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Introduction
THE IMPORTANCE of aqueous solutions for the formation of a
wide range of both high- and low-temperature ore deposits
has been recognized for many years, but our understanding of
their role in the formation of hydrothermal ores was limited
for many years by a lack of reliable information about metal
concentrations in ore fluids. Twenty-five years ago, many re-
searchers thought that ore fluids were very dilute; Fyfe et al.
(1978, p. 45) wrote that “the concentration of minor elements
(ore-forming elements) is generally in the ppm or less range,”
while Barnes (1979) suggested 10 ppm as a minimum thresh-
old value for base metal ore fluids. As a result, there was an
emphasis on identifying flow mechanisms capable of process-
ing exceptionally large volumes of fluid for the formation of

orebodies. In recent years, it has become apparent that metal
concentrations are commonly much higher than this (Car-
penter et al., 1974; Bottrell and Yardley, 1988; Williams and
McKibben, 1989) and as a result a more balanced approach is
needed toward understanding the formation of large orebod-
ies, taking into account both controls on fluid chemistry and
the focusing of fluid flow.

The experimental databases of mineral solubilities and
thermodynamic parameters provide an essential framework
for the interpretation of hydrothermal ore formation and, in
particular, for the understanding of the factors that control
precipitation and dissolution of minerals. However the
experimental and theoretical framework must be interfaced
with an empirical knowledge of key compositional parameters
for natural fluids derived from rocks and ores themselves.
This is because some of the most important parameters
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Abstract
A database of saline fluid compositions, including deep shield ground waters, sedimentary formation waters,

geothermal brines, and fluids from metamorphic and igneous rocks and veins, is used to explore the controls
on metal concentrations in crustal fluids. There are no systematic differences between analyses of fluids sam-
pled by drilling and analyses of fluid inclusions. Over the wide range studied, temperature emerges as a dom-
inant control on the concentrations of Fe, Mn, Zn, and Pb in solution, although the more limited data for Cu
are equivocal. Chloride concentration is also important, with the mole ratio metal/chloride (Me/Cl) remaining
reasonably constant at constant temperature over a wide range of chlorinities for all four metals considered in
detail. There is no evidence for significant differences in transition-metal speciation with increasing chloride
nor between low- and high-temperature fluids, although in the case of Zn, complexes with additional Cl may
be important at low temperature. Plots of  log Me/Cl versus 1/T for the transition metals considered each yield
a linear correlation, with about five orders of magnitude variation in Me/Cl between diagenetic and magmatic
temperatures. There is approximately two orders of magnitude variability at each temperature, which proba-
bly arises in large part from variations in pH. Limited data for low-salinity, CO2-rich fluids indicate that they
lie on the same trends, with transition-metal concentrations controlled by fluid salinity and temperature. Order
of magnitude concentrations of Fe, Mn, Zn, and Pb in any chloride-dominated crustal fluid can be predicted
with the following equations (T in K, concentration ratios are molar): log (Fe/Cl) = 1.4 – (1,943/T) ± 1; log
(Mn/Cl) = 0.55 – (1,871/T) ± 1; log (Zn/Cl) = –(1,781/T) ± 1; log (Pb/Cl) = –1.2 – (1,533/T) ± 1.

The results demonstrate that crustal fluids are strongly buffered through interactions with the rocks (or melts)
that host them. Thus, of the major variables influencing metal concentrations in solution, only temperature and
chloride concentration can be considered as truly independent. The plots show that metal-rich fluids may arise
through equilibration of chloride-rich waters with normal silicate rocks. Saline magmatic fluids, which may at-
tain extremely high concentrations of transition metals, have clear ore-forming potential, as do formation brines
from deep, hot basins; cooler basins do not permit such high concentrations of base metals to be attained. The
results of this study emphasize the importance of the distribution and cycling of chloride in the crust for the dis-
tribution of base metal deposits; it is often the salinity of ore fluids that is the primary anomaly.
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controlling metal contents in fluids, notably chloride concen-
tration, are variables that are not constrained by pressure,
temperature, or fluid-rock interaction and must be measured
directly. Because the thermodynamic and experimental data-
bases are not complete, they cannot always provide a reliable
prediction of the metal contents of natural fluids. Uncertain-
ties in activity models for concentrated solutions and lack of
knowledge of the equilibrium constants for the formation of
many metal complexes, especially those involving ligands
other than chloride, remain important limitations on the ef-
fectiveness of a theoretical approach to predicting crustal
fluid chemistry at the present time. 

While our experimental and theoretical understanding of
ore fluids has been greatly extended in recent years (Seward
and Barnes, 1997; Sverjensky et al., 1997; Wood and Samson,
1998), so too has the database of natural fluid compositions.
Some aspects of fluid chemistry can be inferred from mineral
compositions, but the major advances have been in the in-
creased range of fluids sampled by deep drilling and in fluid
inclusion studies. Deep drilling and submersible sampling
have both provided direct information about the fluids in-
volved in the precipitation of minerals at submarine hy-
drothermal systems (e.g., de Ronde, 1995) and in a range of
other settings, including deep basins (e.g. Carpenter et al.,
1974) and igneous and metamorphic basement rock (e.g.,
Frape and Fritz, 1987; Möller et al., 1997). The development
of techniques for high-precision bulk analysis of fluid inclu-
sions (Bottrell et al., 1988) and for analysis of individual in-
clusions by techniques such as laser Raman spectroscopy,
proton probe, synchrotron XRF, and especially laser ablation
ICP-MS (Heinrich et al., 1992; Phillipot et al., 1998; Ander-
son and Mayanovic, 2003; Heinrich et al., 2003) give direct
information about ore metal concentrations in natural fluids
beyond the reach of drilling. This paper explores the implica-
tions of data from natural fluids sampled by drilling and from
fluid inclusions on models for the origin of ore fluids and ore
deposits. 

In particular, this paper is concerned with fluids from sed-
imentary, metamorphic, and igneous environments where
fluid-mineral interactions are likely to be important. Shallow
geothermal systems in which phase separation and interac-
tions with the hydrosphere and atmosphere may also play a
major role in controlling fluid compositions are not consid-
ered here in detail. The main emphasis of the paper is on Fe,
Mn, Zn, and Pb in saline fluids and, to a lesser extent, Cu. All
the fluids considered here have chloride as the dominant
anion and chlorinities that range from <15,000 to >400,000
ppm, although most are in the range 40,000 to 180,000 ppm.
While this selection is partly dictated by the greater avail-
ability of data on natural brine compositions, it is also justi-
fied by the importance of brines in the genesis of a wide
range of ore deposit types. Sedimentary brines are responsi-
ble for the formation of extensive low-temperature Pb-Zn
mineralization (Carpenter et al., 1974; Sverjensky, 1986),
whereas saline magmatic fluids (some containing >40–50 wt
% salts) are implicated in porphyry mineralization (e.g.,
Hedenquist and Lowenstern, 1994). Both types of brines
have been proposed as the source of hydrothermal iron min-
eralization (e.g. Barton and Johnson, 1996; Hitzman, 2000).
In addition, brines generated by dissolution of evaporites at

elevated temperatures are responsible for the formation of
some types of emerald deposits (Kozlowski et al., 1988,
Banks et al., 2000), while evaporites are also implicated in
the formation of Zambian copper belt ores and structures
(Hudec and Jackson, 2002). 

Metal Solubility in Crustal Fluids
Crustal fluids react with the rocks that host them, and so an

equilibrium approach is a useful starting point to understand
the range of crustal fluid chemistries that are possible. While
equilibrium might be expected to be attained readily in mag-
matic and metamorphic systems (Eugster, 1981; Brimhall and
Crerar, 1987; Eugster and Baumgartner, 1987), it also appears
that mineral-fluid equilibrium is attained even at low temper-
atures in sedimentary basins (Hanor, 1994, 2001; Hutcheon,
2000).

Ore metal concentrations in solution can ultimately be
linked to simple mineral dissolution reactions such as:

ZnS + 2H+ = Zn2+ + H2S°, (1)

for which log K1 = log (aZn2+/a2H+) + log aH2So. Thus, even for
fluids saturated with sphalerite at a single pressure and tem-
perature, the Zn2+ concentration can vary as a function of
both pH and the concentration of reduced S. Furthermore
the total Zn in solution is almost invariably dominated by Zn
chloride complexes (Ruaya and Seward, 1986), the concen-
tration of which will depend additionally on the salinity of the
fluid. For many other transition metals, fO2 is an additional
variable with a major influence on their solubility.

Experimental studies of ore metal solubility have explored
the effects of variations in many of these parameters, and a
number of authors have calculated contoured activity dia-
grams to show the very wide ranges of metal concentrations
that are possible as functions of pH, fO2, and total sulfur in
particular (e.g. Barnes, 1979). In the laboratory it is desir-
able to be able to explore independently the variations in
the parameters that control metal solubility, but in many
natural systems there is much less scope for independent
variation in most of the key parameters because their values
are constrained by reaction with common rock-forming
minerals. As a result, natural fluids in the crust may show a
much more restricted range of compositions than would be
possible for fluids that did not interact with surrounding
rocks or melts. Thus, their metal concentrations should be
much more predictable than in an unconstrained and un-
buffered system. In the following section, the potential for
independent variation (at constant pressure and tempera-
ture) in each of the main parameters that controls metal
concentrations in solution will be discussed. The arguments
are specifically directed at the limits to the compositions of
fluids that have equilibrated with common silicate rock
types; obviously a somewhat wider range of conditions may
be experienced by fluids equilibrated with some other, less
abundant lithological units.

Parameters

pH: Crustal fluids equilibrated with aluminosilicate rocks
most commonly have a pH limited by the presence of mica,
through equilibria with Al silicate phases such as kaolinite or
with feldspar, although in some rocks carbonate minerals will
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also impose limits. Examples of the bounding reactions to
muscovite stability include:

3KAlSi3O8 + 2H+ = 
KAl3Si3O10(OH)2 + 6SiO2 + 2K+, (2)

and

2KAl3Si3O10(OH)2 + 2H+ + 3H2O = 
3Al2Si2O5(OH)4 + 2K+. (3)

Each of these limits the ratio aK+/aH+ rather than pH itself,
and together they define a range of aK+/aH+ values over which
muscovite is stable. K-feldspar is stable at higher values of
aK+/aH+, Al silicates such as kaolinite, pyrophyllite, or an-
dalusite at lower values. The actual concentration of K in a
crustal fluid, and hence aK+, is largely a function of salinity
and Na-K mineral exchange equilibria (Eugster and Gunter,
1981; Henley et al., 1984, chap. 6). The concentration of K
probably varies by around one order of magnitude between
concentrated brines and fluids of near seawater salinity in
equilibrium with the same assemblage, although lower values
are possible in very dilute waters. The difference in log
aK+/aH+ buffered by these two reactions in the presence of
quartz is around 2 log units at 150° and 5 kbars pressure, al-
though it will be less under more normal P-T conditions of
higher temperature at lower pressures, where the stability
field of muscovite is diminished (Bowers et al., 1984). The re-
lationship between fluid chlorinity, mineral assemblage, and
pH is illustrated for two temperatures in Figure 1. This figure
has been calculated using Geochemist’s Workbench (Bethke,
1996) to take into account the nonideality of saline fluids and
demonstrates that, at P-T conditions for which fluid densities
are close to those of many ore fluids, the pH of a saline fluid
equilibrated with kaolinite + muscovite + paragonite is un-
likely to be more than ca. 2 log units lower than the pH of a
low-salinity fluid equilibrated with K-feldspar + muscovite +
albite at the same temperature. Thus, only a limited range of
pH values is expected for most rock-hosted fluids at any given
pressure and temperature, even though few rock systems act
as true pH buffers. It will be demonstrated below that the ef-
fect of variations of salinity on pH is further reduced if diva-
lent cations are present in the fluid to a significant degree.

The significance of pH variation for metal concentrations in
ore fluids is that mineral assemblages generally buffer ratios
of transition metal (and most other ore metal) cations to hy-
drogen ions, through mineral dissolution reactions. For ex-
ample, from reaction (1), all fluids equilibrated with spha-
lerite at the same pressure, temperature, and aH2So will have
the same value for (aZn2+/a2H+), but the actual value of aZn2+

will depend on pH and hence will increase with salinity
(below). 

fO2: The oxygen fugacity of most crustal rocks is constrained
by the presence of Fe in both reduced and oxidized forms, ei-
ther as oxides or as components of silicate mineral solid solu-
tions, such as biotite (e.g., Giggenbach, 1997). Although oxy-
gen fugacity varies greatly with temperature in absolute
terms, values relative to the quartz-fayalite-magnetite buffer
(∆QFM) vary only by a few log units for a wide range of nat-
ural rock buffer assemblages. Using the equations of Frost et
al. (1988), the maximum difference between the reduced
QFM buffer and the relatively oxidized hematite-magnetite

(HM) buffer is 5.4 log fO2 units at 300°C and 1,000 bars pres-
sure, decreasing to 5.0 at 500°C. This means that fluids equi-
librated with silicate rocks experience only a rather small part
of the range of redox conditions that has been investigated ex-
perimentally and in calculations, and this lies close to the
major mineral buffers. Changes in temperature along the
flow path of a fluid can however induce significant changes in
its oxidation state relative to QFM, provided it is unable to
react with host rocks.

Reduced sulfur: The majority of crustal rocks contain a sul-
fide phase, most commonly pyrite or pyrrhotite, and an Fe-
bearing silicate, and these provide a clear limit on the con-
centration of reduced S in solution, for example:

FeSiO3 + 2H2S° + 0.5O2 = FeS2 + SiO2 + 2H2O, (4)

and

FeSiO3 + H2S° = FeS + SiO2 + H2O, (5)

where FeSiO3 represents the Fe-bearing component of the
silicate phase. Not only do these equilibria constrain the H2S
concentrations in rock-buffered fluids, they also demonstrate
the limitation of using activity diagrams constructed for a con-
stant total S content of the fluid, for the interpretation of
rock-buffered fluids. Equilibria 4 and 5 specifically define the
activity of the H2S° species; however, other S species may
predominate at higher pH or fO2, in which case the total S in
the fluid may vary considerably. Both these equilibria define
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FIG. 1.  Curves to show the pH of fluids ranging from 0.1 to 3.0 m Cl, equi-
librated with K-feldspar + muscovite + albite + quartz (upper curves), and
kaolinite + muscovite + paragonite + quartz (lower curves) at 275°C (solid
lines) and 225°C (broken curves) and at pressures on the boiling curve of
water. At these conditions neutral pH is ca. 5.6 and pyrophyllite and kaolin-
ite yield very similar results for the lower curves. The calculations were per-
formed using the Geochemist’s Workbench code (Bethke, 1996). 



aH2So independently of pH, and hence at higher pH values,
where HS- is the dominant reduced S species in solution, HS-

must be present in addition to the constant (pH-indepen-
dent) amount of H2S°. As a result, outside the field of H2S°
predominance the total amount of reduced S in solution in
equilibrium with the Fe silicate plus Fe sulfide increases
rapidly with pH until the solid assemblage is no longer stable.
This result, namely that pyrite solubility increases with pH,
appears counterintuitive, but it is consistent with the obser-
vation that pyrite simply does not remain stable to pH values
much beyond the H2S° field unless very high dissolved S lev-
els are present. Note also that equations 4 and 5 do not say
anything about Fe solubility in solution, and this will be ex-
pected to decrease with increasing pH. 

A similar argument applies as conditions become more ox-
idizing. For pyrite equilibria (reaction 4), an increase in fO2 of
2 log units will result in a drop in the log activity of H2S° of
0.5. However sulfide-sulfate equilibrium requires that, at
constant pH, there is a four orders of magnitude increase in
(aSO4

2–/aH2So) in response to this increase in O2. Except where
the initial aSO4

2– was very low, this will be achieved primarily
through dissolution of pyrite, rather than by oxidation of
H2S°, and will result in an increase in the total S content of
the fluid.

Chloride concentration: The importance of chloride as a
master variable controlling metal concentration in fluids was
emphasized by Helgeson (1970). Since solid chlorides are
rare in rocks other than evaporites, the chloride content of
crustal fluids is normally unbuffered and dictates the total
cation load of the fluid through charge balance. Because chlo-
ride is partitioned so strongly into the fluid phase, mineral-
fluid interactions have little effect on the amount of Cl pre-
sent in crustal fluids; indeed, their main impact on chloride
concentrations arises through changes in the quantity of
water in the fluid, not the quantity of salt. In general mag-
matic or sedimentary fluids inherit a salinity that reflects their
source and origin, and this is modified through subsequent
fluid-rock interactions by dilution and hydration and/or dehy-
dration reactions. Yardley and Graham (2002) showed that
the salinity of fluids from metasedimentary rocks of all grades
reflected the original environment of deposition of the sedi-
ments, rather than their metamorphic grade. Specifically,
they found that continental margin sequences, likely to have
originally contained evaporites, yield much more saline meta-
morphic fluids than are present in metamorphosed oceanic
sediments. 

There are three ways in which chlorinity influences the bal-
ance of metals in rock-buffered fluids: by the formation of
aqueous chloride complexes, by controlling the relative pro-
portions of monovalent to divalent (or trivalent) cations (Eu-
gster and Gunter, 1981), and by influencing the level at which
a given mineral assemblage controls the pH.

Formation of chloride complexes

Chloride is the most important complexing ligand for a
wide range of metals, including most base metals, in part be-
cause of the stability of chloride complexes for the many
metal cations that display hard behavior under hydrothermal
conditions (Seward and Barnes, 1997) and also because of the
massive predominance of chloride over other ligands in many

natural fluids. Of the hydrothermal ore metals commonly
considered, it is likely that only Au, As, Sb, Tl, and Hg are
normally complexed by other ligands (Seward, 1973; Seward
and Barnes, 1997; Zotov et al,. 1995), although some metals
may be complexed by either chloride or other ligands (e.g.,
Ag). Also, it is likely that Cl is unimportant for the transport
of Al and some other light metals. Seward and Barnes (1997)
have summarized experimental data on the formation con-
stants of a range of metal chloride complexes, and Sverjensky
et al. (1997) have presented predicted equilibrium constants
for a very wide range of aqueous complexes. Wood and Sam-
son (1998) presented a valuable comparison of these and
other results.

For many metals there is a series of possible chloride com-
plexes, for example: 

Pb2+ + Cl– =  PbCl+, (6)

Pb2+ + 2Cl– = PbCl2°, (7)

and

Pb2+ + 3Cl– = PbCl3–, (8)

for which log K6 = log aPbCl+ – log aPb2+ – log aCl-, log K7 = log
aPbCl2o – log aPb2+ – 2 log aCl–, and log K8 = log aPbCl3- – log
aPb2+ – 3 log aCl–. These equilibrium constant expressions
imply that the larger complexes are stabilized, if at all, at
higher Cl– activities. In experimental systems investigated at
constant pH, the identity of the dominant chloride complex
under any specified conditions can be determined from the
slope of the measured fluid composition on a log Cl versus log
Pb diagram, as shown for an ideal theoretical system in Fig-
ure 2a. This relationship does not, however, apply to a rock-
buffered crustal fluid, where pH varies with chlorinity (above;
Hanor, 1994). The effects of rock buffering by alkali
feldspars, quartz, and muscovite on pH are taken into account
in Figure 2b. Here, mNa+ + mK+ = mCl+, so that pH decreases
with increasing Cl, and this is accompanied by an increase in
Pb2+ also. As a result the slopes of all the Pb chloride species
in the rock-buffered system of Figure 2b are steeper than
predicted by Figure 2a. These diagrams are constructed for
comparative purposes and ignore nonideal behavior; they are
intended to underline this important difference between ex-
perimental (constant pH) and natural (variable pH) systems.

Combined effects of chloride and 
pH on transition metal concentrations

Not only is pH coupled to salinity in crustal fluids, the rela-
tionship between pH and salinity will vary according to
whether the dominant cations are monovalent or divalent.

Alkali-dominated brines: Mineral equilibria between
feldspars and micas buffer or limit activity ratios such as
aK+/aNa+ and aK+/aH+ in a wide variety of rock types through re-
actions such as (2) and (3), above. At the same time, in an al-
kali-dominated brine, it is approximately the case that mK+ +
mNa+ = mCl–. It follows that a unit increase in mCl– leads to a
unit increase in m(K+ + Na+). Since the mineral buffers (reac-
tions 2 and 3) require that aH+ increases linearly with an in-
crease in aK+, while exchange with Na phases controls the
ratio aK+/aNa+, it will be true to a first approximation that pH
decreases linearly with an increase in log mCl+ (Fig. 2b).
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Ca-dominated brines: In rocks that contain Ca silicate phases,
the buffer reactions are more complex because of the valency
difference between major cations. For example, plagioclase ex-
change equilibria in the presence of quartz may be written:

CaAl2Si2O8 + 4SiO2 + 2Na+ + 2H+ = 
2NaAlSi3O8 + Ca2+ + 2H+, (9)

for which log K9 = log (aCa2+/(aH+)2) – 2 log (aNa+/(aH+)) = log
(aCa2+/(aNa+)2). This equation demonstrates that the Ca/Na
ratio of fluids equilibrated with a specific plagioclase compo-
sition will vary with fluid salinity, because it is (aCa2+/(aNa+)2),
not (aCa2+/aNa+)that is buffered by plagioclase-fluid equilib-

rium (Orville, 1972). A similar argument can be made for any
fluid equilibrated with albite and a Ca silicate. It follows from
reaction (9) that calcic mineral assemblages buffer aCa2+/
(aH+)2 so that there is no longer a simple linear relationship
between cation and hydrogen ion activities. To a first approx-
imation, (aH+)2, rather than aH+, increases linearly with in-
crease in mCa2+ in calcic fluids. At the same time, charge bal-
ance requires that mCa2+ = 0.5 mCl– in the end-member case.
It follows that a unit increase in mCl– leads to only a 0.5 unit
increase in mCa2+ and therefore in (aH+)2. Hence large in-
creases in Cl cause only modest decreases in pH. This effect
is illustrated in Figure 2c.
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FIG. 2.  Variation in the concentrations of individual Pb species with salinity in
galena-saturated chloride solutions at 200°C and vapor saturation pressure, with
aH2So = 0.001. Activity coefficients are treated as unity, as the diagrams are for
comparative purposes only. Equilibrium constants for Pb chloride species are
from Seward (1984), and those for galena and S species are from Helgeson
(1969). (a). Concentrations of Pb species calculated for a constant pH (4.96). (b).
pH is variable and buffered by coexistence of muscovite, K-feldspar, albite and
quartz, with mNa + mK = mCl (data from Bowers et al., 1984). Note that H+, and
hence Pb2+ concentrations, increase with chloride for the rock-buffered case,
leading to steeper slopes for the concentrations of all the Pb species than in (a).
(c). pH is variable and buffered by an arbitrary Ca silicate, so that the fluid is es-
sentially a CaCl2 solution (no alkalis present). The Ca phase need not be identi-
fied because Ca is the only major cation and its charge simply balances chloride.
Note that this buffer results in less extreme variation in H+ with chloride and
therefore less variation in the concentrations of the Pb species than for the alkali
chloride solutions plotted in (b).



The implication of this result for the relationship between
transition metal concentrations and salinity is illustrated by
comparing Figure 2b and c. Ore mineral dissolution equilib-
ria constrain the ratio of the metal cation activity to hydrogen
ion activity raised to the power of the cation valency, as in re-
action (9). If an ore fluid is dominated by monovalent alkali
cations, pH decreases more rapidly with increasing salinity
than if it is dominated by divalent cations, and this is tracked
by the Pb species. Thus, a high-salinity alkali-dominated fluid
can show much greater ore metal enrichment than would be
the case for calcic fluids. 

Compositions of Natural Crustal Fluids
Although there is an extensive database on the major ele-

ment chemistry of oil-field brines as well as of subaerial and
sea-floor geothermal fluids, there are only sparse data on the
compositions of natural fluids that have equilibrated with
rocks at temperatures and/or depths beyond the reach of
drilling. As a result, it has not been possible to evaluate sys-
tematically the compositions of fluids from a wide range of
crustal residence environments. In this paper, I draw on the
growing database of crustal fluid compositions, including
analyses of inclusion fluids trapped at high temperature, to
evaluate the controls on fluid composition through a wide
range of crustal conditions. This empirical approach also pro-
vides insights into the factors that control metal transport and
precipitation. The fluid compositions evaluated are selected
as examples of fluids locally equilibrated with silicate rocks or
magmas at specific pressure and temperature conditions; they
are not ore fluids per se. The reason for this is to explore the
ore-forming potential of crustal fluids; ore fluids by definition
may reflect a fluid source distinct from the location at which
they were sampled.

The emphasis of this study has been on fluids more saline
than seawater (i.e., brines), with many analyses of fluids with
>4 m chloride. Other anions are relatively minor, although
they may dominate the solubility of some elements (above).
The data sets included in the study are summarized below,
and representative analyses are provided in Table 1.

Shield brines

Highly saline ground waters have been described from ig-
neous and metamorphic basement rocks in various localities
and are characterized by high concentrations of CaCl2. In this
study I have included those high-salinity waters compiled by
Frape and Fritz (1987) that include data for transition metals.

Oil-field brines

Four sets of analyses of oil-field formation waters have
been included, representing a range of temperatures and set-
tings. Data from offshore oil fields comes from the study of
Land et al. (1988) of offshore Louisiana and from the compi-
lation by Warren and Smalley (1994) of data from North Sea
oil fields. Not all are sufficiently saline to be categorized as
brines, but we have included all the North Sea analyses for
which data on Fe are given. Onshore formation waters are
from the classic study of Mississippi oil-field brines by Car-
penter et al. (1974), representing a relatively high tempera-
ture basin, and from the data set of Connolly et al. (1990) for
Alberta basin brines.

Metamorphic brines

Sedimentary pore waters evolve continuously into meta-
morphic pore fluids (Yardley, 1997; Yardley and Graham,
2002) and so the distinction of this category is somewhat ar-
bitrary. The data sets included here are examples of saline in-
clusion fluids extracted from quartz veins that developed dur-
ing low-grade metamorphism or retrograde metamorphism.
They are believed to represent the compositions of saline flu-
ids that equilibrated with host lithologies in the crust, al-
though they are not all metamorphic fluids in the sense of
having been released from mineral lattices during heating.
Temperatures have been estimated from associated mineral
assemblages and fluid inclusion homogenization measure-
ments, with pressure corrections where appropriate. 

Veins from the Variscan of southwest Ireland (Meere et al.,
1997) and the Colombian emerald deposits (Banks et al.,
2000) are interpreted to represent pervasive peak metamor-
phic fluids in low-grade metasediments. Fluids from veins as-
sociated with Alpine thrusting of the Pyrenees (Banks et al.,
1991; McCaig et al., 2000) are interpreted as brines that had
experienced an extended residence in a sedimentary se-
quence before being remobilized during thrusting. They
come from a particularly wide range of host rock lithological
units including limestones, red beds, and igneous and meta-
morphic basement rocks. Temperature estimates from the
original study have been revised upward based on the chlorite
geothermometer of Cathelineau and Nieva (1985) applied to
chlorite compositions reported by Grant (1989). Veins from
basement rocks at Modum, Norway (Munz et al., 1995, 2002;
Gleeson et al., 2003) contain deep basin brines that infiltrated
the underlying high-grade basement. Their temperature
structure is complex in detail (Gleeson et al., 2003) and is
based in part on chlorite geothermometry and bitumen re-
flectance (Munz et al., 2002), as well as on fluid inclusion
data. At higher metamorphic grades, primary fluid inclusions
are generally absent from quartz and no data base suitable for
inclusion in this compilation currently exists.

Magmatic and geothermal fluids

These data include both brines sampled by drilling and
fluid inclusion samples. Most geothermal fluids are too dilute
to be included in this compilation, but the Salton Sea geot-
hermal brines (Williams and McKibben, 1989) are an impor-
tant exception. They are not directly of magmatic origin
(McKibben and Hardie, 1997) but are included here because
they circulate in response to magmatic heating and interact
with igneous rocks. A unique example of a magmatic brine
sampled at high temperature is included from the Kakkonda
geothermal system, Japan (Kasai et al., 1996). All other data
consist of analyses of inclusion fluids. Analyses of fluids from
the Mole Granite, southwestern Australia (Heinrich et al.,
1992; Audetat et al., 2000) and from the Industrialnoe tin de-
posit of northeast Russia (Kamenetsky et al., 2002) are single
inclusion analyses (see below), whereas the data from Corn-
wall (Bottrell and Yardley, 1988; Smith et al., 1996) and the
Capitan pluton, New Mexico (Campbell et al., 1995) are bulk
crush-leach analyses. Note that the fluids from the Capitan
pluton are strictly wet salt melts and were shown by Campbell
et al. (1995) to have evolved at a late stage in the emplacement
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history when remobilized evaporite material mingled with the
magma; this may have influenced the degree to which they
equilibrated with silicate melt. 

Data Quality
In general, analyses of oil-field and geothermal waters are

not subject to large analytical errors but may be prone to
problems of contamination or precipitation during sampling.
This is particularly a problem for Fe, and for the North Sea
compilation of Warren and Smalley (1994) it is not clear how
valid all the Fe data may be (E. Warren, pers. commun.,
2002). Fluid inclusion analyses are for the most part from
published studies. Most analyses are bulk crush-leach deter-
minations of the total fluid composition in a few hundred mil-
ligrams of vein host. In each example used, detailed mi-
crothermometry had first been employed to demonstrate that
all the inclusions belonged to a reasonably homogeneous pop-
ulation, and the analyses reported both cations and anions,
providing a check on charge balance (which was required to
be within a few percent). Recent developments in proton
probe (PIXE) and LA-ICPMS analysis have produced data
from single fluid inclusions (Heinrich et al., 1992; Gunther et
al., 1998; Heinrich et al., 2003) although with larger analyti-
cal uncertainties than bulk crush-leach analyses. We included
LA-ICPMS analyses from Audetat et al. (2000) for magmatic
brines from the Mole Granite, although some individual
analyses were rejected as a result of large excess positive
charges coupled to extremely high levels of Fe. PIXE analy-
ses from Heinrich et al. (1992) and Kamenetsky et al. (2002)
are included in the data set, although the results of Kamenet-
sky et al. (2002) do not include data for Na, making it impos-
sible to test for charge balance or estimate molalities.

Downhole temperature estimates of formation waters may
be subject to uncertainty depending on the sampling and
measurement strategy. For a number of the metamorphic
fluid examples, the temperatures are approximations, with a
single value being used for an entire suite of (closely related)
samples. Some of the magmatic fluids were trapped as inclu-
sions at subsolidus temperatures and, therefore, may repre-
sent fluid compositions derived at higher temperatures than
the trapping temperatures against which they have been plot-
ted.

Results
The compiled data have been plotted to evaluate the im-

portance of temperature, salinity, and oxidation state on ore
metal concentrations in chloride fluids. By inference, the re-
maining unaccounted variability in the data is likely to be due
primarily to pH variations, although in the case of minor ele-
ment analyses of inclusion fluids, analytical errors may also
produce significant scatter. Sulfide buffering cannot be eval-
uated independently for most of the analyses. Note that in the
following sections, all element ratios considered are mole ra-
tios, but for element concentrations results are plotted in
parts per million, so that the incomplete data from Industri-
alnoe (Kamenetsky et al. 2002) could be included, except
where otherwise noted. The main emphasis of this paper is on
controls on Fe, Mn, Zn, and Pb in solution, because there is
a sufficiently extensive data base for these elements. Although
copper is also of considerable interest, it has not been possible

to demonstrate the major controls on Cu in solution, due to
the paucity of good quality data and possibly more complex
behavior of Cu (e.g. Heinrich et al., 1992).

Temperature

Figure 3 shows the concentrations of Zn, Pb, Fe, Mn, and
Cu from the entire data set as a function of the inferred fluid
temperature. The use of log concentration and reciprocal
temperature is intended to identify the linear relationships
that might arise if concentrations are dictated by mineral
buffering. Remarkably, for Fe, Mn, Zn, and Pb, metal con-
centrations correlate linearly with 1/T across the entire range
of fluid types and temperatures, and there is no systematic
difference between analyses of fluids sampled by drilling and
fluid inclusion analyses. Although there is a significant (ca.
two orders of magnitude) spread in the data at a given tem-
perature, reflecting variability in T-independent factors such
as pH, the spread in the data set as a whole is so large that the
correlation between metal contents and temperature is un-
ambiguous. A few data sets do appear to be somewhat anom-
alous relative to the overall trend. Low-temperature Cana-
dian shield brines are relatively rich in Fe and Mn, and
Mississippi Valley formation waters are rather rich in Zn. At
the high-temperature end of the spectrum, there is probably
a significant uncertainty in the temperature of equilibration
of analyzed inclusion fluids, and the apparent temperature
difference between the Mole Granite fluids and the fluids
from the Industrialnoe tin deposit may be partly an artifact of
the different criteria used to estimate temperature. In con-
trast, the Cu data do not show such a clear trend, with large
differences in Cu concentrations between Salton Sea brines
and fluids from the Colombian emerald deposits, despite sim-
ilar temperatures. Metamorphic and magmatic fluids also
show considerable overlap in Cu concentrations. These devi-
ations from a simple correlation between temperature and Cu
concentration cannot be accounted for by variations in salin-
ity, suggesting that the Cu database must be improved and ex-
panded before it can be understood and interpreted further.

The data shown in Figure 3 do not imply that the absolute
solubilities of these metals are a simple function of tempera-
ture, but they do mean that silicate rocks buffer the other fac-
tors that influence metal concentrations in natural waters in
such a way as to produce this strong temperature effect. Thus,
temperature emerges as a first-order control on metal con-
centrations in crustal fluids, a result that is in line with the in-
stincts of many economic geologists but is not always appar-
ent from theoretical and experimental studies that extend
beyond the conditions encountered in rock-buffered environ-
ments.

Chlorinity

Part of the spread in the data at each temperature seen in
Figure 3 may arise from variations in the chlorinity of the flu-
ids, although all the fluids considered are of relatively high
salinity. The relationship between metal concentration and
chlorinity in natural fluids has the potential to shed consider-
able light on metal chloride complexing, as discussed above,
and this part of the study follows the pioneering approach of
McKibben and Williams (1989) who interrogate their Salton
Sea data set in this way.
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FIG. 3.  Concentrations of transition metals in crustal fluids from the data sets discussed in the text (note logarithmic scale)
vs. 1/T (Kelvin) showing the major control that temperature exerts on rock-buffered crustal fluids. (a). Iron. (b). Manganese.
(c). Zinc. (d). Lead. (e). Copper. 



Figure 4 investigates the relationships between Cl and tran-
sition metal concentrations for the data sets that display the
largest ranges in Cl concentration. Each dataset can be con-
sidered isothermal to a first approximation, and each defines
a trend across the figure, with higher temperature data sets
defining trends at higher metal concentrations. Concentra-
tion data in this figure are in weight units, and therefore the
slopes are not comparable to those shown in Figure 2. Iron,
manganese, zinc, and lead all display similar trends in Figure
4, although the Pb plot has more scatter than the others due
to the paucity of data and often low concentrations. 

The widest range of chloride concentrations is represented
by the magmatic fluids, the low-temperature oil-field brines,
and the Salton Sea brines, and Figure 5 shows the concentra-
tions for these data sets plotted as molalities, where the data
permit. Figure 5 provides two important insights into transi-
tion metal behavior in brines. First, for each element consid-
ered the slope of each data set appears to be approximately
constant,  suggesting that there are no significant changes in
speciation over the range of salinities investigated. For all el-
ements, the slope of the data for the high-temperature fluids
is about 1 to 1.5. This cannot be taken as a direct indication of
the metal chloride complexing, both because of the system-
atic pH variation that will be present (Fig. 1b, c) and because
very large deviations from ideality must be expected for Cl–
ion activity at these salinities. However the activity coefficient
effects are likely to be very similar for each metal, since it is
chloride activity that is crucial. The plots confirm our under-
standing from theoretical and experimental considerations,
and from the Salton Sea case study by McKibben and
Williams (1989), that each of these metals in chloride solu-
tions is likely to form similar complexes (Seward and Barnes
1997, Wood and Samson 1998). Furthermore, the results are
consistent with the dominant complexes being neutral dichlo-
ride complexes once allowance is made for nonideality as pro-
posed by Seward and Barnes (1997).

A second point of interest is the effect of temperature on
metal chloride speciation and therefore the slopes in Figure
5. It appears that, within the uncertainty of the data, the slope
obtained from the low-temperature (formation water) data
sets is indistinguishable from that for the high-temperature
(magmatic) data, except possibly for Zn. Experimental results
suggest that, for Zn at least, larger complexes may predomi-
nate at low-temperature and high-salinity ZnCl–

3 and ZnCl42–

(Seward, 1984). Hanor (1996) reported evidence for a thresh-
old chlorinity near 100g/L, above which high concentrations
of Zn were possible in oil-field waters and suggested that this
reflects the increasing predominance of the larger complexes.
Basuki and Spooner (2002) provided support for the exis-
tence of such a threshold from analyses of Mississippi Valley-
type ore fluids, but there is little evidence to support it in this
study. Figure 6a and b are plots of the mol ratios Zn/Cl and
Zn/Cl2, respectively, against chloride concentration. If the
stoichiometry of the dominant Zn-Cl complex is either ZnCl
or ZnCl2, then data from a single isothermal suite will plot on
a horizontal trend in these respective figures. On the other
hand, if there is a change in the complexing with salinity, the
slope of the data will change. Only the magmatic fluids show
clear trends, reflecting the larger range of chlorinities and the
smaller analytical uncertainties. These data fit best to the 1:1

Zn:Cl stoichiometry, although this may reflect nonideality of
chloride rather than the actual complexing. Most of the lower
temperature data do not have clear trends, however there is
no evidence for any threshold, and the differences between
different data sets are in accordance with their temperatures.
Salinity tends to increase with depth and temperature in
many oil fields, and it is possible that the underlying temper-
ature trend, although not evident within individual data sets
spanning a small temperature range, has reinforced the ef-
fects of high salinities. 

The relationship between metal concentrations and chlo-
rinity deduced from Figures 5 and 6 can be used to refine the
relationship between temperature and metal concentrations.
The molar ratio Me/Cl has been taken to be independent of
Cl (as in Fig. 6a) and used to remove the effects of chlorinity
from the evaluation of the relationship between metal con-
centrations and temperature. Figure 7 is a plot of log mol ra-
tios Me/Cl versus 1/T and provides, as expected, a somewhat
better fit between metal concentrations and temperature
than Figure 3, although not surprisingly order of magnitude
variations remain across the temperature spectrum. As noted
previously, these most likely reflect different pH-limiting as-
semblages and analytical error, although redox will also be im-
portant for Fe (below). The Cu data have been included for
completeness in Figure 7, although it is clear that, even after
making allowance for the effect of Cl, the correlation with
temperature is weak with large differences between data sets
at similar temperatures.

Redox

The solubility of many transition metals is strongly influ-
enced by the redox environment. This is not something that
can be rigorously evaluated for the data sets that are compiled
here, but some relationships are evident for Fe. Bottrell and
Yardley (1990) reported that the Mn/Fe ratios of inclusion flu-
ids equilibrated with chlorites having similar Mn/Fe ratios, but
from different redox environments, were distinct. More oxi-
dized fluids had higher Mn/Fe than more reduced fluids, in
accordance with the predictions of Boctor (1985). Fluids from
a range of crustal redox environments have been included in
our data compilation, for example the Colombian emeralds
are associated with black shales, whereas some of the fluid
samples from the Pyrenees are from veins in red beds. It fol-
lows that part of the variation in Fe/Cl at any particular tem-
perature in Figure 7a is most likely due to variable redox, and
if the ratio Mn/Fe is in part a monitor of the redox environ-
ment, then it follows that this ratio should correlate with Fe
concentration at constant temperature. This is evaluated in
Figure 8, which is a plot of Fe/Cl versus Mn/Fe, for those data
sets for which there is a reasonable spread in Mn/Fe. It is no-
table that lines of regression through each data set slope down
to the right, indicating systematically lower Fe/Cl in the more
oxidized (high Mn/Fe) fluids, although there is too much noise
in the data to attach any significance to the slope. A similar
plot for Zn yields random slopes. Figure 8 is interpreted as in-
dicating that the effect of redox on the Fe/Cl ratio of the flu-
ids is similar over a wide range of geologic environments; in
general it appears that about an order of magnitude variation
in Fe/Cl may exist between the most reduced (highest Fe/Cl
ratios) and most oxidized fluids from any suite.
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FIG. 4.  Concentrations of transition metals in crustal fluids from the data sets discussed in the text vs. chloride concenta-
tions (logarithmic scales, units are ppm). (a). Iron. (b). Manganese. (c). Zinc. (d). Lead. (e). Copper. Arrays of data points
from individual data sets that are approximately isothermal define a series of approximately parallel trends (increasing metal
concentration with increasing chloride), with higher metal concentrations for the higher temperature data sets. 



Other factors affecting transition metals in solution

Unfortunately, the nature of the data sets available does not
allow aH2So or pH values to be assigned to fluid analyses. The
frequent occurrence of pyrite in their source rocks makes it
unlikely that aH2So is an important independent variable be-
cause, as discussed above, pyrite-Fe silicate assemblages
buffer aH2So. Much of the scatter in the chloride-corrected
plots (Fig. 7) is most likely to reflect pH variations between
different host-rock environments, introducing an uncertainty
of about an order of magnitude plus or minus in the metal
concentrations that can be predicted at a given temperature
and salinity. The significance of pH variations on Fe solubility
was emphasized by Heinrich and Seward (1990), who showed
that at relatively low temperatures the difference in pH be-
tween alkali-feldspar–buffered assemblages and those buffered
by Al silicates with mica could cause order-of-magnitude

variations in the solubility of Fe, as seen in the data presented
here. 

Apart from Fe and Mn, which are important components
of common rock-forming minerals, other transition metals
may occur as trace components of minerals in the source
regions of ore fluids or as trace amounts of an ore phase. If a
crustal fluid is a saturated solution of its host rock, then the
identity and composition of these metal-saturating phases will
determine the metal concentrations in solution. For example,
Pb concentrations might reflect Pb concentrations in feldspar
or galena saturation. Where hydrothermal convection cells
invade a cooling pluton or other crystalline rocks formed ini-
tially at higher temperatures, the apparent saturating phases
are often metastable and the activities of trace components
in solution may instead be saturated by the breakdown prod-
ucts of the primary minerals, even if these are present only in
trace amounts. The importance of metal-saturating phases in
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controlling fluid compositions is illustrated by the plot of Pb
against Zn (Fig. 9). Initially, it seems remarkable that so many
analyses of oil-field, geothermal, and magmatic brines should
all lie along a precise trend of correlated Pb and Zn values.
However it is most likely that this trend reflects saturation of
a wide range of crustal fluids with traces of both sphalerite
and galena. Analyses that lie off the trend most likely arise
where one or both of the saturating sulfides are absent from
the source rock.

Low-Salinity, Gas-Rich Fluids
The data set considered here is dominated by brines with

very low concentrations of dissolved gases, but in most crustal
settings it is possible to find examples where the fluid phase
is less saline (though seldom much below seawater salinity)
and contains significant dissolved carbon dioxide or other
gases (Roedder, 1988). Examples include orogenic gold flu-
ids, some pegmatite fluids, and some metamorphic fluids.
Metal behavior in these fluids might differ significantly if the
gas species play an important role. Therefore, two contrasting
examples of low-salinity, gas-rich fluids are compared below
with the trends identified for brines. 

High-temperature pegmatite fluid, Muiane, Mozambique:
Fluid inclusions in the quartz core of Li pegmatites from the
Muiane deposit were studied by Pike (1993) using the collec-
tions of O. von Knorring. One sample contained exceptionally
large inclusions with CO2 liquid and vapor phases as well as
water and sparse Al silicate daughter crystals. An arsenic
daughter phase (native element or oxide) with minor anti-
mony was also commonly present. The crush-leach analysis of
this fluid (Table 1) is notable for the very high Li (>K) and al-
most 1,000 ppm Cs. The temperature of formation of the
pegmatite is not well constrained, but the analysis of this fluid

is included in the Cl-corrected plots (Fig. 7), assuming a tem-
perature of 500°C. 

Mesothermal Au quartz fluid, Brusson, Italy: Yardley et al.
(1993) presented analyses of H2O-CO2 fluid inclusions de-
scribed by Diamond (1990) from postorogenic Au quartz
veins of the western Alps. These are also low-salinity fluids,
relatively rich in arsenic, but with a formation temperature
below 300°C. They are also included in Figure 7.

Both of the gas-rich fluids plot within the spread of the
brine data in Figure 7, with the exception of the Mn/Cl and
Fe/Cl values for the Muiane pegmatite, which are low. If bi-
carbonate ions or other ligands derived from dissolved gases
made an important contribution to the complexation of these
metals, then this should result in higher Me/Cl ratios for
which there is no evidence. Lower ratios could arise because
of different activity-composition relationships for the dilute,
gas-rich fluids, but this should affect all the metals equally. In-
stead, it is possible that the low concentrations of Fe and Mn
in the Muiane pegmatite may be due to unusually oxidized
conditions, indicated by the very high Mn/Fe ratio. 

Thus it appears that Figure 7 may be a useful indicator of
transition metal concentrations in a wide range of Cl-bearing
crustal fluids, not just the brines on which it is based. Al-
though, as noted earlier, data for Cu appears to scatter too
widely to be usefully interpreted with the presently available
information, it is nevertheless of interest that the data from
gas-bearing fluids lie centrally within the brine data in Figure
7e.

Discussion: Crustal Fluids as Ore Fluids
This study has demonstrated that there are large and sys-

tematic variations with salinity and temperature in the transi-
tion metal concentrations of crustal fluids. The consistency of
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the trends is indicative of systematic buffering of other factors
influencing their metal contents, probably through the wide-
spread occurrence of quartz, mica, feldspars, and pyrite in the
crust. As a result, many of the variations in pH, fO2, and ΣS
that are commonly explored in activity diagrams are actually
not relevant to rock-equilibrated fluids. Furthermore, there is

little indication that the dominant chloride complexing of the
metals investigated varies markedly over the range of tem-
peratures and fluid salinities of the data set. Therefore, the
concentrations of many transition metals in rock- (or silicate
melt-) saturated crustal fluids are remarkably predictable.
The effects of temperature and mCl can be inferred directly
from Figure 6 for Fe, Mn, Zn, and Pb. The remaining vari-
ability is probably due to differences in the pH-limiting as-
semblage, and while this cannot be quantified as yet, it is pos-
sible to use the data presented to make inferences for other
crustal fluids of interest.

Whether ore deposits are formed from fluids with anom-
alously high concentrations of dissolved ore metals, or from
normal crustal fluids that migrate into environments where
metal solubilities are greatly reduced, has been a subject of
discussion for many years. The results presented here show
unequivocally that metal-rich fluids which have been widely
accepted as ore fluids, such as those from the Mole Granite
(Heinrich et al., 1992; Audetat et al., 2000) or the Mississippi
oil-field brines described in the classic study of Carpenter et
al (1974), are in fact chemically indistinguishable from other
crustal fluids, plotting on the same trends in plots of
log(Me/Cl) versus 1/T as fluids with no known relationship to
economic mineralization. Fluids equilibrated with normal
crustal rocks at relatively high temperatures and/or low pH
have the potential to form hydrothermal orebodies of the
transition metals if they migrate to regions of lower tempera-
ture or if the pH is raised by mineral-fluid interactions, pro-
vided a source of sulfide is available. 

Dilution has been suggested as a first-order mechanism for
precipitation of metals from brines, but our results cast some
doubt on its effectiveness. It has been widely assumed that the
formation of neutral or negatively charged metal chloride
complexes under supercritical conditions must mean that
metal concentrations in solution rise rapidly with Cl at high
salinity, following the types of theoretical trends illustrated in
Figure 2. However our empirical compilation shows that the
concentration ratios of Fe, Mn, Zn, and Pb to Cl appear to re-
main constant independent of chlorinity over a wide range of
temperatures. If the solutions were ideal, this would imply
that the MeCl+ complex predominated. However it is more
likely that strong departures from ideality for chloride ions in
these concentrated solutions simply mean that the chloride
ion activity increases only slowly with chloride concentration,
and the slope in the plot is not truly representative of the com-
plex stoichiometry. In any event, a consequence of the ap-
proximately 1/1 Me/Cl relationship is that the effect of dilution
on equilibrium metal concentrations will be small. In contrast,
temperature emerges as a much more important control on
transition metal concentrations than has been generally recog-
nized, although the precise precipitation mechanisms that
would enable fluids to adjust composition to remain on the
buffered fluid trends defined here have not been explored.

The major conclusion of this study is that normal saline
crustal fluids have the potential to act as ore fluids as they mi-
grate. This does not preclude the possibility that distinctive
metal-enriched fluids may occur also, for example, in shallow
settings, where fluid-fluid interactions such as phase separation
may proceed more rapidly than mineral-fluid interactions,
leading to unbuffered compositions. It is also understood that
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secondary processes may result in fluids with high levels of
enrichment in ore metals beyond the concentrations required
for primary formation of the ore. 

The conclusion that there is nothing very special about ore
fluids compared to crustal fluids in general appears to be in-
compatible with the evidence that some parts of the crust
have experienced repeated episodes of ore formation through
geologic time, whereas others are barren. Results of this
analysis suggest that the key to the greater fertility of some
parts of the crust is the presence of chloride, since this is the
essential ligand that allows most metals to be mobilized into
solution. Where chloride-rich evaporites or brines are present
within the rock column, they are surprisingly difficult to re-
move; brines are dense and less easily expelled than fresh wa-
ters, and evaporite bodies are of very low permeability and
only slowly dissolved away once they are entombed in a fluid-
poor rock mass. Bittern brines sink into the sediment column
as halite beds form from evaporation and can remain as pore
fluids at depth even if the halite beds themselves are subse-
quently dissolved away by marine incursions. It seems coun-
terintuitive for a fluid to have a greater geologic preservation
potential than a solid, but Br/Cl studies of paleofluids have
demonstrated that bitterns are indeed more widespread than
halite evaporites (e.g., Rittenhouse, 1967). Thus, repeated
episodes of base metal mineralization may reflect continued
presence of chloride in the rock column, rather than any spe-
cial characteristics of the ore metals themselves. Examples of
major base metal terranes with evidence for evaporates in the
original sedimentary sequences include the Mary Kathleen
district of Queensland (Oliver et al., 1992) and the Zambian
copper belt (Hudec and Jackson, 2002). Although the salt has
now been dissolved out of these sequences, chloride may re-
main in scapolite at appropriate metamorphic grades (making
mariolitic scapolite a potential pathfinder mineral), and the
chloride may have been involved in multiple episodes of min-
eralization before being largely expelled.

The Practicalities: 
Which Crustal Fluids Have Ore-Forming Potential?

The main conclusion of this study is that the hotter and
more saline a crustal fluid is, the more likely it is to form an
orebody, but this result must be tempered by considerations
of fluid abundance. For example, brines formed by the pro-
gressive removal of water from crustal fluids as they partici-
pate in mineral hydration reactions are unlikely to be present
in ore-forming quantities, even though extreme metal enrich-
ment may be present (e.g., Svensen et al., 1999).

Hydrothermal ore formation requires the precipitation of a
large amount of metal from the fluid within a small rock vol-
ume. Implicitly, the time period over which this takes place
must be limited, because it is unlikely that the same fluid-flow
pathway will be sustained over geologic time periods. Very
high metal concentrations are evidently present in high-salin-
ity magmatic fluids, making magmas with a high Cl/H2O ratio
important sources of ore fluids. The data summarized here
suggest that Fe/Cl ratios may exceed 0.2 for a highly saline
magmatic hydrothermal fluid. It follows that a pluton with a
volume of 1 km3, containing ca. 1 percent Cl (Webster and
DeVivo, 2002) may give off on the order of 3 × 107 t Cl
in hydrothermal solution, transporting around 1 × 107 t

hydrothermal Fe. If the Fe is removed from solution by oxi-
dation, magmatic fluids derived from just a 10-km3 pluton will
be sufficient to give rise to over 100 Mt of hydrothermal Fe
oxides. A similar case can be made for high concentrations of
other transition metals in magmatic ore fluids, but the very
high concentrations of Fe, making it a major brine compo-
nent, are exceptional, and this probably accounts for the
abundance of Fe minerals in most orebodies formed from
saline hydrothermal fluids. 

At the other end of the temperature spectrum, saline sed-
imentary formation waters are also an important source of
ore fluids. Here, the very large volumes of formation brines
available in some basins are a key factor for ore formation,
but the brines must also be metal rich. An aquifer extending
over an area of 100 km2 and with a thickness of 100 m and a
porosity of 10 percent may contain approximately 1.2 × 109 t
of brine. If this brine has an Fe concentration of about 300
mg/kg (implying a source temperature approaching 200°C),
then it has the potential to precipitate almost 5 Mt of hy-
drothermal iron oxide. Draining the same aquifer from an
area 50 × 40 km could potentially give rise to 100 Mt of Fe
oxides. The results presented here can identify which basins
are most likely to generate brines with sufficiently high metal
concentrations to have ore-forming potential. The tempera-
ture effects illustrated in Figures 3 and 7 are particularly im-
portant over the lower part of the temperature range.
Whereas brines at temperatures significantly below 100°C
sometimes contain appreciable transition metals and could
precipitate them as sulfides, the quantities are less likely to
be significant than for hotter brines. On the other hand su-
perficially similar formation brines from deeper, hot basins,
or brines which circulate into underlying hot basement as in
the Irish Pb-Zn deposits (Russell, 1978), may attain orders of
magnitude greater concentrations of transition elements and
have the potential to form orebodies given a suitable geo-
chemical trap. 

Metamorphic fluids, since they have high transition metal
concentrations, might also seem to have ore-forming poten-
tial. However, during metamorphism, rocks must recrystallize
to very low porosity and permeability because there is wide-
spread evidence that they support fluid pressures approach-
ing lithostatic values. The rate at which fluid is generated dur-
ing metamorphism is low, because it is limited by the rate of
heat supply due to the strongly endothermic character of de-
hydration reactions (Yardley, 1986). Rates of fluid escaping
from rocks undergoing metamorphism must be equally low to
sustain the elevated fluid pressures. Hence true metamorphic
fluids, in the sense of those released by mineral breakdown
reactions, are generated over many millions of years and are
very unlikely to remain to be focused to form orebodies, irre-
spective of their metal contents. More voluminous fluids of
various possible origins that equilibrate with metamorphic
rocks may, however, have ore-forming potential. 

Conclusions
This study has made possible a series of generalizations

about the compositions of crustal fluids and their potential
to form base metal orebodies. High-quality fluid inclusion
analyses produce results that are closely comparable with
bulk analyses of fluids sampled by deep drilling and, if
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gathered with care, are clearly of great value for understand-
ing crustal fluid compositions.

The compositions of crustal fluids vary systematically and
within well-defined ranges, indicating that many of the im-
portant variables that influence metal concentrations are
buffered by mineral-fluid equilibria. Temperature and chlo-
ride are the main independent controls on transition metal
concentrations in saline fluids, although variations in pH with
rock type and salinity can also account for around two orders-
of-magnitude variation in metal concentrations at constant
temperature.

Concentrations of Fe, Mn, Zn, and Pb increase with chlo-
ride concentration in a similar way. Furthermore, within the
limitations of the data, it is not possible to demonstrate a dif-
ference between the trends in low- and high-temperature
sample suites, suggesting a rather similar nature of chloride
complexing over the crustal temperature range.

The ratios of metal to chloride (log (Me/Cl)) plot on a lin-
ear trend against 1/T. As a result, concentrations of Fe, Mn,
Zn, and Pb in any chloride-dominated crustal fluid can be
predicted with the following equations (T in Kelvin, concen-
tration ratios are molar): log (Fe/Cl) = 1.4 – (1943/T) ± 1; log
(Mn/Cl) = 0.55 – (1871/T) ± 1; and log (Zn/Cl) = – (1781/T)
± 1; log (Pb/Cl) = –1.2 – (1533/T) ± 1.

These relationships include the effects of variations in pH
and fO2 in the uncertainty, and it is apparent that large ranges
of conditions that are commonly plotted in pH-redox dia-
grams are simply not accessible to rock-buffered fluids. It is a
corollary of these systematic variations in fluid composition
with temperature, in particular, that the migration of fluids
across isotherms in the crust has the potential to form ore-
bodies. The greatest potential arises when the fluids are
highly saline, and many base metal deposits are associated
with highly saline fluids. It is likely that repeated episodes of
base metal mineralization in a district arise not because of in-
trinsically anomalous metal concentrations, but because of
chloride anomalies resulting, for example, from the presence
of evaporites in an original sedimentary sequence.

Ore formation is particularly associated with either mag-
matic brines, present in limited amounts but with extremely
high metal concentrations, or formation brines that have
lower metal concentrations offset by much greater volumes,
provided flow can be focused to a precipitation site. 
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