position of hydrothermal circulation systems.

Relationships of wall rock alteration !Q mineralization, Assessment of the effects of
superposition of young hydrothermal events upon pre-existing protores can only be
addressed from a practical standpoint within available exposures in mines. The deep
reaches of convective systems are therefore rarely accessible as they are low grade, and
hence are of little interest to mine operators. This leaves only three possibilities for
addressing the issue of remobilization: (1) petrologic and geochemical analysis of the few
optimal mining exposures where source regions of metals have been recognized, (2) theoret-
ical analysis using irreversible chemical thermodynamics to model multi-stage mineraliza-
tion, and (3) experiment. In all cases, the essential question is the net effect that superim-
posed alteration reactions have on protore sulfide, silicate, and oxide mineral assemblages,
There is much evidence to suggest that hydrothermal remobilization and redistribution is
common, at least for copper. Molybdenum, tungsten, and tin have received much less
attention is this respect. The varied array of copper sulfides (chalcopyrite, bornite, chalco-
cite, and digenite) which are known as hydrothermal products and the thermochemical con-
ditions of their stability may contribute to the relative mobility and complex history of
copper in contrast to molybdenum and tungsten,

Hypogene leaching. Lacy and Hosmer (1956) recognized evidence suggesting the
leaching of metals during hypogene mineralization at Cerro de Pasco, Peru. This important
discovery opened the way for pursuing the behavior of metals during multiple hydrothermal
events and for improving understanding of the space-time patterns, relationships of mineral-
ization to alteration, plutonism, and temporal evolution of fluid composition. Continued
pursuit of this problem has been possible in the extensive exposures in the Butte Mining
District of Montana where multi-stage mineralization was recognized (Meyer et aI., 1968),
Here a large fissure vein system with phyllic and argillic alteration, the Main Stage, was
superimposed upon a pre-Main Stage ore, a fracture-controlled disseminated chalcopyrite-
pyrite-magnetite porphyry copper deposit with potassic alteration containing secondary
biotite. The late veins are particularly well-developed as mineralization was syntectonic
with regional compressive stress during Laramide thrusting and folding (Woodward, 1986),
producing high fracture permeability and intimate fluid/rock interaction. Using the concept
of reaction progress (De Donder, 1928, 1936; Prigogine, 1955; Helgeson, 1968) for moni-
toring the net extent of Main Stage alteration and mineralization effects on the pre-Main
Stage protore, Brimhall (1977) developed a lithologic method for evaluating the transfer of
metals between an early type of mineralization and a later ore-forming fluid with subse-
quent precipitation of sulfides,

Chalcopyrite abundance, determined from quantitative modal analysis on heavy
mineral separates, can be used to monitor the amount of Main Stage reaction progress. Fig-
ure 33 shows the progressive leaching of chalcopyrite, destruction of pre-Main Stage
mineral assemblage (biotite, magnetite, hematite, orthoclase), and the precipitation of Main
Stage ore minerals (enargite, covellite, digenite, chalcocite, quartz, and pyrite, From this
lithologic analysis, it is clear that phyllic (sericitic) alteration can leach copper from
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chalcopyrite-bearing potassic alteration assemblages. Hence, the pre-Main Stage minerali-
zation serves as a protore for leaching copper which is remobilized and reprecipitated dur-
ing Main Stage hydrothermal mineralization.

Thermodynamic modeling of hypogene oxidation and sulfidation: effects of magmatic
volatiles on hydrothermal fluids and protores. Thermodynamic modeling of the copper mass
transfer process described is possible using standard thermochemical data available in SUP-
CRIT (Helgeson et al., 1978) in conjunction with numerical modeling programs to simulate
the irreversible reaction chemistry (Wolery, 1979), First, phase equilibria are examined
which are relevant to the mineral assemblages present in the potassic alteration protore.
Second, the end product Main Stage mineral assemblage is characterized in terms of its
equilibrium fluid composition at conditions typical of vein formation (300°C and 1 kbar).
The protore mineral assemblage chalcopyrite, pyrite, biotite magnetite is the starting point
for the Main Stage reaction path which leads ultimately to the mineral assemblage
chalcocite-covellite-muscovite-alunite as seen in Figure 33, an oxygen-sulfur fugacity
diagram (Holland, 1959, 1965; Meyer and Hemley, 1967; Brimhall, 1979, 1980). While the
pre-Main Stage assemblage formed at much higher temperatures, near 650 °C, Main Stage
reactions proceeded at a lower temperatures, near 300°C, based on fluid inclusion homoge-
nation temperatures, The Main Stage fluid, in the areas of most intense alteration, is in
equilibrium with the advanced argillic assemblage (alunite, muscovite, kaolinite, quartz),
often with covellite and chalcocite (Hemley and Jones, 1964; Meyer and Hemley, 1967;
Hemley et al., 1969; 1980). It is clear in Figure 34, that this high fs, fluid composition is at
considerable disequilibrium with respect to the chalcopyrite-pyrite-biotite-magnetite protore.
The highly acid fluids of the Main Stage were probably generated by degassing of late
volatile-rich magmas, volatile condensation, ionization, and subsequent hydrothermal
metasomatic reactions between protore, magmatic gasses (S02 and H2S), and ground water
(Brimhall and Ghiorso, 1983; Head et aI., 1987).

Destruction of wall rock buffer control: the role of biotite. The isothermal calculation
of the reaction path is shown in Figure 34 extending from the protore containing chalcopy-
rite along the pyrite- magnetite phase boundary, along magnetite-hematite, then along
chalcopyrite- hematite, finally leaving the chalcopyrite field and arriving ultimately at the
covellite-chalcocite boundary in the presence of alunite-muscovite. Upon leaving the chal-
cocite field, an interval of the reaction path is attained over which the fluid is not in equili-
brium with any copper-bearing sulfide, The copper released from the dissolution of chal-
copyrite is all contained in the fluid phase. This is thermodynamic confirmation of copper
leaching from the protore, To understand the phase equilibria involved it is useful to intro-
duce the aH,S,." and aFel+/aCu.variables. Figure 35 presents phase diagrams at different aH,S,
and shows how the biotite stability field is limited to log aH,S values less than -0.5. The
composition of the protore is shown in Figure 35d which, given the sulfide-ox ide-silicate
assemblage present, buffers the log fo, at a value of -33. In contrast, the Main Stage fluid
shown in Figure 35f, has a log fo, at a much higher value, -29. The role of biotite in
buffering the oxygen fugacity, and tending to keep it at a low value in equilibrium with the
protore is evident in Figure 35d. Figure 36 shows the dramatic effect of H2S fugacity on
the equilibria, especially the Fe to Cu activity ratio in the fluid, This figure is a plot of the
triple points shown in Figure 35.

Combining Figures 35 and 36 in Figure 37 conveniently shows the region occupied by
biotite, a domain characterized by a high aFe,./aCu. and low fH,s and fo" The pyrite-
chalcopyrite-orthoclase-biotite protore assemblage plots directly on the upper and outer
phase boundary of biotite. At higher values of fo" magnetite is stable instead of biotite,
The computed Main Stage reaction path departs this protore composition only when biotite
is destroyed by hydrolysis reactions in which muscovite (sericite) is produced, At this
point, the buffering effect of the protore assemblage to maintain an equilibrium fluid com-
position is eliminated, and the fluid composition is free to evolve towards the Main Stage
lluid, a composition rich in aqueous H2S and Cu (AA for advanced argillic .assemblage).
Over this path leading up to the advanced argillic assemblage, the fluid becomes progres-
sively more oxidized and sulfidized. This assemblage is attained in nature only in the
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Figure 37. Calculated reaction loop for growth of Main Stage hydrothermal veins from Potassic alteration protore
which plots at point I on the phase boundary of annite-chalcopyrite-orthoclase-pyrite. Biotite (annite component)
is restricted to the upper left portion of the diagram at high aqueous Fe/eu ratios and low activity of H2S. Oxygen
fugacity contours are shown. Above a log fugacity of oxygen of -33, annite is unstable. yielding to magnetite,
orthoclase, and water. Biotite imposes strong buffering effects on reacting fluids, and until it is destroyed, fluid
composition is largely fixed. Upon alteration of biotite by sericitization, the reaction path proceeds to the
advanced argillic composition (alunite, muscovite, kaolinite) (AA), as magmatic volatiles are released and ionize
reacting with the protore. With cessation of magmatic gas contamination of the hydrothermal fluid, reaction occurs
between the advanced argillic fluid and the protore along the mineralization path. In contrast to the oxidation-
sulfidation path leading the the AA fluid over which copper is leached, the mineralization path precipitates ore
sulfides. These are the Main Stage Veins. Their copper has been remobilized from the older disseminated chal-
copyrite prorore. From Brimhall (1980).

regions of most intense fluid circulation, at the veinward edge of alteration halos, or in
regions of highest fracture density within or near the parent pluton.

There are two parts to the calculated reaction path, The first is due to the develop-
ment of the Main Stage fluid, the hypogene oxidation-sulfidation path leading to the
advanced argillic assemblage (Brimhall and Ghiorso, 1983). This process has modeled the
degassing of SOrH2S-rich felsic magmas, with interaction with ground water in equilibrium
with the prot ore, The magmatic volatiles disproportionate to yield sulfuric acid solutions.
Over this leg, copper-bearing sulfides are only briefly thermodynamically stable as the fluid
composition has such a high fo, that pyrite is the only stable sulfide see Figure 38 (and Fig.
35e). During this excursion, copper is leached from the prot ore and enriched in the Main
Stage fluid. Finally, during reaction between this advanced argillic fluid and the protore,
the stability of copper sulfides is once again attained (Brimhall, 1980). This is the Main
Stage mineralization leg of the reaction path (Figs, 37 and 38) over which high grade
copper sulfide veins have formed,

Feedback of chemical reaction and fluid flow: fluid dominated threshold states and the
importance of the advanced argillicaJteratfon mineral assemblage. The theoreticaImass
transport calculations modeling redistributive phenomena of vein formation help isolate
some of the critical attributes necessary for ore metal remobilization to occur. What
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emerges from the simulation is the fact that the advanced argillic alteration mineral assem-
blage is a unique hydrochemical state in the chemical evolution of sulfur-rich hydrothermal
systems. Not only are the oxidation and sulfidation states extremely high, so high in fact
that copper-bearing protore host minerals become unstable releasing copper to the ore fluid,
but a structural threshold is attained as well. Figure 39 shows that during the development
of the advanced argillic alteration assemblage a negative calculated volume change (pro-
ducts minus reactants) of the alteration reaction occurs, This state corresponds also to max-
ima in fo" fs" and aqueous copper content and is accompanied by a minima in solution pH.
With the indicated negative volume change, creation of void space or enhancement of frac-
ture permeability is likely, Once this state is attained, then it is probable that continued
reaction with wall rock mineral assemblages will tend to neutralize the advanced argillic
fluid, and ultimately reprecipitate ore sulfides. The enhanced porosity or permeability
increases the likelihood that such hydrothermal reactions can proceed to completion, The
advanced argillic assemblage can be viewed then as a physiochemical threshold state, which
if attained, can have major ore-forming consequences, particularly metal redistribution in
the porphyry copper environment,

Consistent with these conclusions based on chemical thermodynamic modeling, are
more recent calculations combining fluid flow with chemical reaction (Lichtner, 1985;
Helgeson and Lichtner, 1987) which indicate that the decrease in fluid pressure accompany-
ing upward flow of acid solutions favors dissolution of sulfides and precipitation of quartz.

Epithermal Systems: manifestations of deep porphyry mineralization? There is mount-
ing evidence suggesting that the alteration- and ore mineral assemblages in acid-sulfate pre-
cious metal deposits and in some active geothermal systems within calc-alkaline stratovol-
canoes may be the upper manifestations of deeper base metal mineralization (Wallace,
1979; Henley and Ellis, 1983; Brimhall and Ghiorso, 1983). However the question remains
as to whether acid-sulfate epithermal precious metal deposits are typically located above
porphyry copper deposits, whether they are near surface, low temperature equivalents, or
whether they are shallow deposits formed from a reworked porphyry copper deposit at
depth (Healds et aI., 1987).

SECONDARY ORE DEPOSITION

Upon erosion of the overlying volcanic or plutonic edifice, base metal ores related to
porphyritic intrusives are exposed to reactive surficial fluids, both ground water and air. All
primary ores, of porphyry type or otherwise, are subject to intense chemical weathering in
the near surface environment under conditions far different than at depth, Reaction pro-
ducts formed during imposition of surficial conditions are referred to as secondary ores, in
contrast to all the older products of multi-stage processes which enriched ore metals at
greater depths, generally under the influence of hydrothermal fluids, Not all ore-grade
weathering products have hydrothermal ores as a precursor. In fact, under certain condi-
tions, weathering produces minable ores from rather ordinary rocks containing ore metals at
only crustal abundance levels, for example the formation of bauxites from granites,
Analysis of these processes will be included here as they are part of a family of related
secondary transport processes and help to illustrate the full range of possibilities of hydro-
chemical behavior.

Atmosphere-dominated states

To a large extent, given the uniquely oxygen-rich composiuon of the earth's atmo-
sphere, surficial oxidation is a ubiquitous factor in hydrochemical modification of sulfide
ores and exposed rocks in general. So intense are the oxidation and hydrolysis reactions
which proceed to minimize the state of disequilibrium between the atmosphere and rocks
formed in the subsurface, that weathered material may often retain little resemblance to its
protolith. Ore-forming constituents such as sulfides, formed at depth, may contribute addi-
tionally to the intensity and extent of weathering reactions by producing natural sulfuric
acid which destroys the capacity of rock mineral assemblages to buffer oxygen fugacity, and
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hence resist modification by imposed fluids. Ultimately, atmospheric gasses dominate the
pore spaces of weathered rocks, a condition which may be maintained to the depth of the
ground water table, We will see that the transition from unsaturated to saturated conditions
is an interface between geochemical systems dominated by the Earth's atmosphere, and a
subsurface domain controlled by the primary mineral assemblages, protected from oxidation
by the presence of water in pore spaces which precludes oxidizing atmospheric gasses.

Chemical weathering is responsible for the final enrichment of ore metals in large
low-grade ore deposits which in many cases, for example copper, is necessary for the
mineralization to be considered minable. Because of the diversity of primary ore types and
the zoning within a single deposit, chemical effects due to weathering are varied and depend
upon the level of exposure and position within a primary district zoning pattern.

Some enrichment mechanisms involve the dissolution of ore minerals with subsequent
transport and ultimate redeposition of ore metals in an enriched state. Other processes
enrich ore metals without their migration simply by virtue of removing other more mobile
species, In all cases, weathering results in strong physical and chemical modification of pri-
mary ores. Consequently, in order to interpret elemental mobility patterns, it is necessary to
consider both physical properties as well as chemical composition in addressing secondary
enrichment. The relationships between rock density, chemical composition, porosity, and
deformation are described by constitutive mass balance models given in Brimhall et al.
(1985) and Brimhall and Dietrich (1987). Mass balance models describe the conservation
of mass of an element of interest and provide a practical means of using chemical elements
as geochemical tracers for interpreting mass transport mechanisms. Mass balances provide
the ultimate limits on enrichment processes,

Constitutive mass balance models and simplified chemical controls

Four major classes of surficial transport behavior account for the secondary enrichment
of ore deposits: (1) residual, (2) supergene, (3) hypogene, and (4) perfectly mobile or con-
tinuously leached, These differ primarily as to whether or not an ore metal of interest is a
mobile chemical species, and if so, whether its migration is upwards or downward, and is
reprecipitated or not. In the case of mobile elements, the concern for this sense of transport
has to do with identification of the source region of the metal of interest, and hence the
direction from which metals have come: "supergene" literally from above, "hypogene" from
below. This directionality in transport of mobile metals is also of significance because of a
need to understand the contrasting physiochemical conditions may which at first release
metals from the source, mobilize them into ground water, and ultimately, reprecipitate them
in an enriched state, Considering the broad range of metals in primary ores, all four types
of transport behavior often occur within the same secondary hydrochemical system, The
specific behavior taken by an element depends upon the mineralogy and pore structure of
the protolith, mineral stability and kinetics of a particular system in relation to advective
flow and gas diffusion rates of ground water and ground gasses respectively, The behavior
of a given element can vary markedly from system to system, in one being immobile and
residually enriched, to nearly complete removal as a mobile species.

Residual enrichment. If an ore metal of interest is present in a rock before weathering,
and is geochemically immobile, it may become enriched simply by removal of perfectly
mobile elements from the rock by migrating ground water. This passive enrichment is
referred to as residual, and results for the most part by a rock becoming more porous, as
unstable minerals are attacked and dissolved. The mass balance model describing conserva-
tion of mass of an immobile species during residual enrichment is simply that the total mass
of an element contained within a representative elementary volume after weathering is equal
to the mass of that element before weathering. The mass of such an element is given by
the product of the volume of the system of interest, V, bulk rock density, p, and concentra-
tion, C, before weathering in the protolith state, p. and after weathering, w (44):

(44)
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This may be reduced from a three dimensional volume to one dimension, B. The possible
effects of compaction or expansion during weathering can be accounted for by defining
strain, s., as the change in length in the vertical direction divided by the initial length (45)

Bj,w - Bi.P

Bi,p

With this definition of deformational strain, and reduction to one dimension where V
terms reduce to one dimension, B, (44) may be solved in non-dimensional form for an
enrichment factor (46), the ratio of the concentration of an immobile element in the weath-
ered state of a rock to that of the proto lith,

Ci,w = (45)

Bi,p Pp 1 Pp= ---- = (46)
c., Bi,w Pw £i,w + 1 Pw

This expression offers a simple means of interpreting the enrichment factor of an ele-
ment in terms of changes in physical properties of a rock after weathering, In Figure 40 the
residual enrichment mass balance model is shown diagrammatically, and in Figure 41 a set
of data is presented on nickel enrichment in weathered ultramafic protoliths (Brimhall and
Dietrich, 1987). Closed system residual enrichment of nickel is evident as a harzburgite
protore is converted into laterite saprolite and pisolitic reddish soil, all without demonstr-
able deformation, a slope of one for e = 0.0. It is clear that from (46) simple residual
enrichment is governed primarily by the magnitude of the change in rock density, and
secondarily by collapse, that is negative strain.

Figure 42 explains the observed paragenesis in typical nickeliferous laterite profiles in
terms of the equilibrium solubilities of minerals (Golightly, 1981) given as moles per liter
of cationic species. In this figure ideal or stoichiometric solubility as a function of solution
pH, is consistent with the vertical weathering profile with the least soluble mineral, goethite
at the top, and the most soluble mineral, forsterite at the bottom. The most soluble mineral
is followed upwards by pyroxenes, serpentines, chlorite, talc, nepouite (nickel serpentine),
kerolite (nickel talc), kaolinite, gibbsite, and finally goethite on top. The pH of surface
water in laterites has been measured at values near 5, while at depth the fluids are alkaline,
with a pH of 8.5. The nickel originally contained in forsterite at a concentration of gen-
erally 0.20 wt. %, is ultimately retained in the weathering product, and enriched in accord
with the reduction in density.

The chemical weathering path by which this dramatic density reduction occurs and
causes residual enrichment is shown in Figure 43, extending from a non-porous protolith
with an initial bulk density of 3 and an average grain density of 3,1 to saprolites with bulk
densities of 0.6, grain densities of 2,5 and porosities of 0,75 (75%). Porosity is calculated
from bulk and grain density from the relationship: porosity equals one minus bulk density
divided by grain density,

Supergene enrichment. The second type of transport process which causes metal
enrichment during weathering is supergene enrichment. This is the dominant type of secon-
dary enrichment leading to ore-grade deposits as the supergene enrichment factors are typi-
cally several times those of maximum residual enrichment. The difference between the
mobility of elements which are enriched by supergene and hypogene processes and perfectly
mobile elements, is that in the former two cases, once mobilized, elements are at least par-
tially reprecipitated. The efficiency of reprecipitation is addressed in (Brimhall et aI.,
1985). In supergene enrichment ore metals are introduced to a zone of enrichment from
above where leaching has released them to migrating meteoric water.

Figure 44 shows that in copper systems, leaching of copper from primary sulfides
(typically chalcopyrite and bornite) occurs, followed by reprecipitation of copper as secon-
dary chalcocite and covellite. Mg, Ca, and Na are leached without reprecipitation, behaving
as perfectly mobile elements. In deposits other than porphyry copper deposits, for example
gold-rich laterites developed over primary mineralization in greenstone terranes, Au, Ce, Cr,
Mo and Fe behave as supergene elements with Nb, Sn, Th, V, W, Zr, AI, and Ti being
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Brimhall and Dietrich (1987).
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Figure 45. Mass balance model for supergene enrichment depicting the meaning of terms in the algebraic model.
Mass of metal within a control volume is given by a product of column height, bulk density, and metal concentra-
tion. From Brimhall and Dietrich (1987).
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immobile and enriched only residually (Davy and El-Ansary, 1986). Ba, Co, La, Mn, Rb,
Sr, Ta, Y, Zn, Ca, K, Mg, and Na are all leached, behaving as perfectly mobile elements.

Local secondary gold enrichment, increase in gold fineness, and formation of gold
nuggets are currently of major importance in mineral exploration, and have been ascribed to
gold complexing by transient sulfur-bearing ligands such as thiosulfate and bisulfide com-
plexes (Webster and Mann, 1984; Webster, 1986; Stoffregen, 1986) in regions where
chloride-rich ground water is often lacking, or alternatively by chloride complexes where
such fluids are known (Mann, 1984; Webster and Mann, 1984). Gold is clearly transported
by supergene processes,

Supergene systems are therefore chemically differentiated into two related subsystems
positioned sequentially along a fluid flow path, a source region and a sink, where reprecipi-
tation occurs. Obviously, the two subsystems are related through rigid mass conservation
constraints of a mobile element, j, Equation (47) gives the supergene enrichment factor in
non-dimensional form equivalent to (46) for residual enrichment.

Cj,e (Lrj~ + Bj,p) 1 Pp Lrj" Cj,l (Ej,l + I) PI

Cj,p = Bj,p (Ej,e + 1) Pc - Bj,p Cj,p (Ej,e + 1) Pc
These terms are illustrated in Figure 45, In (47) Lr is the total thickness of the zone

of leaching of supergene element, j. Bj,p is the thickness of the zone of enrichment of
element,j. The strain terms for immobile element i undergoing simple residual enrichment,
are Ei,e for the zone of enrichment and Ei,l for the leached zone. The density terms are rp,
re, and rl for the protore, enriched and leached zones respectively. The concentration terms
for supergene element, j, are Cj,e' Cj,p' and Cj,l for the enriched zone, proto!ith and leached
zone respectively. Note that (47) reduces down to simple residual enrichment in the limit
when the thickness of the leached zone, Lrj~ approaches zero. Residual and supergene
enrichment are therefore two extreme cases of related processes. The prime difference is
the focussing effect of removing elements from a leached zone and concentrating them in a
zone of enrichment. This volumetric effect is portrayed in the first term in (47) (Lrj~ +
Bj,p)!Bj,p' which enhances the enrichment due to change in density (rp/re) as leached zones
are typically several times as thick as enriched zones. Collapse, negative strain, tends to
increase the enrichment factor as well, as does complete leaching in the leached zone as Cj,l
approaches zero.

(47)

In (47), the only unknown is Lr . This may be found by substituting in appropriate
values of the other variables, conce~tration, density, and strain, Given the difference
between the calculated total leached column height Lr.P and the thickness of the present
leached zone, the amount of erosion can be calculated, and with age dates of secondary
minerals, the erosion rate determined (Alpers and Brimhall, 1988a,b). Also pre-weathering
paleo-topography can be reconstructed from addition of Lrj., terms for weathering columns
to the elevation of the top of secondary enrichment. This provides a means to evaluate
sub-surface horizontal fluid fluxes in terms of hydrological gradients and regional fracture
patterns, This use of mobile supergene elements in appropriate mass balance models
affords a means to relate near surface geochemistry to surficial processes and geomorphic
evolution. Thus there is clearly a complex interplay between heterogeneous mineral-
SOlution-gas reactions affecting chemical transport and weathering and the ground water
table. These effects are amenable to thermodynamic modeling, and illustrate the necessity
of treating fluid flow along with chemical transport in order to approach reality.

Thermodynamic and fluid flow modeling of supergene enrichment. The division
between the leached and enriched zones is generally the top of the capillary fringe, a zone
of saturation above the ground water table in which capillary forces between grains induce
tension saturation, Above the capillary fringe the voids are filled with air making oxidation
a dominant process, From the top of the capillary fringe downward, ground water fills the
voids precluding air except as a relatively minor dissolved constituent. The top of the
capillary fringe separates two quite distinct environments, and hence represents a dramatic
gradient in chemical composition.
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The oxidation of pyrite within the unsaturated zone is a process of great importance in
supergene enrichment since hydrogen ion is generated by pyrite destruction. The rate at
which acid generation occurs is largely controlled by the amount of oxygen available, The
movement of O2 gas then is of critical importance, especially its replenishment in the unsa-
turated zone, Diffusion of oxygen through air-filled pore spaces is considered to be the
dominant process of oxygen interchange between the atmosphere and the porous rock
undergoing weathering, Troeh et al. (1982) developed Fick's first law type equations for
diffusive transport in porous materials (48).

Vii - Ss.t) dC
Q = Do A-

VT dL
(48)

Here Q is mass per second of a gas diffusing across cross sectional area A. dC/dL is the
oxygen concentration gradient. Vv is the void volume, and Ssat is the saturation state, and
Do is the maximum diffusional rate of oxygen through air. The saturation term reduces the
oxygen flux. Therefore, above the capillary fringe, oxygen diffusion is much more rapid
than below. This appears to be the rate limiting step in pyrite oxidation and supergene
enrichment of copper. At 25°C, the computed logarithms of the oxygen fugacities in the
leached, enriched, and protore portions of a porphyry copper deposit are -38, -63, and -71
showing that the effect of oxygen diffusion is dramatic, It is this change in redox state
which causes elements to be leached under oxidizing conditions, transported, and finally
reprecipitated in reducing environments,

By incorporating (48) describing oxygen diffusion, Cunningham (1984) has theoreti-
cally modeled the irreversible reaction chemistry of supergene copper enrichment of a
pyrite-chalcopyrite-magnetite-biotite-alkali feldspar protore along with fluid flow in a
simplified integrated finite difference model system consisting from top to bottom of a
leached zone, enriched zone and protore-see Figure 46, The following preliminary results
are offered as an illustration of a technique of approaching an important ore-forming porous
media flow problem and the necessity of subdividing it into related unsaturated and
saturated zones,

The computer programs used were EQ3/EQ6 (Wolery, 1979) for reaction chemistry
and speciation of the aqueous fluid, and TRUST (Narasimhan et aI., 1977) for fluid flow
through the unsaturated zone into the capillary fringe, and into the saturated zone.
EQ3/EQ6 solves a series of differential equations describing mass balance, mass action, and
ionic strength, The algorithm is based on the work of Helgeson (1968), Kinetic data for
minerals used are as follows: rates of silicates are from Wood and Walther (1983), dissolu-
tion rate of pyrite is from Wiersma and Rimstidt (1984), and chalcopyrite dissolution rate
from Braithwaite (1976), Program TRUST uses the integrated finite differences method to
solve for ground water flow conditions, specifically mass conservation of water, the
hydraulic potential gradient, and fluid fluxes.

Computed chemical reaction paths, considering both fluid flow and chemical reaction
are shown in Figures 47, 48, and 49. In this modeling an explicit coupling of fluid flow
and chemical reaction has been accomplished by alternating between fluid flow calculations,
fluid mixing, and chemical reaction over short time steps. No feedback between fluid flow
and such chemical variables as volume change of net chemical reactions is considered here,
The starting fluid composition is rain water, which reacts with the minerals contained in the
potassium-silicate protore in which a steady, non- transient flow regime exists divided into
unsaturated and saturated zones. The effluent fluid from the base of each system enters the
subjacent system, and mixes with the contained fluids. Reaction progress in EQ3/EQ6 is
related to real time necessary for kinetics and fluid flow through the total surface area of
exposed mineral grains,

The equilibrium composition of the copper enrichment blanket and protore are distinct,
the former along the chalcocite-covellite phase boundary in the alunite field, the latter in the
pyrite-chalcopyrite field near equilibrium with biotite (Fig. 47), consistent with petrographic
observation, The relatively reducing conditions prevailing in the enrichment blanket and
protore are evident in Figure 47 in contrast to those in the leached zone. The low sulfur
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Figure 46. Idealized three-cell computation framework for steady state flow hydrological modeling of supergene
enrichment. Cell 3 is unsaturated, and cells 1 and 2 are saturated. The top of the capillary fringe is taken to be
the interface of cells 2 and 3. Depth below the surface is shown in meters. From Cunningham (1984).
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fugacity in the leached zone is due to the quantitative oxidation of sulfide to sulfate which
is flushed down into the enrichment blanket. The striking disequilibrium between the
mineral assemblages contained in the leached zone and enrichment blanket is illustrated in
Figure 48, as is the similarity of fluid composition between the enrichment blanket and the
protore. The reaction paths are plotted finally on an Eh-pH diagram (Fig. 49) which
confirms the similarity of enriched zone and protore in terms of relatively reducing condi-
tions (similar oxygen partial pressures) in environments removed from the atmosphere, and
the contrast with the leached zone and surficial lluid dominated by oxygen-rich gasses.
This contrast is the fundamental reason for the release of copper and its reprecipitation after
a short excursion by downward aqueous fluid advection.

Hypogene enrichment Qy ferrolysis. An analogous type of transport to supergene
behavior is known for iron and perhaps manganese, differing only in that certain metals
migrate upward instead of downward, and move not by advection but by chemical diffusion
(Webster and Mann, 1984). The driving forces and metal concentration gradients are
related to Eh and pH gradients created between the water table and ground surface during
oxidation. This process has been called ferrolysis (Brinkman, 1977), a mechanism involv-
ing oxidation and hydrolysis of iron (Mann, 1984). It is not widely considered as an iron or
manganese ore- forming processes in itself, but is mainly of interest because of its effects
on gold solubility and supergene deposition (Mann, 1984, 1985; Webster and Mann, 1984;
Mann and Oilier, 1985). Ferrolysis is however, widespread, and is likely to be important in
the formation of ferruginous nodules and ferricretes in laterites and bauxites (Grubb, 1970,
1971; Sadleir and Gilkes, 1976; Valeton, 1972) in general involving an evolution from
iron-rich mottles in a kaolinite matrix to Al-rich hematite, to Al-rich goethite nodules to
pisolites following a cortification processes (Tardy and Nalton, 1985).

According to Mann (1984) in the case of a laterite profile iron oxidation probably
occurs in two discrete steps, the first at the weathering bedrock front (49),

FeS2 + 2H20 + 702 = 2 Fe2+ + 4S0~- + 4H+ , (49)

The second step occurs at or near the water table at a higher oxygen fugacity (50).

2Fe2+ + 3 H20 + 0.502 = 2 FeOOH + 4H+ . (50)

The applicability of (50) is observed by use of water samples of active weathering
profiles in Western Australia (Mann, 1984). The path of oxidation and hydrolysis of iron is
reconstructed on a pH-Eh diagram Figure 50 in comparison to a theoretically derived path
(51) from this study assuming unit activity coefficients of dissolved species.

Fe2+ + 2 H20 = FeOOH + 3 H+ + e" . . (51)

The measured and calculated ferrolysis paths have precisely the same slope (one elec-
tron for each iron oxidized from ferrous to ferric), but are coincident for an aqueous iron
concentration of 200 milligrams per liter, the highest measured concentration. The postu-
lated conditions and direction of iron migration by diffusion after its release at the weather-
ing front is shown in Figure 51, There is an increase in Eh and decrease in pH up towards
the water table.

The hypothesis relating gold transport to ferrolysis is illustrated in Figure 5l. Dissolu-
tion of gold and silver from a primary deposit exposed to weathering urtdergoes dissolution
by (52) at or near the water table where CI-, H+, and O2 are abundant, and there is little or
no ferrous iron.

(52)

Gold chloride complexes migrate, and precipitate pure elemental gold (53). On the
other hand, goethite forms by hydrolysis in the mottled zone after its upward ascent and
near-surface enrichment of iron-see Figure 52. The gold precipitation is thought to be due

to reduction of AuCI4' with ferrous iron (Mann, 1984),
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Figure 50. Eh-Ph diagram showing experimental data on weathering laterites where ferro lysis is occurring. From
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Figure 51. Chemical model for the redistribution of gold from a primary lode system by weathering in a lateritic
profile. From Mauu (1984).
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AuCI4' + 3 Fc2+ + 6 H20 = Au + 3 FeOOH + 4cr + 9H+ . (53)

The mass balance model for hypogene chemical weathering is identical to supergene
in form, but the direction of transport is inverted. Many of the same limiting factors are
expected to control enrichment: thickness of the leached zone in relation to the thickness of
the zone of enrichment, density ratios of the enriched and leached zones with respect to
protore density, and concentration in the leached zone.

Internal factors

Weathering paths !!! physical properties. Primary permeability in a protolith before
chemical weathering has been viewed as a controlling factor of water percolating through
rocks (Samana, 1986), and thus a major internal factor of oxidative weathering. Measure-
ments of permeability of weathered rocks are presently quite rare, but a mounting data base
of porosity measurements exists (Brimhall and Dietrich, 1987) which suffices to illustrate
the limitations of the role of permeability in surficial environments, The results are surpris-
ing.

Figure 53 shows that there is little correlation between the initial porosity of a protol-
ith and the final porosity after intense weathering, Bulk density and average density serve a
useful purpose in providing a comparative framework for viewing weathering paths in
diverse protoliths on a uniform basis regardless of the bulk composition of the rock. Bulk
density varies both with the density of constituent minerals and the abundance and size of
voids, and thus responds to dissolution and precipitation reactions as well as deformation.
Grain density is simply the average density of the constituent mineral assemblage and is
therefore a mineralogic effect. The two densities combine to give porosity. In Figure 53,
five protoliths are depicted: disseminated sulfide deposits, granites, ultramafic rocks, mas-
sive sulfide deposits, and granular material such as beach sand, These parent material are
converted to leached capping, bauxite, laterites, gossans, and podzols respectively. For
example, ultramafic rocks with very low porosity nUl be converted to laterites with porosi-
ties of almost 0,8 (80 %) while beach sands with an initial porosity of 0.35 (35 %) can
weather to podzols with a porosity of only 0.6 (60 %), Many other factors playa role
besides porosity, including the amount of deformation, particularly collapse due to weather-
ing, which can be as high as 50%. Also, secondary precipitation in voids can reduce poros-
ity.

Primary permeability. Rather than consider porosity and permeability as primary fac-
tors controlling and limiting chemical weathering, it may be more accurate to consider them
as being, to a large extent, consequences of chemical weathering. The principal role of per-
meability in the context of thermodynamic modeling may be as an important aspect of ini-
tial conditions which are rapidly modified once hydrochemical processes are initiated. Such
changes in permeability may ultimately be so large that they outweigh the initial differences
between systems. Clearly then, a major importance of permeability is its relationship to the
fluid flow regime within the full context of surface processes including rock composition
and hydrological patterns, especially the interface between unsaturated and saturated condi-
tions. The capillary rise of water under tension saturation in the capillary fringe varies
inversely with average pore radius, making a hydrology, lithology, and pore structure com-
plexly intertwined, even at the start of chemical weathering. The selection of one control-
ling factor such as permeability is misleading in this respect.

Available sulfur. Another factor of major importance in oxidative weathering systems
such as supergene enrichment of primary copper orcs is available sulfur. Here the major
effect is in the production of sulfuric acid from the oxidation of pyrite, Once hydrogen ion
is formed, hydrolysis reactions proceed which modify the protolith extensively, Depending
upon the pyrite to copper sulfide ratio, oxidation may be total or incomplete (Samana,
1986), In the simplest sense, chalcopyrite has a sulfur to total metal ratio S/M of 1 which
means it can be extensively oxidized. Chalcocite is sulfur deficient in this respect, S/M =
0.5, requiring 1 mole of sulfur from another source for it to be oxidized. Pyrite (S/M = 2)
can provide sulfur for the oxidation of other sulfide minerals, These sulfur to metal ratios
are the minimum required for total oxidation since the analysis does not include the
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Figure 53. Comparison of physical weathering paths in terms of bulk density and average grain density for five
parent materials: beach sand, porphyry copper ores, ultramafic rocks, massive sulfide deposits, and granites. These
weather to podzols, leached cappin, laterites. gossans, and bauxites, respectively. From Brimhall and Dietrich
(1987).
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reactivity of gangue minerals. These are based primarily on the sulfide-oxide-silicate buffer
assemblages, and the capacity of the rock to neutralize strong acids. It is thought that a
pyrite to copper sulfide ratio of four is optimal for oxidation and secondary enrichment.
Chalcocite enrichment blankets may be stable partly because of the relatively low pyrite to
copper sulfide ratio, and the inhibition of oxidation-leaching processes. Perched enrichment
blankets may result from lowering of the ground water table, and the relative slow rates of
sulfide oxidation.

External factors

Geomorphic conditions are of major importance in surficial weathering, especially the
evolution in time as changes have particularly marked effects on the ground water table and
the rates of erosion in relation to rates of chemical weathering. In this respect, the single
most important external factor seems to be climate, as it relates to rainfall, infiltration rates,
the nature of runoff, temperature, and biota such as bacteria which catalyze pyrite oxidation,
Tectonic factors contribute to the uplift rate which is complexly related to hydrology
through fluvial processes.

Optimal conditions for sccondary enrichment and prcservation

Steady state versus transient flow effects. The downward cumulative enrichment which
characterizes supergene transport is optimized in a transient fluid flow regime in which the
ground water table descends exposing increasing column heights of sulfides to oxidizing
conditions above the ground water table (Brimhall et aI., 1985; Samana, 1986). Similar
conclusions have been reached about the importance of water table recession during the
onset of arid climates favoring deep zones of bleached clays and duricrusts (Butt, 1981).
There is a distinct asymmetry in the effects produced by changes in the position of the
ground water table, Descent enhances supergene enrichment. Ascent simply submerges
sulfide enrichment blankets putting them in a temporary state of preservation through reduc-
tion as pores previously filled with air in the unsaturated zones are filled with water. There-
fore, seasonal fluctuations only produce significant supergene transport during the descent
phase.

The preservation of such secondarily enriched products over geological periods of time
depends either upon chance events such as burial of leached capping beneath a capping
conglomerate as at San Manuel-Kalamazoo, Arizona (Lowell and Guilbert, 1970) or some
other effects. Enrichment blankets developed in porphyry copper deposits are so common
that it seems therefore highly unlikely that such chance events are the main cause of preser-
vation of these enriched states. It seems more likely that preservation is somehow intrinsi-
cally related to the fundamental processes of enrichment so that their preservation would be
expected and not simply an aberration.

It is clear that optimal development of supergene enrichment processes is due to a bal-
ance of rates of ground water table descent, mechanical erosion, and sulfide oxidation
(Alpers and Brimhall, 1988a,b). With excessively high erosion rates, leached capping is
stripped away and ultimately enriched blanket material is removed, If the rate of ground
water descent is much higher than the equivalent rate at which sulfides are oxidized, then
leaching is incomplete, and the enrichment processes is inefficient. If the ground water
table is static, then an enrichment system may become stagnant, and downward cumulative
enrichment ceases, as in the case of ascent of the groundwater table.

Dynamic evolution of supergene metal transport systems has been demonstrated in the
Atacama Desert of northern Chile (Alpers and Brimhall, 1988a,b), This chemical and
hydrological evolution was quite likely in direct response to transient groundwater flow dur-
ing Tertiary climatic desiccation with uplift of the Andes which produced an essentially
monotonic decline of the ground water table. Related to this hydrologic trend are surficial
processes which were similarly changing during the Tertiary. Long-term average rates of
erosion decreased markedly from approximately 0,1 mm/year during primary hydrothermal
hypogene mineralization in the La Escondida porphyry copper deposit. During supergene
enrichment the rate slowed to 0.04 rum/year and subsequent to this enrichment, 0.009
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ram/year. Therefore, optimal conditions for supergene enrichment were simultaneously
accompanied by a major decrease in the rate of erosion, providing a simple mechanism for
insuring the long-term preservation of the enrichment system. This coupling of surficial
rates, migration of the ground water table, sulfide oxidation, and erosion is only one exam-
ple of mutually enhancing effects in transport processes which operate with chemical, ther-
modynamic, and fluid mechanical aspects.
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