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Abstract - Brines may be generated in sedimentary, magmatic or metamorphic settings, and they change 
chemistry extensively as they move through rocks and interact with them.  The primary constraint on their 
metal carrying capacity is their salinity, but they may carry very variable amounts of S in solution, depending 
on their source and the rocks that they have encountered.  Sulphur availability and oxidation state are also 
major controls on which metals will be transported and which precipitated.  Availability of fl uid inclusion 
brine analyses is making possible the characterisation of a much wider range of brine types than was hitherto 
possible, and providing information about metal contents in a wide range of settings, as well as tracer analyses.  
Iron contents of brines are broadly temperature dependent, and are much higher in magmatic brines than in 
sedimentary ones, but basinal fl uids may still carry suffi cient Fe in solution to precipitate iron oxides at an 
oxidation front, and may be much more voluminous.  Brines of different origins can often be distinguished on 
the basis of conservative halogen tracers unaffected by wall rock interactions: Br/Cl ratios used in conjunction 
with I/Cl ratios or δ37Cl values separate residual bittern fl uids from re-dissolved evaporites, with igneous 
brines forming an intermediate, but somewhat distinct, grouping.

Introduction

The signifi cance of brines and evaporites in the genesis 
of ore deposits has been recognised increasingly in recent 
years (Warren, 1999), and they have been implicated in the 
formation of a wide range of deposits from base metals to 
emeralds.  In general terms this is not surprising; many 
metals are complexed in aqueous solution by chloride, and 
so relatively small amounts of brine can transport relatively 
large masses of metal.  However chloride is extremely 
soluble in aqueous solution, only entering into rock-forming 
minerals under exceptional conditions, and as a result 
its behaviour in the Earth is not well understood.  Until 
recently, brine research has concentrated almost exclusively 
on oil fi eld waters (e.g. Carpenter et al. 1974, Rittenhouse 
1967, Hanor 1994, Land 1995), however the advent of 
new analytical techniques for fl uid inclusions have enabled 
many of the geochemical techniques for interpreting oil 
fi eld brine origins, to be applied to ore deposit brines 
(Bohlke and Irwin 1992, Kessler et al. 1995, Campbell 
et al. 1995).  In the process, it has become apparent that 
comparable mechanisms to those that generate brines in the 
near-surface, may operate at greater depths and at elevated 
temperatures, in addition to derivation form magma.  New 
models for the genesis of brine-related deposits require both 
an understanding of how brines can develop and interact 
with rocks, and the development of tracer techniques for 
distinguishing brines of different origins.

Highly saline fl uids can evolve in four distinct geological 
settings, the fi rst three of which are of potential economic 
signifi cance:

i) Exsolution from crystallising magma.
ii) Evaporation of seawater, leading to the formation of 

bittern brines, enriched in Br, once halite begins to 
precipitate.

iii) Re-dissolution of halite deposits.
iv) Removal of water from chloride-bearing solutions during 

metamorphic hydration reactions within the crust.

This contribution is concerned with two aspects of crustal 
brines: the ways in which their chemical composition may 
be modifi ed as a result of reactions with the rocks through 
which they pass, and the application of tracers to determine 
the origins of particular brines.

Primary Controls on Brine Chemistry

The initial chemical and isotopic composition of a brine 
generated by magmatic or sedimentary processes may be 
changed rapidly by interaction with rocks along its fl ow 
path.  As a result, common chemical characteristics can 
appear in brines of very different origins.  The fundamental 
distinction to be made is between conservative components, 
i.e.  those that are partitioned strongly into the fluid 
phase and are therefore little affected by interactions 
with rocks, and non-conservative components that are 
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readily exchanged with wall rocks and therefore lose any 
distinctive signature of brine source.  The best known of the 
conservative components, that retain the longest memory of 
the origins of the brine, are Cl and Br, while δD and δ37Cl 
are conservative isotopic tracers.  Cations, many anions, and 
most isotopic tracers such as δ18O or Sr isotope ratios are less 
conservative; some retain a memory of the immediate 
environment through which a brine was fi nally emplaced, 
while others may give an intermediate memory of features 
along the fl ow path.  We can also distinguish between 
brine components that occur in solution in a manner that is 
coupled to the availability of Cl-, and those whose solubility 
is, to a fi rst approximation, independent of salinity.  Many 
metals occur in solution predominantly as either individual 
ions, whose abundance is limited by the availability of 
anions, or as ion pairs with one or more Cl- ions, some may 
be signifi cantly complexed by other ligands such as fl uoride, 
sulphate or bisulphide, if present, while others, most notably 
silica, form hydrated species approximately equivalent to an 
un-dissociated weak acid molecule.  Clearly, the distinctive 
role of brine in ore genesis results largely from the major 
role that chloride plays in the solubility of many elements.  
Examples of a range of natural brine compositions are listed 
in Table 1; the way in which the compositions of these brines 
refl ects their origin will be returned to below.  Note that 
many of the analyses listed in Table 1 have been obtained 
by analyses of fl uid inclusions.  These analyses have been 
selected because they appear to be of high quality, with good 
charge balance and with no evidence for contamination 
by solid phases (for example Mn/Fe is generally much 
higher than in coexisting Fe-bearing minerals).  Details of 
the analytical methods and their validation is given in the 
original references cited with the Table.

Brines of sedimentary origin differ subtly in their 
composition according to whether they are bittern brines or 
are produced by re-dissolution of halite (Rittenhouse 1967, 
Fontes and Mattray 1993).  While bittern brines concentrate 
a range of soluble elements, notably Br, relative to Na and 
Cl as halite precipitates, re-dissolution of halite produces 
brines dominated by NaCl itself.  Thus the differences 
between them are in the concentrations of a wide range of 
elements initially, with bittern brines enriched in a range 
of components relative to seawater, while brines produced 
by dissolution of halite exhibit complementary depletion 
in many trace elements.  Seawater itself has a distinctive 
chemistry resulting from its highly oxidised character; 
hence sulphate levels are high, as is Mg, whereas Fe is 
present only at very low levels.

Magmatic brines are best known from porphyry-Cu 
deposits, where they may have been modifi ed by boiling, 
but data also exists for deeper, supercritical brines (Table 
1).  They are likewise dominated by NaCl, but a wide range 
of elements may be enriched.  In particular, levels of K and 
a range of transition metals, including Fe, are often higher 
than in sedimentary brines, while Ca is generally lower.  
Whereas the total salinity of sedimentary brines is generally 
close to halite saturation at surface temperatures, magmatic 
brines show a much wider range of salinities.  Many are of 
distinctly lower salinity (c. 15 eq. wt. % NaCl), but others 

range up to wet salt melts; salinity variations in evolving 
magmatic fl uids may be a complex function of the depth of 
crystallisation (Cline and Bodnar 1991).  A key feature of 
brines released at magmatic temperatures is that they have a 
relatively high proportion of HCl available for acid leaching 
of cations from wall rocks: according to pressure this may 
occur as HCl ion pairs (shallow levels) or as dissociated 
ions.  Although dominated by chloride, magmatic brines 
may contain signifi cant concentrations of other ligands that 
are themselves effective at transporting certain metals, for 
example fl uoride and borate.

Evolution of Brine Chemistry in the 
Crust
In the course of fl uid-rock interaction, a series of factors 
may influence the final brine chemistry, but in most 
settings the Cl-content remains relatively constant, so that 
the load of dissolved metals must satisfy charge balance.  
The principal factors controlling the fi nal brine chemistry 
attained due to fl uid-rock interaction will have the same 
effects irrespective of the original source of the brine:
i) temperature (to a lesser extent pressure, except at very 

shallow levels)
ii) salinity
iii) wall rock lithology and mineralogy, especially
 • redox environment
 • presence or absence of evaporite minerals

Temperature
The exchange of cations between minerals and solution is 
strongly temperature dependent, and this provides a basis 
for the use of mineral geothermometers in geothermal 
exploration.  Most conspicuously, K/Na ratios increase 
rapidly with temperature relative to the very low values 
in seawater.  In addition to ion exchange, other aspects of 
mineral solubility are temperature dependent.  For example 
heating of seawater leads to precipitation of anhydrite, while 
quartz becomes more soluble with increased temperature.  
In the case of Fe in particular, there is good evidence 
from the analyses presented in Table 1 to suggest that its 
concentration in rock-buffered brines is also temperature 
dependent.  Concentrations are generally low in oilfi eld 
brines, while in low-T shield brines it is present only at 
trace levels (Fritz and Frape 1987).  Magmatic brines 
typically have much higher concentrations of Fe, although 
it is clear from the different examples, discussed below, 
that other factors also exert important controls on Fe-levels 
in solution.  In general however, it is worth emphasising 
that many metals are very soluble as chlorides over a very 
wide range of geological conditions, and temperature is not 
directly a constraint on their solution and transport.  This is 
clearly seen from the formation of ores of a wide range of 
metals at temperatures of just a few hundred degrees. 

Salinity
Understanding how salinity infl uences the metal contents 
of brines is central to understanding their role in ore 
formation.  There are two types of effects to be taken into 
consideration: fi rstly the proportion of mono-valent to 
divalent (or trivalent) cations in a fl uid in equilibrium with a 
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fi xed mineral assemblage is infl uenced by the total chloride 
content; secondly, for certain metals, complexing by 
chloride can become much more effective with increasing 
chloride activity.

The fi rst effect has been discussed in some detail by Eugster 
and Gunter (1981) and can be illustrated very simply with 
reference to plagioclase ion exchange in saline solution:

2NaAlSi3O8 + Ca2+  =  CaAl2Si2O8  +  4SiO2  +  2Na+

for which at quartz saturation:   

    logK = log (aCaAl2Si2O8/a2NaAlSi3O8) + log (a2Na+/aCa2+)
It follows that, for fl uids in equilibrium with quartz and 
a given composition of plagioclase at a fi xed P and T, it 
is the ratio of the activity of Na+ squared to Ca2+, not the 
Na+ to Ca2+ ratio, that is buffered.  As the salinity of a fl uid 
increases, so too does the concentration, and hence activity, 
of Na+ and Ca2+.  This means that at progressively higher 
salinities the Ca2+ activity must increase with the square 
of the Na+ activity, leading to a considerable increase in 
the concentration ratio of Ca/Na.  This is an important 
factor in accounting for the very high Ca-contents of many 
concentrated brines.

The second way in which metal contents change with 
salinity is through the formation of a range of chloride 
complexes.  In suffi ciently dilute solution, metals occur 
as free ions, with chloride complexes developing as the 
availability of chloride ions is increased:

Me2+  + Cl-  =  MeCl-

MeCl-  + Cl-  =  MeCl2
o

MeCl2
o + Cl-  =  MeCl3

+

and so on.  The larger complexes are only likely to become 
significant at high salinities, where their abundance 
increases as a power of the chloride activity, leading to 
rapid increases in metal levels in solution.  This effect is 
documented for Pb, for example, a metal which is known to 
be able to reach exceptional levels in chloride-rich solutions 
in the right circumstances (e.g.  Svensen et al. 1999).

Wall Rock Lithology and Mineralogy

The infl uence of wall rocks on the composition of crustal 
fl uid cannot be underestimated in all but the most open 
environments of rapid fl uid fl ow.  For example, Banks 
et al. (1991) found that many aspects of the chemistry 
of brine inclusions in quartz veins around the Pic de Port 
Vieux thrust, central Pyrenees, refl ected equilibrium with 
local wall rocks hosting the vein in a lithologically varied 
sequence, whereas the chloride and bromide contents of 
the inclusions showed that in each case the vein fl uids 
came from a common reservoir.  In both deep diagenesis 
and active geothermal fi elds, fl uids in rock-dominated 
systems equilibrate with their hosts, and in particular 
with new-formed minerals grown from the fl uid (Hanor 
1994, Land 1995).  A common consequence of this is the 
removal of SO4 and Mg from brines in the crust (below), 
and their enrichment in Ca.  While salinity plays a role in 

determining the Ca content of brines, as outlined above, 
an additional factor is the instability of plagioclase at 
low temperatures.  Few plagioclase compositions are 
stable below about 500˚C, and albitisation is a common 
feature of hydrothermal alteration.  Anorthite component 
recrystallises into relatively soluble phases such as epidote.  
Hence while at high temperatures solutions in equilibrium 
with plagioclase may be rich in Na (Orville 1972), at low 
temperatures even low salinity fl uids have signifi cantly 
enhanced Ca contents, often limited by precipitation of 
calcite.

The most dramatic effects of wall rock reaction take 
place where evaporite minerals are present, and lead to 
enhancement of the dissolved load of the fl uid by simple 
dissolution.  While this is a process that is best known at 
shallow levels in sedimentary basins, it can also occur at 
higher temperatures, giving rise to correspondingly more 
saline brines.  Columbian emerald fl uids reach salinites 
corresponding to halite saturation at temperatures close to 
their peak metamorphic conditions.

Redox environment plays a crucial role in the solubility of 
many metals in brines through both its control of sulphur 
speciation and its direct infl uence on the solubility of metals 
with variable valency.  The transition from sulphate- to 
sulphide-dominated solutions takes place around the 
hematite-magnetite buffer, in terms of oxygen fugacity, 
and a range of metals change solubility markedly near this 
boundary in S-bearing systems.  Conventionally, metal 
solubility is often contoured onto log f O2 - pH plots drawn 
up for a total S concentration specifi ed irrespective of its 
speciation.  While this may be appropriate for fl uid systems 
with an external control on S-level, such as volcanic gasses, 
it is not obviously applicable to a rock-buffered brine for 
which redox state and pH may be limited by oxide and 
silicate equilibria and the amount of S entering solution 
is dictated by saturation with pyrite or another S-mineral 
in the rock. 

Fig. 1 is a log f O2 - pH plot contoured to show the 
concentration of S in solution in equilibrium with pyrite 
and an iron oxide phase (hematite or magnetite, according 
to the value of f O2).  The calculations were constructed 
using the EQ3 code (Wolery et al. 1983), for a temperature 
of 300˚C and a pressure of  0.1GPa, and demonstrate that, 
far from being constant, total S in solution varies over 2 
orders of magnitude within the range of log f O2 and pH that 
is likely to represent reasonable upper crustal conditions.  
These variations have signifi cant implications for transport 
and precipitation of Fe and Au. 

Dissolution of iron is strongly dependent on redox state, 
because Fe2+ is much more soluble than Fe3+.  For example, 
it was noted by Bottrell and Yardley (1991) that the Mn/
Fe ratio of fl uids in equilibrium with vein chlorite from a 
hematite-bearing host rock was much greater (and in excess 
of 1) than the value obtained for fl uids in equilibrium with 
a similar composition chlorite from a graphitic host.  This 
effect is illustrated in Table 1 by the examples of brines 
from Alpine structures in the Pyrenees with contrasting 
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wall rocks (analyses 6 and 7).  Iron solubility may also be 
enhanced by decreasing pH.  However iron solubility in 
S-bearing rocks is limited by the availability of reduced 
sulphur; as this increases so pyrite saturation limits Fe-
levels in solution.  The effect of variation in the S-content 
of the fl uid, as shown in Fig. 1, is to modify the pattern of 
conditions favouring precipitation or dissolution of elements 
such as Fe.  For example, the increase in total S to low fO2 
values will limit the increase in iron solubility below the 
hematite-magnetite buffer; similarly the decrease in iron 
solubility towards higher pH values will be exaggerated 
by an increase in S.

The case for gold is more complex because it forms a range 
of species with reduced S (Seward 1973) and diagrams 
calculated for constant S show a solubility maximum just 
to the acid side of the H2So - HS- boundary and below 
the hematite-magnetite boundary.  Hence there is a gold 
solubility maximum located in an optimum position in terms 
of both fO2 and pH.  The effect of allowing for variable, 
rock-buffered, sulphur levels will be that, while the marked 
decrease in solubility into the sulphate fi eld remains, Au 
will remain relatively soluble under progressively more 
reducing conditions because of the increase in dissolved 
S.  Likewise, the increase in S towards higher pH under 
reducing conditions will enhance Au solubility also, so that 
the solubility maximum will not be so tightly constrained 
with respect to either increase in pH or decrease in fO2.

Synthesis: The Major Chemical 
Features of Brines
The foregoing section summarises both the original 
chemical characteristics of brines of different origins, and 
the ways in which they are likely to change as they migrate 
through the crust (excluding boiling events in the epithermal 
environment).  While these changes mean that brines can 
end up with rather similar chemistries, irrespective of 
origin, it also remains true that the chemical changes that 
they induce in wall rocks as they equilibrate, may be very 
different.

The examples of low temperature, sedimentary brines listed 
here are typifi ed by high, but variable contents of Ca relative 
to Na, low levels of elements such as K, Mg, Fe and Mn, 
and variable concentrations of the alkaline earth elements, 
close to saturation with sulphate minerals.  Bromide levels 
relative to chloride are often elevated by comparison with 
seawater, but some very Br-depleted brines also occur.

Medium temperature brines that have evolved continuously 
into a metamorphic environment (Yardley 1997) retain 
many similar characteristics to oilfi eld brines, and may 
likewise be enriched in Ca.  Some elements, such as K, 
Fe and Mn, appear to be distinctly enriched relative to 
the lower temperature brines, but many metals show no 
enrichment relative to oilfi eld brines.  It is notably that the 
Columbian emerald brines range between Br-depleted, 
NaCl-rich fl uids with very low concentrations of trace 
metals and brines that are richer in Br and depleted in NaCl, 
carrying much higher levels of a wide variety of elements.  

The NaCl-rich brines have not equilibrated with wall rocks 
since being derived by dissolution of local halite beds.

The magmatic brines listed in Table 1 have several high-T 
characteristics: elevated K/Na ratios and high levels of Fe 
and Mn for example.  They are also signifi cantly poorer in 
Ca relative to Na than the sedimentary and metamorphic 
fl uids, but are enriched in B and F and tend to have high 
sulphate levels.  The relative proportions of K, Na and Ca 
have changed primarily to refl ect derivation from a feldspar-
bearing source.  At elevated temperatures the stability of 
albite-rich plagioclase in granite means that there is no 
Ca-rich phase present, and so the Na/Ca ratio of the fl uid 
increases accordingly while K/Na continues to increase to 
higher temperatures for feldspar-equilibrated fl uid.  Of the 
examples given, the Capitan Mountain brines are clearly 
distinctive, both in terms of their very high salinity (they are 
effectively wet salt melts) and their composition.  Campbell 
et al. (1995) interpreted these brines, which are from 
fl uorite-quartz veins with associated REE mineralisation, 
as resulting from the melting and assimilation of country 
rock evaporite beds into the ascending magma as it 
was fi nally emplaced through them.  This explains their 
very distinctive halogen signatures which are similar to 
redissolved evaporite brines in sedimentary rocks (below).  
In agreement with such an origin, Fe is relatively low for 
this group of brines, while the Mn/Fe ratio is very high, 
consistent with oxidation by assimilation of red beds 
associated with the evaporites.  Banks et al. (1994) reported 
exceptional REE contents for some of these brines, and 
showed that this arose as a result of chloride complexing; 
F and other ligands that may preferentially complex the 
REE were simply at too low a level relative to Cl to have 
a signifi cant impact.

Tracers of Brine Origins

In the fi rst part of this paper, we have concentrated on the 
general chemical features of brines, but have shown that 
these are often readily modifi ed by interaction with rocks 
along the fl ow path.  As a result, it is apparent that there 
are few chemical characteristics that can be employed to 
address the issue of the source of a brine.  The fi rst point to 
establish therefore is that there is no simple, single source 
for any crustal fl uid.  A fl uid moving through the crust has 
continuity as an event as long as the solvent is continuously 
present, but the individual atoms in the solvent molecules 
may continuously exchange with wall rocks, as may atoms 
in solution.  Depending on how conservatively different 
components behave, they may retain memories of different 
points along the fl ow path.  Thus oxygen isotopes are 
readily reset and indicate the ultimate fl uid source only in 
high fl ux settings, while hydrogen isotopes are much more 
conservative because of the very different ratio of atoms 
in the fl uid to atoms in the rock.  For many elements the 
situation is more complex because their solubility can be 
changed dramatically by changes in chemical environment.  
Pb can be transported long distances in chloride fl uid 
with only modest interaction with wall rocks, retaining 
a source isotope signature, but will be quantitatively 
removed from solution by addition of reduced sulphur.  



66 General Papers

We are concerned here primarily with the use of halogens 
as tracers, because they are both conservative and 
coupled to the transport of metals.  As a result, we are 
investigating the origins of the salinity in the fl uid, not the 
sources of its water molecules or of any specifi c metals 
in solution. 

The most widely used halogen tracer for brine origins 
is the ratio Br/Cl; both elements are readily analysed 
in bulk fl uid samples or fl uid inclusion leachates, and 
their relative proportions are linked to precipitation and 
dissolution of halite, which are key processes in the 
generation of sedimentary brines.  I/Cl ratios may also be 
a valuable indicator, but interpretation is more ambiguous 
because of the role of organic matter in concentrating I 
from seawater, while very low concentrations make for 
analytical diffi culties and uncertainties.  Nevertheless, the 
pioneering work of Bohlke and Irwin (1992), who fi rst 
published Cl-Br-I data for fl uid inclusions, demonstrated 
that I/Cl is a useful adjunct to Br/Cl data, and facilitates 
the distinction of saline fl uids from different sources.  In 
particular, they fi rst defi ned a distict fi eld for magmatic 
fl uids.  Fig. 2 is a log Br/Cl vs log I/Cl plot for a range of 
brines, all analyses of fl uid inclusion in vein systems, and 
including some of the samples presented in Table 1.  The 
suite of brines from Alpine veins associated with thrusting 
and related deformation in the Pyrenees (Banks et al. 1991, 

McCaig et al. 2000) exhibit distinctive characteristics of 
many oilfi eld brines (Bohlke and Irwin 1992): enrichment 
in both Br/Cl and in many cases I/Cl relative to seawater.  
The Br-depleted brines, from the Columbian emerald 
veins (Banks et al. 2000b) and from Capitan pluton veins 
Campbell et al. 1995) likewise have halogen ratios typical 
of sedimentary brines derived by dissolution of halite, but 
cannot have a simple sedimentary origin because their very 
high salinities (Table 1) requires an origin by dissolution or 
assimilation of halite at elevated temperatures in the crust.  
The SW England fl uids (unpublished data) are generally 
less saline, below salt saturation at room temperature, but 
most nevertheless differ signifi cantly from seawater in 
both Br/Cl and I/Cl values.  The high temperature fl uids 
in particular occupy a distinctive region corresponding to 
the magmatic fl uid fi eld of Bohlke and Irwin (1992).  Thus, 
while magmatic fl uids do appear to be distinct on this fl uid, 
they are within a range of values that might be achieved by 
mixing of sedimentary brines of different origins.

An additional conservative tracer that has been developed 
in recent years is the stable isotopic composition of Cl, 
δ37Cl (Desaulniers et al. 1986, Kauffmann et al. 1984, 
1988, Eastoe and Guilbert 1992).  Variations in δ37Cl 
(measured relative to seawater) are generally small, but are 
well outside analytical uncertainties.  Banks et al. (2000a) 
have used a miniaturised technique based on TIMS analysis 
of Cs2Cl+ ions (Xiao and Zhang 1992)  to measure δ37Cl 
of fl uid inclusion leachates and confi rmed a distinction 
between results from high-T fl uids associated with the SW 
England granites and those associated with the Capitan 
pluton, also apparent in Fig. 2. 

Fig. 3a combines the data of Banks et al. (2000a) (some 
samples now redetermined) with the results of Eastoe 
et al. (1999) on brines of the Palo Duro Basin of Texas, 
closely related to the host rocks of the Capitan Pluton.  
The sedimentary brines range from bittern fluids to 
brines derived by redissolution of evaporites, and show a 
correspondingly large spread in Br/Cl, but at very uniform 
δ37Cl values, between 0 and -1‰.  The high-T Capitan 
fl uids overlap the halite-dissolution brines on this plot, in 
agreement with the model for their origin discussed above.  
That they are tightly clustered at this end of the spectrum 
of basin fl uids only, is in agreement with the proposal 
that salt was incorporated into the magma by melting and 
assimilation of halite beds, as opposed to interactions 
with saline groundwaters.  Granite-stage fl uids from SW 
England form a distinct population at higher  δ37Cl than 
the Palo Duro and Capitan evaporite-related fl uids, just as 
they were separate in Fig. 2, and we take this to represent 
a distinct magmatic fl uid fi eld.  Clearly, there is insuffi cient 
data to defi ne this with any authority at present, but the 
fact that one point from Capitan is displaced towards 
this fi eld is supportive of the idea that it may be of wider 
applicability than just the area on which it is defi ned 
at present.

The use of coupled Br/Cl and δ37Cl is explored further 
in Fig. 3b, which shows details for a wider range of 
hydrothermal rocks and veins from SW England.  High-T 

Figure 1:  log fO2 - pH plot contoured to show the log 
molality of total S in a 1m NaCl solution equilibrated 
with pyrite and either hematite or magnetite (according 
to which is stable) at 300°C and 0.1GPa. Also shown is 
the species predominance boundary between oxidised 
and reduced sulphur species.
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oxide veins plot close to the granite stage fluids, but 
different generations of lower-temperature veins (Gleeson 
et al. 2000) are more widely scattered.  Late N-S veins 
appear to be the result of the involvement of partially 
evaporated seawater in granite-driven hydrothermal 
processes.  All this data is combined in Fig. 3c with analyses 
from a range of settings.  The Norwegian eclogite samples 
are salt-bearing inclusions from omphacite with, in some 
case, exceptionally evolved compositions resulting from 
removal of water during the formation of hydrous minerals, 
leading ultimately to Cl-bearing amphibole and a residual 
fl uid enriched in extreme incompatible elements such as 
Br and Pb (Svensen et al. 1999).  It is salutary that these 
plot so close to examples of vein fl uids from low grade 
Variscan rocks from Belgium.  The Tunisian fl uid is an 
example of a near-surface water draining halite beds, and 
rightly plots at the very low Br/Cl ratio of the halite itself; 
the fact that the δ37Cl value is within error of 0 attests to 
the very limited fractionation during development of halite.  
Also shown on this fi gure is a suite of analyses of volcanic 
gas samples from a range of locations around the Pacifi c 
rim (Pitcairn 2000).  This data is salutary, as it spreads from 
the magmatic fi eld defi ned by the SW England granites 
all the way across the fi eld of sedimentary brines.  It is 
certainly possible that this is a damning indictment of this 
approach as a means of distinguishing magmatic brines 
from those of sedimentary origin, but it is also possible 
that it is simply a consequence of boiling near the surface.  
Chlorine isotope fractionation is possible at this stage, with 
the light isotope, 35Cl, being preferentially fractionated into 
HCl in vapour given off at high temperatures.  It is therefore 

very possible that the large spread in δ37Cl for these samples 
reflects fractionation during the process of magmatic 
degassing, and they do not correspond to primary magmatic 
compositions.

Summary

Halogens provide valuable tracers of the origins of fl uid 
salinity, and can be used to identify the sources of many 
brines.  Br/Cl, I/Cl and δ37Cl measurements when used 
in combination can clearly distinguish brines derived by 
halite dissolution, and are also able to characterise residual 
brines from which Cl has been removed, although in crustal 
settings the total salinity must be examined in order to 
clarify whether or not these were near-surface processes.  
Magmatic brines appear to occupy a compositional space 
that is intermediate in terms of Br/Cl, but is somewhat 
distinct in terms of I/Cl and δ37Cl.  Their relatively narrow 
compositional range in terms of ratios, but more variable 
salinities, may also be distinctive.

Conclusions: Applications to Ore 
Deposits
Brines may develop as a result of sedimentary, metamorphic 
or igneous processes, and have considerable potential for 
formation of a wide range of ores.  However, in general 
they are linked to the large scale concentration of salt in the 
crust through sedimentary processes at particular times in 
Earth history (Warren 1999), or to emplacement of certain 
acid magmas.  Brines, like salt emplaced into the crust, 

Figure 2. Log plot of Br/Cl versus I/Cl compositions (molar ratios) of a range of hydrothermal 
fl uids (see text). The Pyrenees fl uids are from a low grade metamorphic setting and are 
sedimentary bittern brines that have evolved within more or less the same sedimentary 
sequence from deposition to Alpine deformation (McCaig et al. 2000). Fluids from veins 
in Columbian emerald deposits have been derived by interaction with halite beds, but 
at metamorphic rather than sedimentary temperatures. Solid symbols are high-T veins 
related to granite emplacement, but whereas the SW England examples appear to be 
genuine magmatic brines, the wet salt melts from the Capitan pluton mostly plot in the 
same fi eld as the emerald fl uids, and evidently arise by assimilation of halite beds through 
which the magma was emplaced.
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appear to be capable of long residence times in a particular 
basin (Eastoe et al. 1999, McCaig et al. 2000) and so they 
can be involved in ore formation long after their original 
development.  Likewise, igneous activity can remobilise 
halite deposits. 

While metal concentrations in igneous brines are sometimes 
extreme, sedimentary brines are also capable of signifi cant 
metal transport, and variations in redox environment can 
then lead to rapid precipitation.  This means that there may 
be examples of Fe-oxide deposits of both magmatic and 
sedimentary origins, and their distinction merits careful 
evaluation.  As an example, the SW England magmatic 
brines discussed here have very high contents of Fe (Bottrell 
and Yardley 1988, see Table 1), but the region has only 
rather minor hematite deposits.  In contrast, historically 
more signifi cant iron ores in the north west of England 
(Shepherd and Goldring 1993) appear to be related to 
sedimentary brines, being localised in Carboniferous 
limestones immediately beneath the Permo-Triassic 
unconformity.  Fe is actually very insoluble in a red-bed 
environment, so while a simplistic interpretation would be 
that Fe was somehow leached down into the limestones 
from the overlying deserts, it is actually more reasonable 
to suppose that the deposits represent a redox front where 
Carboniferous basin brines, rising up as a result of basin 
inversion, encountered local oxidised groundwaters, 
causing hematite to precipitate.

It is clearly possible to generate brines in a range of settings, 
and for Fe mineralisation to result from a variety of brines 
encountering appropriate conditions.  The behaviour of Cu 
and Au is much harder to predict from the data presently 
available.  Nevertheless, their patterns of solubility are 
suffi ciently distinctive to hold out some hope that they will 
allow models for hydrothermal iron oxide-Cu-Au deposits 
to be much more closely constrained than is presently 
possible.
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