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Abstract
A fundamental question in the study of magmatic-hydrothermal ore deposits is whether the mineralization 
potential of intrusions was already predetermined by the metal content of the exsolving fluids. The present 
study aims at addressing this question by reviewing the large number of microanalytical data (mostly laser-abla-
tion ICP-MS data) obtained on fluid inclusions from this type of ore deposits over the last 20 years. Published 
data sets were screened for analyses of high-temperature fluid inclusions that are representative of premineral-
ization fluids. A set of criteria was developed to distinguish such fluids from later, lower temperature fluids. In 
order to compensate differences in absolute metal concentrations caused by fluid immiscibility, all element con-
centrations were normalized to Na. A numerical model was developed to explore at which stage different metals 
are most efficiently extracted from a cooling pluton. The results suggest that the timing of most efficient metal 
extraction varies from metal to metal and strongly depends on pressure, the fluid/melt partition coefficient and 
the bulk mineral-melt partition coefficient. As a consequence, fluid compositions were chosen over the entire 
range of Cs/Na ratios recorded from a given pluton, as this ratio gives an indication of the fractionation degree 
of the silicate melts from which a fluid exsolved. In order to avoid bias toward occurrences from which a large 
amount of data are available, maximum four intermediate-density (ID)-type fluid inclusion assemblages plus 
four brines assemblages were chosen from each occurrence. 

Using the above-mentioned criteria, 169 fluid compositions from 12 Cu (Mo, Au) mineralized intrusions, 
10 Sn/W mineralized intrusions, two Mo mineralized intrusions, and one U-Th-REE mineralized intrusion 
were finally chosen and plotted in graphs of X/Na versus Cs/Na. The results reveal that Sn- and Cu-mineralizing 
fluids contained more Sn and Cu, respectively, than the fluids analyzed from barren and Mo or U-Th REE 
mineralized intrusions. Positive correlations between fluid metal content and mineralization potential may exist 
also for W and REEs, whereas for Mo no such trend is evident. Therefore, at least for certain metals, the metal 
content of high-temperature fluid inclusions can be used as an indicator of the type and extent of mineraliza-
tion. However, elevated metal concentrations are present also in some fluids from barren intrusions, which 
implies that the mineralization potential additionally depends on other factors such as the size of the intrusion 
and the development of structures that promote focused fluid flow. 

Introduction
Magmatic-hydrothermal ore deposits are our main source 
of Cu, Mo, Sn, and W, and a major source of Au, Ag, Pb, 
and Zn (Kesler and Simon, 2015). By definition, magmatic-
hydrothermal ore deposits are produced by hydrothermal flu-
ids that are spatially and temporally associated with magma 
chambers. Although not all fluids in magmatic-hydrothermal 
systems are of magmatic origin but include also external flu-
ids, such as meteoric water in the outer parts, the main source 
of the metals and transporting ligands (Cl, S, F) are the mag-
mas themselves (e.g., Hedenquist and Lowenstern, 1994; 
Barnes, 1997). Knowledge of the metal and ligand content 
of magmatic-hydrothermal fluids is thus a key requirement 
to understand the formation of this economically important 
class of ore deposits, which comprises porphyry Cu (Mo, Au) 
deposits, porphyry Mo deposits, Sn-W granites, and intrusion-
related polymetallic vein and skarn deposits. 

The most direct record of metal transport and deposition 
by fluids in these deposits stems from fluid inclusions, which 
are small droplets of fluids that were trapped within minerals 
during or after crystal growth (e.g., Roedder, 1984; Shepherd 
et al., 1985; Goldstein and Reynolds, 1994; Goldstein, 2003; 

Samson et al., 2003). Information regarding the major com-
ponents of fluids inclusions (bulk salinity, major salts, volatiles 
other than H2O) have been obtained by means of microther-
mometry and Raman spectroscopy for more than 50 years 
(Roedder, 1984). Prior to 1998, only few data on the trace 
element content of fluid inclusions were available, which were 
obtained by either crush-leach analysis (e.g., Campbell 1995), 
proton-induced X-ray emission (e.g., Heinrich et al., 1992), 
or synchrotron X-ray fluorescence (e.g., Mavrogenes et al., 
1995). A major breakthrough in laser-ablation inductively-
coupled-plasma mass spectrometry (LA-ICP-MS) 20 years 
ago (Audétat et al., 1998; Günther et al., 1998) allows fast, 
routine analysis of major and trace elements in individual fluid 
inclusions down to the parts per million level. Thousands of 
fluid inclusions have been analyzed with this technique since 
then, most of them in samples related to magmatic-hydrother-
mal ore deposits. The aim of the present work is to provide 
a summary of LA-ICP-MS data obtained from high-temper-
ature, premineralization fluid inclusions, in order to answer 
the fundamental question whether or not the mineralization 
potential of upper crustal intrusions was already reflected in 
the metal content of the related magmatic-hydrothermal flu-
ids. An earlier treatment of this topic can be found in Audétat 
et al. (2008). The present study is based on a much larger 
database and includes constraints from a quantitative Ray-
leigh fractionation model.
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Methods

Choice of suitable samples

Since the focus of this study is on premineralization fluids and 
temperature is one of the most important factors controlling 
ore precipitation, it is critical to choose samples that formed 
at high temperatures. Most ores in porphyry Cu (±Mo, Au) 
systems, porphyry Mo systems, and Sn-W granites seem to 
have been precipitated at temperatures between 300° and 
450°C (e.g., Heinrich, 1995; Redmond et al., 2004; Land-
twing et al., 2005, 2010; Klemm et al., 2008; Kouzmanov and 
Pokrovski, 2012; Bodnar et al., 2014), but significant amounts 
of Bi, W, and Mo may have precipitated also at higher tem-
peratures (e.g., Audétat et al., 2000a; Hart, 2007; Audétat and 
Li, 2017). It is thus necessary to choose fluid inclusion assem-
blages that were trapped at temperatures as high as possible. 
From now on, the term “high temperature” will be used for 
temperatures greater than ~450°C. One other important (but 
unfortunately often neglected) criterion is to choose samples 
that contain well-preserved fluid inclusions. Quartz is by far 
the most commonly studied host mineral due to its transpar-
ency, its relatively high strength, its resistance to alteration, 
and its wide distribution. However, despite its high strength 
and alteration resistance, quartz-hosted fluid inclusions com-
monly suffered from postentrapment modifications such as 
changes in fluid density and fluid salinity, which processes 
are commonly accompanied by fluid inclusion migration and/
or dispersion within the host crystal (e.g., Mavrogenes and 
Bodnar, 1994; Audétat and Günther, 1999; Lambrecht and 
Diamond, 2014; Fall and Bodnar, 2018). The best samples to 
find well-preserved fluid inclusions that were trapped at high 
temperature are in euhedral quartz crystals from miarolitic 
cavities (Fig. 1a), as these cavities represent fluid pockets that 
developed during the last stages of magma crystallization (e.g., 
Olsen and Griffin, 1984; Audétat and Pettke, 2003). Suitable 
samples may also be found in high-temperature veins or brec-
cias that contain quartz crystals that grew into open spaces, or 
in quartz grains that are surrounded by soft minerals such as 
sulfides, as the latter minerals can absorb mechanical stress. 
However, even fluid inclusions occurring in free-grown, euhe-
dral quartz crystals commonly suffered from postentrapment 
modifications (Audétat and Günther, 1999), and it is critical 
to know which fluid inclusion properties can be trusted and 
which ones not. In general, the fluid density (determined pri-
marily by the homogenization temperature) can very easily 
become modified through changes in the inclusion volume, 
whereas the fluid salinity (determined by the melting points 
of ice, clathrate or halite) seems to be a bit more difficult to 
change. Indications (although not unequivocal proof) of little 
or no postentrapment modifications are (1) occurrence of the 
fluid inclusions along well-defined trails or growth zones, (2) 
consistent microthermometric behavior within a given fluid 
inclusion assemblage, and (3) in the case of fluid entrapment 
in the two-phase field (see below), the occurrence of brine 
inclusions that reach total homogenization via bubble (rather 
than halite) disappearance (Audétat and Günther, 1999).

Fluid inclusion petrography

Most samples contain many different fluid inclusion assem-
blages that were trapped at various times during and after 

crystal growth (Fig. 1b). Depending on the mode of occur-
rence they may be classified into primary, pseudosecond-
ary, and secondary (Roedder, 1984; Goldstein and Reynolds, 
1994). A fluid inclusion assemblage is defined as a group of 
fluid inclusions that were trapped simultaneously, and thus, if 
trapped from a homogeneous fluid, have identical composition 
(Goldstein and Reynolds, 1994; Goldstein, 2003). Such fluid 
inclusions should show consistent phase proportions at room 
temperature (Fig. 1c) and show similar microthermometric 
behavior. If the fluid was two-phase (boiling) at the time of 
trapping, then two types of fluid inclusions (brine inclusions 
and vapor inclusions; ±mixed inclusions) may occur within a 
single assemblage (Fig. 1d). Such fluid inclusion assemblages 
are commonly called “boiling assemblages,” and this term 
will be used hereafter. Once fluid inclusion assemblages have 
been identified, the next step is to reconstruct the entrapment 
sequence and to establish their time of formation relative to 
the mineralization by means of careful petrography. In xeno-
morphic quartz samples such as quartz veins, this task (includ-
ing the classification of the fluid inclusion assemblages into 
primary, pseudosecondary, and secondary) should be accom-
panied by cathodoluminescence mapping, which technique 
allows visualization of growth zoning and multiple quartz gen-
erations in samples that otherwise look homogeneous (e.g., 
Rusk, 2012). To facilitate the reconstruction of the entrap-
ment sequence it is helpful to review typical evolution paths 
followed by magmatic-hydrothermal fluids in upper crustal, 
intermediate to felsic intrusions (Fig. 2). Pivotal to Figure 2 
are the facts that (1) the bulk fluids exsolving from such intru-
sions commonly have salinities of 5 to 15 wt % NaCl equiv 
(cf. Table 1 below), and (2) that during cooling from a mag-
matic temperature from 450° to 500°C the fluid pressure typi-
cally decreases from lithostatic pressure to about one-third to 
half of that value (Audétat and Pettke, 2003, Redmond et al., 
2004; Audétat et al., 2008; Audétat and Li, 2017). Because the 
immiscibility region of the H2O-NaCl model system overlaps 
partly with the solidus curve of granites, the physicochemical 
evolution of fluids within granitic intrusions depends critically 
on intrusion depth. Fluids that exsolve from deep intrusions 
(>6 km; corresponding to greater than ~1.5 kbars lithostatic 
pressure) are in the single-phase state at magmatic conditions 
(point A, Fig. 2a, b) and remain in this state during cooling to 
500°C (point B, Fig. 2a, b). Consequently, all fluid inclusions 
trapped within this temperature interval show intermediate 
densities (i.e., a bubble volume fraction of 0.35–0.65 at room 
temperature; in the following called “ID-type fluid inclu-
sions”) and salinities of 5 to 15 wt % NaCl equiv.

Fluids that exsolve from plutons emplaced at intermedi-
ate depth levels (~4–6 km; corresponding to ~1.2–1.5 kbars) 
evolve from single phase at magmatic conditions (point A, 
Fig. 2c, d) to two phase at subsolidus conditions (point B, 
Fig. 2c, d). Due to the relatively low salinity of the parental 
single-phase fluid the two-phase field is generally intersected 
on the vapor limb (i.e., left of the critical curve in Fig. 2d), 
which means that small amounts of brine condense out of a 
vapor-like fluid. This fluid evolution path is followed in most 
mineralized systems (e.g., Hedenquist and Richards, 1998; 
Redmond et al., 2004; Williams-Jones and Heinrich, 2005; 
Audétat et al., 2008; Kouzmanov and Pokrovski, 2012), and 
also in many barren and subeconomically mineralized magma 
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systems (e.g., Audétat and Pettke, 2003; Audétat et al., 2008; 
Lerchbaumer and Audétat, 2013). It needs to be noted that 
at temperatures below ca. 300° to 400°C many fluids become 
single phase again, either due to vapor contraction (Heinrich 
et al., 2004; Heinrich, 2005) or due to mixing with external 
meteoric water (e.g., Heinrich, 1990; Hedenquist and Rich-
ards, 1998; Ulrich et al., 2002). This low-temperature stage is 
not further discussed here because it starts after most of the 
Cu, Mo, Sn, and W precipitation. 

Fluids exsolving from shallow plutons (<4 km; correspond-
ing to less than ~1.2-kbar pressure) are already in the two-
phase state at magmatic conditions, and they typically remain 
in the two-phase field during further cooling to 400° to 500°C 
(Fig. 2e, f). Vapor inclusions typically have very low densities, 

whereas brine inclusions typically have very high salinities, 
sometimes approaching the composition of nearly anhydrous 
salt melts.

Analytical techniques

Although this review is based on previously published data, it 
is important to provide a short description of the methods that 
are used to generate such data. The first step is to constrain 
the main components of a given fluid inclusion assemblage 
(fluid salinity, fluid density, major volatile phases) by means 
of microthermometry. In this technique, fragments of doubly 
polished thick sections are studied in a freezing-heating stage 
mounted on a microscope to record phase transition occurring 
within fluid inclusions during slow heating after prior cooling 

0.1 mm 30 µm

3 mm

a

c d

b

1 cm

Fig. 1.  (a). Section through a miarolitic cavity (sample Rito12 from the Rito del Medio Pluton, New Mexico, United States), 
showing the transition from coarse-grained granite (bottom) through fine-grained, granophyric texture and then pegmatitic 
texture to open-space mineralization within the cavity (top). (b). Transmitted-light image of a doubly polished thick section 
through one-half of a quartz crystal from a miarolitic cavity in the Erongo Granite, Namibia, showing several pseudosec-
ondary fluid inclusion trails starting on former growth surfaces, plus large, irregularly distributed (but not primary) fluid 
inclusions in the core. (c). Photomicrograph of brine inclusions on a pseudosecondary trail in a quartz crystal from the MTE 
prospect on Capitan Mountains, New Mexico, United States. (d). Coexisting vapor-rich inclusions and brine inclusions on a 
pseudosecondary trail in a quartz crystal from the Trewhellas Lode, Mole Granite, Australia. The latter two photomicrographs 
were taken in transmitted light and were enhanced by focus stacking. 
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to –50° to –100°C, until complete homogenization between 
all phases in a given fluid inclusion is attained. The results 
provide information on the bulk salinity (expressed as wt % 
NaCl equiv; i.e., the amount of dissolved NaCl if the fluid 
consisted of H2O and NaCl only), the bulk density, the pres-
ence of significant amounts of gases such as CO2, and in some 
cases on the relative proportion of major chloride components 
such as the NaCl/KCl ratio (e.g., Roedder, 1984; Shepherd et 
al., 1985). The identification and quantification of gases may 
be aided by Raman spectroscopy (Frezzotti et at., 2012). Sub-
sequently, individual fluid inclusions are analyzed by LA-ICP-
MS or Synchrotron-XRF. The vast majority of data used in 
this review were generated by LA-ICP-MS. Representative 
LA-ICP-MS signals obtained from ID-type fluid inclusions 
and brine inclusions are shown in Figure 3. In this technique, 
individual fluid inclusions are drilled out of their host (usually 
quartz) by means of a pulsed laser beam, and the resulting 
signals are integrated to obtain the bulk composition of each 
inclusion. The contribution of ablated quartz is numerically 
subtracted from the mixed signal until no Si is left. The lat-
ter step is essential for the quantification of Al, S, Cl, and Sn, 
which elements either occur in the quartz itself (Al, Sn) or are 
deliberated in the form of a contamination effect (S, Cl) from 
the interior walls of the sample chamber and the gas transport 
tube (Guillong et al., 2008; Seo et al., 2011; Fig. 3). Inten-
sity ratios of the remaining signals are then converted into 
concentration ratios with the help of one or several external 
standards (usually a doped silicate glass such as NIST SRM 
610; ±scapolite or afghanite for S and Cl). To convert the con-
centration ratios into absolute values an internal standard is 
required. This internal standard is commonly obtained by tak-
ing the microthermometrically determined NaCl equiv value 
and correcting it for other major cations (their abundance 
relative to Na being known from the LA-ICP-MS concentra-
tion ratios) to estimate the true Na concentration: NaCl”true” = 
NaCl equiv – 0.5 ⋅ (KCl + FeCl2 + MnCl2 + CaCl2 + ....) 
(Heinrich et al., 2003). An alternative approach is to normal-
ize the sum of all major cations expressed as chlorides (e.g., 
NaCl, KCl, FeCl2) to the same molar Cl abundance as in the 
microthermometrically determined NaCl equiv value (Allan 
et al., 2005).

The two largest sources of uncertainty in this kind of analy-
ses stem from imperfect sampling of the inclusion content, 
and from errors in the determination of the internal standard. 
The quality of the inclusion sampling depends on the one 
hand on the quality of the ablation process (the less controlled 
the ablation, the higher is the chance to lose parts of the inclu-
sion content), and on the other hand on the representative-
ness of the signal sampling (due to the sequential analyses of 
isotopes/elements in quadrupole ICP-MS systems, very sharp 
signals may not be properly resolved). The uncertainty intro-
duced by these two factors typically amounts to ~20% for ele-
ments that produce large signals (e.g., Günther et al., 1998; 
Heinrich et al., 2003) but is larger for elements close to the 
detection limit or ones that are strongly affected by the host 
correction. Inadequate instrumentation or improper ablation 
strategy may lead to higher uncertainties. For fluid inclusions 
that contain significant amounts of gases (e.g., CO2) or that 
are dominated by salts other than NaCl, additional uncer-
tainties arise due to the difficulty of constraining the internal Sn
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standard. These uncertainties can be very large (at least a 
factor of two) in certain cases, e.g., in ID-type or vapor-rich 
fluid inclusions that form clathrates upon freezing but do not 
contain liquid CO2 at room temperature. The present study is 
focused mostly on concentration ratios, which are not affected 
by this latter source of uncertainty. 

Selection of Specific Fluid Inclusion Assemblages
In order to avoid bias toward occurrences from which a large 
amount of data is available (e.g., Bingham Canyon; from which 
deposits more than 200 fluid inclusion assemblages have been 
analyzed), no more than eight fluid inclusion assemblages 
from each occurrence were selected for the forthcoming 
comparison. Consequently, criteria had to be developed to 
decide which fluid inclusion assemblages should be selected 
from larger databases. As will be explained in more detail 
below, these selection criteria include: (1) good fluid inclusion 
preservation; (2) selection of both ID-type and brine inclu-
sions, where possible (maximum four each); (3) fluid entrap-
ment at high temperature (>450°C; preferably >500°C); (4) 
data of fluid inclusion assemblages are preferred over data of 
single fluid inclusions; and (5) coverage of a large range of Cs 
concentration; 

ID-type versus brine fluid inclusions

High-temperature ID-type fluids are the most obvious choice 
for the present comparison because these fluids represent 
premineralization, magmatic bulk fluids. However, for many 
occurrences no data on high-temperature ID-type fluids are 
available, either because such fluids were never present, or 
because corresponding fluid inclusions were destroyed or 
have not been recognized as such. Furthermore, many mag-
matic-hydrothermal systems show evidence for ore precipi-
tation from two-phase fluids rather than from single-phase 
fluids, and the locus of mineralization often correlates with a 
high abundance of brine inclusions (e.g., Nash, 1976; Beane 
and Bodnar, 1995). It thus has been suggested that the forma-
tion of brines and their accumulation at depth might repre-
sent a critical step in the mineralization process (Audétat et 
al., 2008; Klemm et al., 2008). Due to these reasons it is desir-
able to also include brines in the comparison. However, this 
brings some difficulties. 

Fig. 2.  Typical P-T-X evolution of magmatic-hydrothermal fluids in (a, b) 
deep, (c, d) intermediate, and (e, f) shallow intrusions. The panels on the left 
show outlines of the immiscibility fields of H2O-NaCl fluids of various salinity 
projected onto the P-T plane (from Pitzer and Pabalan, 1986). The immisci-
bility field of a fluid with 10 wt % NaCl is highlighted in blue; above the blue 
area the fluid is single-phase; inside the blue area it is two-phase. Also shown is 
the solidus curve of fluid-saturated, granitic magmas (thick red line; compiled 
from Luth et al., 1964; Piwinskii and Wyllie, 1968; and Johannes and Holtz, 
1996). The panels on the right show outlines of the immiscibility fields at vari-
ous temperatures projected onto the P-X plane (from Bodnar et al., 1985; see 
also Driesner and Heinrich, 2007, for a more recent description of the H2O-
NaCl system). Immiscibility fields at 700°C and 500°C are highlighted in red 
and yellow, respectively. During cooling from 700°C to 500°C the fluid pres-
sure typically drops by a factor of two to three. In deep intrusions, the fluids 
are single-phase field at both temperatures; in intermediate intrusions they 
are single-phase at magmatic conditions but two-phase at 500°C; whereas in 
shallow intrusions they are two-phase at both temperatures. 
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Fig. 3.  LA-ICP-MS signals of fluid inclusions ablated through host quartz. 
(a). Signal of an ID-type inclusion of 50-µm size from the Huangshan granite, 
China (Huang18 trail C ID1; 6.0 wt % NaCl equiv; containing 2.1 wt % Na, 
3.3 wt % Cl, 0.34 wt % Al, 290 ppm S, 190 ppm Cu, 31 ppm W, and 2 ppm 
Mo). (b). Signal of a brine inclusion of 55-µm size from the Erongo Granite, 
Namibia (Ero1E trailA brine 1; 50 wt % NaCl equiv; containing 36 wt % Cl, 
12 wt % Fe, 10 wt % Na, 7.5 wt % K, 2,400 ppm Sn, 2,100 ppm W, and 38 
ppm Mo). (c). Signal of a hypersaline brine inclusion of 25-µm size from the 
Treasure Mountain granite, Colorado, United States (60 wt % NaCl equiv; 
containing 28 wt % Cl, 17 wt % Na, 6.2 wt % K, 4.2 wt % S, 3.5 wt % Fe, 140 
ppm Bi, 26 ppm W, and 1 ppm Mo). 
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Due to their higher salinity, brines are generally more metal 
rich than ID-type fluids, hence a comparison based on abso-
lute metal concentrations would not be very helpful because it 
would just mimic the distribution of fluid salinities; i.e., occur-
rences that contain brines would appear more fertile than 
ones that contain only ID-type fluids (although, as mentioned 
above, the formation of brines may indeed be beneficial for 
mineralization). It is thus necessary to remove the effect of 
salinity by normalizing element concentrations to a constant 
fluid salinity or to a common major element such as Na. The 
two options lead to similar results because Na is usually the 
dominant cation in magmatic-hydrothermal fluids, hence, Na 
concentrations are proportional to fluid salinity (Fig. 4a). In 
the end, the element concentrations were normalized to Na 
because this does not rely on accurate measurement and inter-
pretation of microthermometric data and can even be done if 
no constraints on fluid salinity are available. Remember that 
concentration ratios can be accurately (>5–7%) determined 
by LA-ICP-MS without the use of any internal standard. Two 
publications considered in this study do not report Na con-
centrations because Na cannot be quantified by SXRF in 

quartz-hosted fluid inclusions (Kurosawa et al., 2010, 2016). In 
these cases, a fictive Na concentration was calculated based on 
the average Na/(Na + K + Fe + Mn) concentration ratio of 0.6 
determined in all other occurrences considered in the present 
study. There is no systematic difference in the salinity of ID-
type fluids in barren versus variously mineralized intrusions 
(Fig. 4b), hence the normalization to Na should not introduce 
any artifact in the anticipated comparison of metal contents. 

Another difficulty of combining both ID-type fluid and 
brines is that the condensation of brine out of parental ID-
type fluids is associated with element fractionation (Fig. 5). 
Fortunately, most elements show vapor/brine partition coef-
ficients that are very similar to that of Na (dashed lines, Fig. 
5), hence most element ratios do not change during vapor-
brine separation. However, some elements such as Li, B, As, 
S, Cu, plus sometimes Sb, Mo deviate from this trend and are 
considerably shifted toward the vapor phase (Fig. 5; see also 
Heinrich et al., 1999; Williams-Jones and Heinrich, 2005; Seo 
et al., 2009; Pokrovski et al., 2013). In the case of Cu (and 
potentially also Li) the high vapor/brine partition coefficients 
determined on natural boiling assemblages hosted in quartz 
actually seem to be an artefact due to postentrapment diffu-
sion of Cu into the vapor inclusions (Lerchbaumer and Audé-
tat, 2012; Seo and Heinrich, 2013), but the other elements (B, 
As, S, ±Sb, ±Mo) are indeed depleted (on a Na normalized 
basis) in brines relative to ID-type precursor fluids. 

Identification of high-temperature fluid inclusions

As mentioned above, one key criterion for the selection of 
fluid inclusion assemblages from larger data sets is that these 
assemblages were trapped at high temperature, i.e., at tem-
peratures higher than 450°C.

In the case of deep-seated intrusions, in which all flu-
ids trapped within the temperature interval of 400° to 70°C 
ultimately appear as ID-type fluid inclusions (Fig. 2b), high-
temperature members are rather difficult to distinguish from 
lower temperature equivalents because they are petrographi-
cally and compositionally very similar. Neither their homog-
enization temperature nor their salinity tell much about their 
entrapment conditions. Indications for a high-temperature 
origin are (1) the presence of silicate daughter minerals (typi-
cally mica), (2) high Al contents (≥1,000 ppm) that are repro-
ducible within a given fluid inclusion assemblage, (2) high 
contents of Bi, W and/or Mo compared to fluids with other-
wise similar composition, at some localities, and (4) significant 
CO2 contents, at some localities. 

In shallower plutons, early, high-temperature ID-type 
fluid inclusions may look similar to later low-salinity fluids 
(i.e., contracted vapor or fluids with major meteoric com-
ponent), but they usually have lower densities and may be 
distinguished from the latter ones using the same criteria as 
the ones listed in the previous paragraph. High-temperature 
brine inclusions may be distinguished from lower tempera-
ture ones by (1) high salinities (a salinity of 50 wt % NaCl 
equiv, for example, indicates an entrapment temperature of at 
least 450°C (Fig. 2)); (2) high homogenization temperatures 
(however, many high-temperature brine inclusions show arti-
ficially low homogenization temperatures due to postentrap-
ment changes in fluid density; Audétat and Günther, 1999); 
and (3) elevated Al contents (>500 ppm). 
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Fig. 4.  (a). Correlation between microthermometrically determined fluid 
salinities and Na concentrations calculated based on the empirical correction 
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of evolution of the silicate melt from which the fluid exsolved (see below). 
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Based on these criteria the literature was screened for micro-
analytical data of high-temperature magmatic-hydrothermal 
fluids. An overview of the occurrences from which such data 
are reported is provided in Table 1. These occurrences include 
nine barren intrusions, five uneconomically Mo or base metal 
mineralized intrusions, and 25 intrusions that are mineralized 
with either Cu (±Mo, Au), Mo (±Nb), Sn (±W, base metals, 
U), W (±Bi, Sn, Mo) or Th-U-REE. Forty-nine out of the 
169 ultimately chosen fluid compositions (mostly fluid inclu-
sion assemblages, but 39 compositions represent single fluid 
inclusion analyses because no assemblages are reported) were 
taken from Audétat and Zhang (2019), who recently published 
a large new data set on the abundances of 38 major to trace 
elements in 124 high-temperature magmatic-hydrothermal 
fluids. Examples of well-preserved fluid inclusions analyzed 
in that latter study are shown in Figure 6. 

Which high-temperature fluids best reflect the  
mineralization potential?

If one looks at the data available from a given occurrence, both 
ID-type fluid inclusions and brine inclusions typically show 
large compositional range, even if only high-temperature 
inclusions have been analyzed. It is thus critical to understand 
how these compositional variations relate to the mineraliza-
tion potential, i.e., whether some fluids are more representa-
tive than others. To illustrate the problem, we take a look at 
two real examples: the barren Rito del Medio Pluton (New 
Mexico, United States), and the subeconomically Zn-Pb-Cu 
mineralized Stronghold Granite (Arizona, United States). For 
both occurrences, LA-ICP-MS data from eight to twelve ID-
type fluid inclusion assemblages plus six to nine brine assem-
blages are available. The data are listed in Table 2. In order 
to save space, not all analyzed elements are listed, and only 
the average composition of each fluid inclusion assemblage 
is shown. In the Rito del Medio Pluton the concentrations of 
Mo and W in ID-type fluids range from 70 to 290 and from 6 
to 33 ppm, respectively, whereas in brines they are 20 to 760 
and 22 to 90 ppm, respectively. In the Stronghold Granite, the 
concentrations of Sn and Pb in ID-type fluids are 6 to 80 and 
10 to 250 ppm, respectively, whereas in the brines they are 
2 to 50 and 900 to 8000 ppm, respectively. Normalization to 
Na only slightly diminishes these large ranges in abundance. 
For the anticipated comparison it obviously matters whether 
one selects (1) only data from the lower end of these concen-
tration ranges, (2) only data from the higher end, or (3) data 
that equally distributed over the whole range. Which fluids 
are most representative of the mineralizing fluid? 

A very useful element to understand the origin of compo-
sitional variations in magmatic fluids is Cs because it reflects 
the fractionation degree of the silicate melt from which they 
exsolved (Audétat and Pettke, 2003; Audétat et al., 2008). The 
reason is that Cs is incompatible in most minerals and the 
partition coefficient of Cs between ID-type fluids and silicate 
melt is relatively close to unity (typically between 1 and 4; 
Fig. 7; see also Zajacz et al., 2008). In an earlier comparative 
study between barren and mineralized intrusions (Audétat et 
al., 2008) the focus was set on the least evolved fluids in each 
intrusion, based on the argument that the mass of fluids with 
low Cs contents is much larger than the mass of fluids with 
high Cs contents. However, as will be demonstrated, based 
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Fig. 5.  Vapor-brine partitioning coefficients determined by LA-ICP-MS analy-
sis of coexisting vapor and brine inclusions in natural boiling assemblages. (a). 
Assemblage Ero1A trailA from the Erongo Granite, Namibia (Lerchbaumer and 
Audétat, 2012; vapor: 6.7 wt % NaCl equiv; brine: 46 wt % NaCl equiv, Th(total) (–> l) 
470°C). (b). Assemblage Stro15B trailB from the Stronghold Granite, Arizona, 
United States (vapor: 2.7 wt % NaCl equiv; brine: 28.5 wt % NaCl equiv, Th(total) (–> l) ) 
510°C). (c). Assemblage Rito5 boil from the Rito del Medio Pluton, New 
Mexico, United States (Audétat and Pettke, 2003; vapor: 2.1 wt % NaCl equiv; 
brine: 29.5 wt % NaCl equiv, Th(total) (–> l) 450°C). The stippled line shows the 
average partition coefficient of Cl-complexed elements; notice that Na always 
plots close to this line. The high apparent Dvapor/brine values of Cu (and likely Li) 
are not real due to postentrapment diffusion of Cu into the vapor inclusions. 
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Brine;  Ero1E trailA (50 wt% 
NaClequiv ; Thtot (–> l) = 570 °C) 

Brine;  Cave Peak CP1AA trailX (46
wt% NaClequiv ; Thtot (–> l) = 486 °C) 

Brine;  Santa Rita6 trailA (31 wt% 
NaClequiv ; Thtot (–> l) >600 °C) 

Brine;  Capitan Mts MTE (52 wt% 
NaClequiv ; Thtot (halite) = 422 °C) 

ID-type; Rito8 trailH (6.3 wt% 
NaClequiv ; Thtot (–> v) = 440 °C) 

ID-type;  Cana13 trailA (7.3 wt% 
NaClequiv ; Thtot (–> v) = 399 °C) 

ID-type;  Kirch1 clusterD (7.7 wt% 
NaClequiv ; Thtot (–> l) = 398 °C) 

ID-type; Huang17 trailC (7.0 wt% 
NaClequiv ; Thtot (–> l) = 340 °C) 

Brine;  Eikeren3 trailA (39 wt% 
NaClequiv ; Thtot (–> l) = 350 °C) 

ID-type;  Tong3 trailA (4.3 wt% 
NaClequiv ; Thtot (–> l) = 405 °C) 

Hypersaline;  Glt4A trailB (58 wt% 
NaClequiv ; Thtot (–> l) >600 °C) 

Hypersaline;  TM12A trailA (52
wt% NaClequiv ; Thtot (halite) = 472 °C) 

ID-type;  Dra6A trailB (8.3 wt% 
NaClequiv ; Thtot (–> l) = 415 °C) 

Brine;  Org2 trailB (42 wt% 
NaClequiv ; Thtot (l) >600 °C) 

ID-type;  Stro15B ID (3.1 wt% 
NaClequiv ; Thtot (crit) = 404 °C) 

Brine;  Mole Leno2.1G trailD (47 
wt% NaClequiv ; Thtot (–> l) = 380 °C) 

Fig. 6.  Photomicrographs of fluid inclusions. All images were taken in transmitted light and were enhanced by focus stacking. 
Th(total) (–> v), Th(total) (–> l) Th(total) (–> halite) and Th(total) (critical) denote total homogenization into the vapor phase, into the liquid phase, 
via halite dissolution, or by critical behavior, respectively. 
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on a numerical model described below, this argument is not 
always valid because for certain metals and at certain pressure 
conditions the proportion of metal extracted at high degrees 
of crystallinity (i.e., by fluids with high Cs contents) is actually 
higher than the proportion of metal extracted at low degrees 
of crystallinity (i.e., by fluids with low Cs contents). 

Figure 8 shows how the concentration of a hypothetical ele-
ment X in the silicate melt evolves during open-system, fluid-
saturated magma crystallization as a function of the fluid/melt 
partition coefficient and as a function of pressure. Element X 
is assumed to be 100% incompatible in the crystallizing miner-
als. At a pressure of 1 kbar, which corresponds to a water solu-
bility of 4 wt % H2O solubility in the silicate melt (Johannes 
and Holtz, 1996), fluid saturation leads to a decrease in the 
concentration of element X in the silicate melt (and, thus, 
also in the fluid) only if the fluid/melt partition coefficient is 
greater than 25 (Fig. 8a). At a pressure of 2 kbars, which cor-
responds to an H2O solubility of 6 wt %, the threshold parti-
tion coefficient is 16.67 (Fig. 8b), and at 3.5 kbars (8 wt % 
H2O solubility) it would be 12.5 (i.e., always 100 divided by 
the water solubility in wt %). If one compares these thresh-
old values with the fluid/melt partition coefficients shown in 
Figure 7 results show that most elements will not become 
depleted in the residual melt during fluid-saturated crystalli-
zation of upper crustal plutons, unless they are to a significant 
degree incorporated in the crystallizing mineral assemblage. 
Exceptions are Mo and Cu, whose fluid/melt partition coef-
ficients are commonly >15. However, the partition coefficient 
of Cu has to be treated with caution because the Cu content 
of natural, quartz-hosted ID-type fluid inclusions may be too 
high due to postentrapment diffusional gain of Cu (Lerchbau-
mer and Audétat, 2012). 

With this principle at hand it is now possible to interpret 
the compositional variation of the data listed in Table 2. If 

one plots the composition of ID-type fluids as a function of 
their Cs content (i.e., against the degree of melt fraction-
ation), then some prominent trends emerge (Fig. 9). In the 
Rito del Medio Pluton, the fluid salinity and the concentra-
tions of most elements increase with increasing Cs content. In 
the Stronghold Granite, on the other hand, the fluid salinity 
and the concentrations of Cl-complexed elements such as Pb, 
Zn, and Sn decrease with increasing Cs content, whereas the 
concentrations of non-Cl-complexed elements such as Bi, Mo 
and W stay approximately constant (Mo, W) or increase (B, 
Bi). The contrasting behavior of the fluid salinity and the Cl-
complexed elements in these two intrusions can be explained 
by the disparate pressures at which they crystallized (Rito del 
Medio Pluton: 1.2 ± 0.01 kbars; Stronghold Granite: 1.65 ± 
0.15 kbars; Table 1). This occurs because DClfluid/melt depends 
strongly on pressure. Based on experiments performed on 
haplogranitic melts at 810°C and 0.6 to 2.6 kbars, DClfluid/melt 
is related to pressure by the following equation (Shinohara et 
al., 1989; Cline and Bodnar, 1991; pressure is given in kbar): 

log DClfluid/melt = 
	 – 0.41288 + 1.8737⋅P – 0.48738⋅P2 + 0.046511⋅P3.	 (1)

This equation returns a DClfluid/melt value of 16 ± 3 for the 
pressure at which the Rito del Medio Pluton solidified (1.2 ± 
0.1 kbars), which is smaller than the corresponding threshold 
fluid/melt partition coefficient value of 22 ± 1. For the Strong-
hold Granite, on the other hand, a DClfluid/melt value of 36 ± 
8 is obtained, which is larger than the threshold fluid/melt 
partition coefficient value of 19 ± 1 at a pressure of 1.65 ± 
0.15 kbars. As a consequence, the fluid salinity and the con-
centration of Cl-complexed elements in the supercritical bulk 
fluid that exsolved from the Rito del Medio Pluton increased 
with increasing degree of fractionation, whereas in the Strong-
hold Granite they decreased. The threshold pressure at which 
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Fig. 7.  Fluid/melt partition coefficients determined by LA-ICP-MS analyses of coexisting ID-type fluid inclusions and silicate 
melt inclusions in quartz crystals from miarolitic cavities. Rito del Medio Pluton: sample Rito5B LGZ; 700° to 720°C, 1.1 
to 1.2 kbars, 4.9 wt % NaCl equiv in fluid (Audétat and Pettke, 2003). Huangshan granite: sample HS8A; 700°C, 1.8 kbars, 
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the fluid salinity neither decreases nor increases is defined by 
the point at which DClfluid/melt (eq (1) above) becomes equal to 
100 divided by the water solubility in the melt in wt % (eq (2) 
below), which happens at 1.3 kbars.

Probably the best way to gain insights into the behavior 
of metals during magma crystallization and to understand at 
which stage a specific metal is extracted by the exsolving fluids 
is by means of numerical modeling. Therefore, a model simi-
lar to that of Cline and Bodnar (1991) was constructed, with 
the difference that the current model is not restricted to Cu 
but includes other economically important elements such as 

Mo, Sn, W, Bi, Pb, and Zn. The following variables were con-
sidered in this model: (1) the effect of pressure on the H2O 
solubility in the silicate melt, (2) the effect of pressure on the 
fluid/melt partitioning coefficient of Cl (see above), and (3) 
the effect of fluid salinity on the fluid/melt partition coeffi-
cient of certain elements. Furthermore, the model allows use 
of fixed fluid/melt partition coefficients for those elements 
that are not complexed by chlorine, and to vary the bulk par-
tition coefficient between the crystallizing minerals and the 
melt (DXbulk mineral/melt). The solubility of H2O in haplogranitic 
melts at the eutectic point (Johannes and Holtz, 1996) at 

Table 2.  Examples of How Fluid Compositions Were Selected from Larger Data Sets

			   NaCl
			   equiv	 Th(total)		  Na	 Al	 K	 Mn	 Fe	 Cu	 Zn	 Rb	 Mo	 Sn	 Cs	 W	 Pb	 Bi	 Mo/Na	 Sn/Na	 Cs/Na	 W/Na	 Pb/Na	 Data
FI assemblage1	 Type2	 n3	 (wt %)	 (°C)	 Mode4	 (ppm)	 (ppm)	 (ppm)	 (ppm)	 (ppm)	 (ppm)	 (ppm)	 (ppm)	 (ppm)	 (ppm)	 (ppm)	 (ppm)	 (ppm)	 (ppm)	 x1000	 x1000	 x1000	 x1000	 x1000	 source5

ID-type fluids of the Rito del Medio Pluton
Rito5 2GZ	 ID	 5	 4.5	 425	 v/c	 12,700	    <400	 9,400	   2,400	 600	 260	 n.a.	    110	   70	 <130	 6	 <31	 n.a.	 <31	   6	 <10.2	 0	 <2.4	 n.a.	 (1)
Rito5 LGZ*	 ID	 n.a.	 4.9	 420	 c	 12,100	   1,000	 6,900	   3,500	 4,100	 70	      900	    143	 130	     30	 50	   11	    200	   12	 11	     2.5	 4	   0.9	 17	 (2)
Rito5 LGZ	 ID	 2	 4.9	 420	 v/c	 14,900	    <100	 6,700	   2,500	 2,100	 80	      700	      88	 130	   <30	 60	   10	    170	     9	   9	   <2.0	 4	   0.7	 11	 (1)
Rito5 2GZ	 ID	 3	 4.5	 425	 c	 13,500	      700	 7,600	   3,100	 2,100	 10	      900	    161	 170	   <10	 80	   10	    180	   11	 13	   <0.7	 6	   0.7	 13	 (2)
Rito8 trail A*	 ID	 2	 6.7	 420	 v/c	 18,300	   2,500	 8,700	   7,000	 4,300	 1,800	   1,600	    160	 220	 <310	 90	   33	    190	   47	 12	 <16.9	 5	   1.8	 10	 (1)
Rito8 trail E	 ID	 2	 4.9	 430	 v/c	 13,700	      300	 4,300	   5,500	 1,600	 <200	 n.a.	      70	 n.a.	 <230	 100	   23	      30	   32	 n.a.	 <16.8	 7	   1.7	   2	 (1)
Rito8 trail H	 ID	 2	 6.3	 440	 v	 19,500	   1,200	 6,100	   3,900	 2,300	 1,300	   1,000	    113	 120	   <10	 110	   12	    120	   26	   6	   <0.5	 6	   0.6	   6	 (3)
Rito8 trail I*	 ID	 3	 6.2	 418	 v	 18,700	   1,900	 5,600	   4,500	 3,100	 1,100	   1,000	    122	 180	   <60	 110	   20	    150	   43	 10	   <3.2	 6	   1.1	   8	 (3)
Rito3 trail A	 ID	 3	 5.4	 413	 l	 17,900	   1,500	 4,500	   4,100	 1,000	 <10	      800	    137	   90	   <10	 120	     6	    170	   26	   5	   <0.6	 7	   0.3	   9	 (3)
Rito8 trail B	 ID	 2	 6.4	 440	 c	 18,900	   1,500	 9,100	   4,800	 2,200	 2,000	   1,800	    180	 180	   <80	 140	   19	    220	   63	 10	   <4.2	 7	   1.0	 12	 (1)
Rito8 trail F	 ID	 3	 7.5	 n.a.	 n.a.	 20,200	   3,700	 8,600	   8,300	 5,100	 2,600	   1,700	    160	 250	 <190	 140	   30	    210	   48	 12	   <9.4	 7	   1.5	 10	 (1)
Rito8 trail G*	 ID	 2	 7.3	 435	 v/c	 22,100	   2,200	 8,000	   3,700	 4,800	 2,300	   1,600	    160	 290	 <110	 160	   26	    240	   63	 13	   <5.0	 7	   1.2	 11	 (1)

Brines of the Rito del Medio Pluton
Rito8 trail C	 B	 n.a.	 29.7	 435	 n.a.	 95,000	 n.a.	 34,000	 n.a.	 18,600	 1,300	 n.a.	 n.a.	   80	 n.a.	 720	 n.a.	 2,400	 n.a.	   0.8	 n.a.	 8	 n.a.	 25	 (4)
Rito8 trail C*	 B	 2	 29.6	 435	 l	 59,400	   2,300	 50,400	 73,200	 11,100	 500	 10,700	    900	   20	 <390	 800	   22	 2,000	 240	   0.3	   <6.6	 13	   0.4	 34	 (1)
Rito3 trail B*	 B	 4	 31.7	 455	 l	 73,500	      700	 38,900	 69,300	 11,300	 500	 10,800	 1,000	 250	   <20	 820	   41	 2,100	 190	   3.4	   <0.3	 11	   0.6	 29	 (3)
Rito5 trail B*	 B	 2	 29.5	 450	 l	 67,300	   1,200	 36,200	 55,800	 18,800	 900	   7,900	    580	 760	 <130	 850	   90	 1,300	 210	 11.3	   <1.9	 13	   1.3	 19	 (1)
Rito8 trail D	 B	 n.a.	 26.3	 480	 n.a.	 81,000	 n.a.	 37,000	 n.a.	 18,300	 1,200	 n.a.	 n.a.	 130	 n.a.	 1,000	 n.a.	 2,300	 n.a.	   1.6	 n.a.	 12	 n.a.	 28	 (4)
Rito8 trail D*	 B	 2	 26.0	 480	 l	 51,600	   2,100	 36,700	 68,400	 16,000	 1,600	 16,000	 1,300	   90	 <340	 1,300	   54	 2,200	 250	   1.7	   <6.6	 25	   1.0	 43	 (1)

ID-type fluids of the Stronghold Granite
Stro16B FI2,3*	 ID	 2	 6.2	 409	 c/l	 17,700	   8,200	 10,300	   1,800	 4,100	 1,200	      700	    550	   30	     60	 100	   70	    180	   17	   1.7	     3.4	 6	   4.0	 10	 (5)
Stro1A 8-11*	 ID	 4	 5.9	 412	 c/l	 15,400	   7,500	 12,500	   2,500	 4,300	 800	      600	    720	   50	     80	 150	   47	    170	   20	   3.2	     5.2	 10	   3.1	 11	 (1)
Stro16D ID	 ID	 3	 5.4	 407	 c	 16,500	   1,200	 7,400	   1,300	 3,200	 1,900	      600	    315	     3	     20	 170	   16	    150	   17	   0.2	     1.2	 10	   1.0	   9	 (3)
Stro1B ID	 ID	 3	 6.9	 442	 l	 21,300	   2,700	 11,100	   1,400	 2,200	 500	      400	    716	   40	     40	 190	   47	    130	   13	   1.9	     1.9	 9	   2.2	   6	 (3)
Stro16D FI1	 ID	 1	 5.1	 396	 c	 11,600	 12,700	 14,500	   1,800	 5,000	 600	      700	 1,700	 <80	 <150	 300	   28	    250	   16	 <6.9	 <12.9	 26	   2.4	 22	 (5)
Stro15A FI1	 ID	 1	 3.1	 n.a.	 n.a.	 10,700	   8,900	 3,200	      100	 300	 40	        20	    620	   10	   <10	 930	   12	      10	   15	   0.9	   <0.9	 87	   1.1	   1	 (5)
Stro15B ID*	 ID	 2	 3.1	 404	 c	 9,200	 10,500	 6,600	      500	 400	 10	        80	    932	   30	       6	 2,400	   37	      50	   58	   3.3	     0.7	 260	   4.0	   5	 (3)
Stro15B FI1,2*	 ID	 2	 3.5	 n.a.	 n.a.	 11,200	 14,400	 6,600	      300	 400	 90	      100	 1,600	   40	   <18	 3,600	   49	      60	   27	   3.6	   <1.6	 320	   4.4	   5	 (5)

Brines of the Stronghold Granite
Stro15B tail F	 B	 2	 31.2	 445	 l	 78,000	      700	 46,800	 24,500	 35,300	 40	   4,400	 1,710	     1	       4	 980	   10	    900	   31	   0.0	     0.1	 13	   0.1	 12	 (3)
Stro16A B1-3*	 B	 3	 28.0	 453	 l	 71,400	   1,100	 29,800	 28,500	 33,100	 200	   5,500	 2,000	 <80	 <190	 1,200	 <44	 1,400	   33	 <1.1	   <2.7	 17	 <0.6	 20	 (5)
Stro15B trail C	 B	 4	 27.6	 454	 l	 63,200	      100	 51,900	 29,500	 27,200	 200	   5,600	 1,942	   <1	       2	 1,200	     6	 1,000	   60	 <0.0	     0.0	 19	   0.1	 16	 (3)
Stro15B trail A	 B	 3	 26.3	 500	 l	 67,600	   6,400	 37,500	 29,400	 18,900	 200	   6,800	 2,100	 <10	   <35	 3,600	   91	 4,900	   80	 <0.1	   <0.5	 53	   1.3	 72	 (5)
Stro15B trail E*	 B	 5	 26.3	 509	 l	 69,400	   3,200	 33,100	 28,500	 18,600	 60	   6,000	 2,180	     2	     60	 3,600	   73	 3,900	   99	   0.0	     0.9	 52	   1.1	 56	 (3)
Stro15A FI2	 B	 1	 26.2	 n.a.	 n.a.	 68,100	   8,100	 40,700	 23,000	 21,200	 100	   5,400	 2,132	 <20	   <38	 3,600	 140	 2,700	   78	 <0.3	   <0.6	 53	   2.1	 40	 (5)
Stro15B trail D	 B	 3	 26.1	 458	 l	 72,800	   1,800	 32,800	 26,400	 12,700	 100	   7,900	 2,205	     1	     40	 3,900	   41	 4,800	 100	   0.0	     0.5	 54	   0.6	 66	 (3)
Stro15B trail B*	 B	 3	 28.5	 510	 l	 75,500	   6,200	 38,000	 31,800	 15,800	 100	   8,100	 2,300	 <10	     50	 4,000	   69	 5,200	   99	 <0.1	     0.7	 53	   0.9	 69	 (5)
Stro1CC	 B	 1	 31.6	 460	 l	 106,000	 n.a.	 48,900	 n.a.	 43,400	 10	 n.a.	 n.a.	 n.a.	 n.a.	 5,000	   77	 8,000	 n.a.	 n.a.	 n.a.	 47	   0.7	 75	 (1)

n.a. = not applicable or no information available
1 FI = fluid inclusion; assemblages marked with a star are those that were chosen for the final database (i.e., for supplementary Table A1).
2 ID = intermediate-density fluid; B = brine
3 Number of fluid inclusions analyzed
4 Mode of homogenization (v = homogenization into the vapor phase; l = homogenization into the liquid phase; c = critical homogenization by fading of the 
meniscus
5 (1) = Audétat and Pettke (2003); (2) = Zajacz et al. (2008); (3) = Audétat and Zhang (2019); (4) = Seo et al. (2009); (5) Audétat et al. (2008)
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pressures between 0.5 and 5.0 kbars can be approximated by 
the equation:

Wt % H2O = 
	 – 0.1287⋅P2 + 2.2762⋅P + 1.9888,	 (2)

in which P is given in kbar. The effect of pressure on the 
DClfluid/melt value is described by equation (1) above. Tests 
of equation (1) on experimental data published by Webster 
(1992) reveal that it works well in subaluminous melt systems 
containing 0.1 to 0.15 wt % Cl (i.e., the range of Cl concen-
trations observed in fluid-saturated, rhyolitic melt inclusions; 

Zajacz et al., 2008) at pressures to at least 2 kbars. This sim-
ple expression is thus adopted here even though it does not 
describe the change of DClfluid/melt as a function of melt Cl con-
tent, nor takes into account the effect of fluid immiscibility. 
However, as demonstrated by Cline (1995), fluid immiscibility 
does not change much the general behavior of Cl-complexed 
elements and non-Cl-complexed elements during fluid-satu-
rated magma crystallization. 

The effect of fluid salinity on the fluid/melt partition coef-
ficient of various metals has been investigated in numerous 
experimental studies, and it has been reviewed by Zajacz et 

Table 2.  Examples of How Fluid Compositions Were Selected from Larger Data Sets

			   NaCl
			   equiv	 Th(total)		  Na	 Al	 K	 Mn	 Fe	 Cu	 Zn	 Rb	 Mo	 Sn	 Cs	 W	 Pb	 Bi	 Mo/Na	 Sn/Na	 Cs/Na	 W/Na	 Pb/Na	 Data
FI assemblage1	 Type2	 n3	 (wt %)	 (°C)	 Mode4	 (ppm)	 (ppm)	 (ppm)	 (ppm)	 (ppm)	 (ppm)	 (ppm)	 (ppm)	 (ppm)	 (ppm)	 (ppm)	 (ppm)	 (ppm)	 (ppm)	 x1000	 x1000	 x1000	 x1000	 x1000	 source5

ID-type fluids of the Rito del Medio Pluton
Rito5 2GZ	 ID	 5	 4.5	 425	 v/c	 12,700	    <400	 9,400	   2,400	 600	 260	 n.a.	    110	   70	 <130	 6	 <31	 n.a.	 <31	   6	 <10.2	 0	 <2.4	 n.a.	 (1)
Rito5 LGZ*	 ID	 n.a.	 4.9	 420	 c	 12,100	   1,000	 6,900	   3,500	 4,100	 70	      900	    143	 130	     30	 50	   11	    200	   12	 11	     2.5	 4	   0.9	 17	 (2)
Rito5 LGZ	 ID	 2	 4.9	 420	 v/c	 14,900	    <100	 6,700	   2,500	 2,100	 80	      700	      88	 130	   <30	 60	   10	    170	     9	   9	   <2.0	 4	   0.7	 11	 (1)
Rito5 2GZ	 ID	 3	 4.5	 425	 c	 13,500	      700	 7,600	   3,100	 2,100	 10	      900	    161	 170	   <10	 80	   10	    180	   11	 13	   <0.7	 6	   0.7	 13	 (2)
Rito8 trail A*	 ID	 2	 6.7	 420	 v/c	 18,300	   2,500	 8,700	   7,000	 4,300	 1,800	   1,600	    160	 220	 <310	 90	   33	    190	   47	 12	 <16.9	 5	   1.8	 10	 (1)
Rito8 trail E	 ID	 2	 4.9	 430	 v/c	 13,700	      300	 4,300	   5,500	 1,600	 <200	 n.a.	      70	 n.a.	 <230	 100	   23	      30	   32	 n.a.	 <16.8	 7	   1.7	   2	 (1)
Rito8 trail H	 ID	 2	 6.3	 440	 v	 19,500	   1,200	 6,100	   3,900	 2,300	 1,300	   1,000	    113	 120	   <10	 110	   12	    120	   26	   6	   <0.5	 6	   0.6	   6	 (3)
Rito8 trail I*	 ID	 3	 6.2	 418	 v	 18,700	   1,900	 5,600	   4,500	 3,100	 1,100	   1,000	    122	 180	   <60	 110	   20	    150	   43	 10	   <3.2	 6	   1.1	   8	 (3)
Rito3 trail A	 ID	 3	 5.4	 413	 l	 17,900	   1,500	 4,500	   4,100	 1,000	 <10	      800	    137	   90	   <10	 120	     6	    170	   26	   5	   <0.6	 7	   0.3	   9	 (3)
Rito8 trail B	 ID	 2	 6.4	 440	 c	 18,900	   1,500	 9,100	   4,800	 2,200	 2,000	   1,800	    180	 180	   <80	 140	   19	    220	   63	 10	   <4.2	 7	   1.0	 12	 (1)
Rito8 trail F	 ID	 3	 7.5	 n.a.	 n.a.	 20,200	   3,700	 8,600	   8,300	 5,100	 2,600	   1,700	    160	 250	 <190	 140	   30	    210	   48	 12	   <9.4	 7	   1.5	 10	 (1)
Rito8 trail G*	 ID	 2	 7.3	 435	 v/c	 22,100	   2,200	 8,000	   3,700	 4,800	 2,300	   1,600	    160	 290	 <110	 160	   26	    240	   63	 13	   <5.0	 7	   1.2	 11	 (1)

Brines of the Rito del Medio Pluton
Rito8 trail C	 B	 n.a.	 29.7	 435	 n.a.	 95,000	 n.a.	 34,000	 n.a.	 18,600	 1,300	 n.a.	 n.a.	   80	 n.a.	 720	 n.a.	 2,400	 n.a.	   0.8	 n.a.	 8	 n.a.	 25	 (4)
Rito8 trail C*	 B	 2	 29.6	 435	 l	 59,400	   2,300	 50,400	 73,200	 11,100	 500	 10,700	    900	   20	 <390	 800	   22	 2,000	 240	   0.3	   <6.6	 13	   0.4	 34	 (1)
Rito3 trail B*	 B	 4	 31.7	 455	 l	 73,500	      700	 38,900	 69,300	 11,300	 500	 10,800	 1,000	 250	   <20	 820	   41	 2,100	 190	   3.4	   <0.3	 11	   0.6	 29	 (3)
Rito5 trail B*	 B	 2	 29.5	 450	 l	 67,300	   1,200	 36,200	 55,800	 18,800	 900	   7,900	    580	 760	 <130	 850	   90	 1,300	 210	 11.3	   <1.9	 13	   1.3	 19	 (1)
Rito8 trail D	 B	 n.a.	 26.3	 480	 n.a.	 81,000	 n.a.	 37,000	 n.a.	 18,300	 1,200	 n.a.	 n.a.	 130	 n.a.	 1,000	 n.a.	 2,300	 n.a.	   1.6	 n.a.	 12	 n.a.	 28	 (4)
Rito8 trail D*	 B	 2	 26.0	 480	 l	 51,600	   2,100	 36,700	 68,400	 16,000	 1,600	 16,000	 1,300	   90	 <340	 1,300	   54	 2,200	 250	   1.7	   <6.6	 25	   1.0	 43	 (1)

ID-type fluids of the Stronghold Granite
Stro16B FI2,3*	 ID	 2	 6.2	 409	 c/l	 17,700	   8,200	 10,300	   1,800	 4,100	 1,200	      700	    550	   30	     60	 100	   70	    180	   17	   1.7	     3.4	 6	   4.0	 10	 (5)
Stro1A 8-11*	 ID	 4	 5.9	 412	 c/l	 15,400	   7,500	 12,500	   2,500	 4,300	 800	      600	    720	   50	     80	 150	   47	    170	   20	   3.2	     5.2	 10	   3.1	 11	 (1)
Stro16D ID	 ID	 3	 5.4	 407	 c	 16,500	   1,200	 7,400	   1,300	 3,200	 1,900	      600	    315	     3	     20	 170	   16	    150	   17	   0.2	     1.2	 10	   1.0	   9	 (3)
Stro1B ID	 ID	 3	 6.9	 442	 l	 21,300	   2,700	 11,100	   1,400	 2,200	 500	      400	    716	   40	     40	 190	   47	    130	   13	   1.9	     1.9	 9	   2.2	   6	 (3)
Stro16D FI1	 ID	 1	 5.1	 396	 c	 11,600	 12,700	 14,500	   1,800	 5,000	 600	      700	 1,700	 <80	 <150	 300	   28	    250	   16	 <6.9	 <12.9	 26	   2.4	 22	 (5)
Stro15A FI1	 ID	 1	 3.1	 n.a.	 n.a.	 10,700	   8,900	 3,200	      100	 300	 40	        20	    620	   10	   <10	 930	   12	      10	   15	   0.9	   <0.9	 87	   1.1	   1	 (5)
Stro15B ID*	 ID	 2	 3.1	 404	 c	 9,200	 10,500	 6,600	      500	 400	 10	        80	    932	   30	       6	 2,400	   37	      50	   58	   3.3	     0.7	 260	   4.0	   5	 (3)
Stro15B FI1,2*	 ID	 2	 3.5	 n.a.	 n.a.	 11,200	 14,400	 6,600	      300	 400	 90	      100	 1,600	   40	   <18	 3,600	   49	      60	   27	   3.6	   <1.6	 320	   4.4	   5	 (5)

Brines of the Stronghold Granite
Stro15B tail F	 B	 2	 31.2	 445	 l	 78,000	      700	 46,800	 24,500	 35,300	 40	   4,400	 1,710	     1	       4	 980	   10	    900	   31	   0.0	     0.1	 13	   0.1	 12	 (3)
Stro16A B1-3*	 B	 3	 28.0	 453	 l	 71,400	   1,100	 29,800	 28,500	 33,100	 200	   5,500	 2,000	 <80	 <190	 1,200	 <44	 1,400	   33	 <1.1	   <2.7	 17	 <0.6	 20	 (5)
Stro15B trail C	 B	 4	 27.6	 454	 l	 63,200	      100	 51,900	 29,500	 27,200	 200	   5,600	 1,942	   <1	       2	 1,200	     6	 1,000	   60	 <0.0	     0.0	 19	   0.1	 16	 (3)
Stro15B trail A	 B	 3	 26.3	 500	 l	 67,600	   6,400	 37,500	 29,400	 18,900	 200	   6,800	 2,100	 <10	   <35	 3,600	   91	 4,900	   80	 <0.1	   <0.5	 53	   1.3	 72	 (5)
Stro15B trail E*	 B	 5	 26.3	 509	 l	 69,400	   3,200	 33,100	 28,500	 18,600	 60	   6,000	 2,180	     2	     60	 3,600	   73	 3,900	   99	   0.0	     0.9	 52	   1.1	 56	 (3)
Stro15A FI2	 B	 1	 26.2	 n.a.	 n.a.	 68,100	   8,100	 40,700	 23,000	 21,200	 100	   5,400	 2,132	 <20	   <38	 3,600	 140	 2,700	   78	 <0.3	   <0.6	 53	   2.1	 40	 (5)
Stro15B trail D	 B	 3	 26.1	 458	 l	 72,800	   1,800	 32,800	 26,400	 12,700	 100	   7,900	 2,205	     1	     40	 3,900	   41	 4,800	 100	   0.0	     0.5	 54	   0.6	 66	 (3)
Stro15B trail B*	 B	 3	 28.5	 510	 l	 75,500	   6,200	 38,000	 31,800	 15,800	 100	   8,100	 2,300	 <10	     50	 4,000	   69	 5,200	   99	 <0.1	     0.7	 53	   0.9	 69	 (5)
Stro1CC	 B	 1	 31.6	 460	 l	 106,000	 n.a.	 48,900	 n.a.	 43,400	 10	 n.a.	 n.a.	 n.a.	 n.a.	 5,000	   77	 8,000	 n.a.	 n.a.	 n.a.	 47	   0.7	 75	 (1)

n.a. = not applicable or no information available
1 FI = fluid inclusion; assemblages marked with a star are those that were chosen for the final database (i.e., for supplementary Table A1).
2 ID = intermediate-density fluid; B = brine
3 Number of fluid inclusions analyzed
4 Mode of homogenization (v = homogenization into the vapor phase; l = homogenization into the liquid phase; c = critical homogenization by fading of the 
meniscus
5 (1) = Audétat and Pettke (2003); (2) = Zajacz et al. (2008); (3) = Audétat and Zhang (2019); (4) = Seo et al. (2009); (5) Audétat et al. (2008)

Table 2.  (Cont.)

FI assemblage1

ID-type fluids of the Rito del Medio Pluton
Rito5 2GZ
Rito5 LGZ*
Rito5 LGZ
Rito5 2GZ
Rito8 trail A*
Rito8 trail E
Rito8 trail H
Rito8 trail I*
Rito3 trail A
Rito8 trail B
Rito8 trail F
Rito8 trail G*

Brines of the Rito del Medio Pluton
Rito8 trail C
Rito8 trail C*
Rito3 trail B*
Rito5 trail B*
Rito8 trail D
Rito8 trail D*

ID-type fluids of the Stronghold Granite
Stro16B FI2,3*
Stro1A 8-11*
Stro16D ID
Stro1B ID
Stro16D FI1
Stro15A FI1
Stro15B ID*
Stro15B FI1,2*

Brines of the Stronghold Granite
Stro15B tail F
Stro16A B1-3*
Stro15B trail C
Stro15B trail A
Stro15B trail E*
Stro15A FI2
Stro15B trail D
Stro15B trail B*
Stro1CC
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al. (2008) in their study on natural assemblages of coexisting 
melt and fluid inclusions in quartz crystals from miarolitic 
cavities. Zajacz et al. (2008) grouped the metals into (1) those 
that display a strong positive correlation between DXfluid/melt 
and fluid salinity, (2) those that display only a moderately 
positive correlation, and (3) those that display none or even a 
negative correlation with fluid salinity. In keeping with their  

observations, DPbfluid/melt was thus modeled to be related by 
a factor of six to the Cl molality of the fluid (DPbfluid/melt =  
6⋅mClfluid), DZnfluid/melt was modeled to be related by a fac-
tor of eight (DZnfluid/melt = 8⋅mClfluid), DSnfluid/melt by a factor of 
two (DSnfluid/melt = 2⋅mClfluid), whereas DBfluid/melt, DMofluid/melt, 
DWfluid/melt, and DBifluid/melt were assumed to be independent 
of fluid salinity. However, in contrast to the study of Zajacz  
et al. (2008), DWfluid/melt was assumed to be independent of 
fluid salinity (their data do not allow firm conclusions). The 
fluid/melt partition coefficient of Cs was set to a constant 
value of 3 (Fig. 7). Boron, Mo, W, and Bi were assumed 
to be 100% incompatible in the crystallizing minerals (i.e., 
DXbulk minerals/melt = 0), whereas DZnbulk minerals/melt was assumed 
to be 0.2, DPbbulk minerals/melt = 0.4, and DSnbulk minerals/melt = 0.5. 
The starting concentrations of the metals in the silicate melt 
were chosen based on values measured in silicate melt inclu-
sions (Audétat and Pettke, 2003; Audétat et al., 2008; plus a 
few unpublished data from the Stronghold Granite), but in 
principle they do not matter because the slopes of the trends 
do not depend on absolute metal concentrations. All calcu-
lations were performed for the case of open-system frac-
tional crystallization (i.e., Rayleigh fractionation), in steps of 
1 wt % crystallization. 

The model was first tested on the Rito del Medio Pluton and 
the Stronghold Granite, for which constraints on the P-T con-
ditions and the behavior of metals during fractional crystalliza-
tion are available. The results of the calculations are presented 
in Figure 10. The model reproduces nearly all trends shown 
in Figure 9, i.e., in the Rito del Medio Pluton both the fluid 
salinity and all metal concentrations increase with increasing 
Cs content of the fluid, whereas in the Stronghold Granite 
the fluid salinity and the concentrations of Cl-complexed ele-
ments (Pb, Zn) decrease and the concentrations of the non-
Cl-complexed elements Mo and Bi remain ±constant. The 
only element that shows a discrepancy in its qualitative behav-
ior is W, the concentration of which is predicted to increase 
with increasing fractionation in both plutons, whereas in the 
Stronghold Granite the actually measured concentrations 
remain ±constant. Apparently, W behaved incompatibly with 
respect to the crystallizing minerals in the Rito del Medio Plu-
ton, but compatible in the Stronghold Granite. The reason 
for the stronger decrease in the modeled fluid salinity in the 
Stronghold Granite is not known. However, considering the 
simplicity of the model the otherwise good match between 
modeled and actual behavior is satisfactory. 

Importantly, the model allows determination of the total 
amount of metal extracted at each crystallization interval, 
which information cannot be obtained from the fluid compo-
sition itself. The principle is illustrated on Mo in the Rito del 
Medio Pluton (Fig. 11). In a first step, the concentrations of 
Mo and Cs in the exsolving fluid at each crystallization interval 
was calculated (Fig. 11a). In a second step, the cumulative 
percentage of extracted metal was calculated for each crystal-
lization degree (Fig. 11b). Finally, the results of the first two 
steps were combined in a plot of Mo concentration in the fluid 
versus Cs concentration in the fluid (Fig. 11c), which is similar 
to the type of plots shown in Figures 9 and 10. In this way it is 
possible to see at which Cs concentration in the fluid most of 
the Mo is extracted. The result suggests that 50% of the entire 
Mo budget is extracted by fluids that contain ≥22 ppm Cs and 
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Fig. 8.  Numerical model of the evolution of the concentration of element 
X in the silicate melt as a function of degree of magma crystallinity and the 
fluid/melt partition coefficient. For both graphs, the starting melt composi-
tion (point A) contains 2.0 wt % H2O and 10 ppm of element X; element X 
is 100% incompatible in the crystallizing mineral phases, and each exsolv-
ing fluid batch is removed from the system (i.e., Rayleigh fractionation). (a). 
Model for magma crystallization at 1 kbar, at which pressure ca. 4 wt % H2O 
can be dissolved in granitic silicate melts. Consequently, fluid saturation is 
reached at 50% crystallization (point B). Elements with fluid/melt partition 
coefficients DXfluid/melt <25 become enriched in the residual silicate melt dur-
ing further crystallization; elements with DXfluid/melt >25 become depleted. 
(b). Same for magma crystallization at 2 kbars, at which pressure ca. 6 wt % 
H2O can be dissolved in granitic silicate melts. In this case, fluid saturation 
is reached at 67wt % crystallization, and the threshold DXfluid/melt deciding 
between enrichment or depletion in the residual silicate melt is 16.67 (=100 
divided by the H2O solubility in the silicate melt).
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exsolved at ≥77% crystallization (the latter information be 
extracted from Fig. 11a). Even fluids that contain ≥100 ppm 
Cs and exsolved at ≥96% crystallization still account for 15% 
of the total Mo budget, i.e., in this example, highly evolved 
fluids should not be neglected despite their relatively low total 
mass compared to less evolved fluids. 

Cumulative extraction percentages of 25, 50, 75, and 90% 
total metal are also shown for all elements displayed in Fig-
ure 10. The results suggest that in the Rito del Medio Pluton 
≥50% of the total B, Zn, Pb, Mo, W, and Bi were extracted 
by fluids containing ≤40 ppm Cs, but that fluids containing 
≥60 ppm Cs still transported 24 to 42% of the total metal. A 
similar conclusion can be made for the Stronghold Granite, 
where ≥50% of the total Zn, Pb, Sn, and Mo were extracted 
by fluids containing ≤120 ppm Cs, whereas 25 to 40% of the 
total amount of extracted B, W, and Bi were transported by 
fluids containing ≥390 ppm Cs. 

A more systematic treatment on the effects of pressure, 
fluid/melt partition coefficient, and bulk mineral-melt parti-
tion coefficient is provided in Appendix Figure A1. For this 
purpose, four contrasting metals were considered: (1) Pb as 
an element that shows a strong affinity to Cl and displays a 
high fluid/melt partition coefficient; (2) Rb that shows a sig-
nificant affinity to Cl but displays a low fluid/melt partition 
coefficient; (3) Mo that shows no affinity to Cl and displays a 
high fluid/melt partition coefficient; and (4) W that shows no 
affinity to Cl and displays a lower fluid/melt partition coef-
ficient. The behavior of each of these elements was modeled 
at pressures of 0.5, 1.0, and 2.0 kbars. The results (App. Fig. 
A1) suggest that Cl-complexed elements such as Pb and Rb 
are dominantly extracted by late (i.e., Cs-rich) fluids at 0.5 
and 1.0 kbar, but dominantly extracted by early (i.e., Cs-poor) 
fluids at 2.0 kbars. In all cases, the efficiency of Pb and Rb 
extraction correlates with the Pb and Rb content of the fluid, 
i.e., most Pb and Rb is extracted by Pb- and Rb-rich fluids. 
Molybdenum tends to be extracted by early fluids, which in 
the case of 2 kbars corresponds also to the most Mo rich flu-
ids. However, at 0.5 and 1.0 kbar a larger proportion of Mo 
is actually extracted by relatively Mo poor fluids. Tungsten is 
extracted continuously over the entire crystallization interval 
at all three pressures but nevertheless becomes enriched in 
the residual melt, suggesting that early, Cs- and W-poor flu-
ids are similarly important as late, Cs- and W-rich fluids. The 
effect of increasing the bulk mineral-melt partition coefficient 
is that a higher percentage of metal is extracted by early fluids, 
i.e., a metal that may be extracted dominantly by late fluids 
at low DXbulk minerals/melt may be extracted dominantly by early 
fluids at high DXbulk minerals/melt.

In summary, the results suggest that the extraction of met-
als from crystallizing magmas is relatively complex and that 
no single type of ID fluid (neither the least evolved one, nor 
the most evolved one, nor the most metal rich one) can be 
regarded as representative for all elements. Consequently, in 
the present study fluid compositions spread over the entire 
interval of recorded Cs/Na ratios were chosen for the com-
parison. More precisely, up to four ID-type fluid composi-
tions plus up to four brine compositions were selected, both 
spread over a large Cs/Na interval. Further selection criteria 
include: (1) evidence for a high-temperature origin (i.e., high 
Al content; high salinity, high homogenization temperature), 

1

10

100

1,000

m
et

al
 c

on
c.

 in
 fl

ui
d 

(p
pm

)

% crystallization

0

25

50

75

100

0 20 40 60 80 100

%
 M

o 
ex

tra
ct

io
n

% crystallization

10

100

1,000

1 10 100 1,000

M
o 

co
nc

. i
n 

flu
id

 (p
pm

)

Cs conc. in fluid (ppm)

Mo

Cs

a

b

c

0 20 40 60 80 100

25%

50%

90%

25%

75%
90%

50%

75%

Fig. 11.  Modeled Mo and Cs concentrations in the fluids exsolving from the 
Rito del Medio Pluton. (a). Absolute Mo and Cs concentrations as a function 
of the degree of magma crystallization. (b). Cumulative percentages of the 
total amount of extracted Mo as a function of the degree of magma crystal-
lization. The crosses mark the stages at which 25, 50, 75, and 90% cumulative 
extraction are reached. These stages are marked also in the other panels. (c). 
Mo concentration as a function Cs concentration. The graphs suggest that 
50% of all Mo is extracted at >77% magma crystallization, by fluids containing 
>22 ppm Cs. Fluids containing ≥60 ppm Cs (i.e., most of the data points in 
Fig. 9a) transport 25% of the total extracted Mo. 

Downloaded from https://pubs.geoscienceworld.org/segweb/economicgeology/article-pdf/114/6/1033/4823701/4673_audetat.pdf
by Society of Economic Geologists, Jeff Doyle 
on 08 June 2020



	 METAL CONTENT OF MAGMATIC-HYDROTHERMAL FLUIDS AND MINERALIZATION POTENTIAL	 1049

(2) trustworthiness of the data (number of fluid inclusions 
analyzed, reproducibility of results), and (3) range of ele-
ments analyzed (with priority given to Cu, Mo, Sn, W, Ce, 
and Cs, which are the elements of main focus in the pres-
ent study). Applying these criteria to Table 2, four ID-type 
fluid compositions and four brine compositions from the Rito 
del Medio Pluton were selected, and four ID-type fluid com-
positions and three brine compositions from the Stronghold 
Granite (Table 2). The reason why the least evolved ID-type 
fluid of the Rito del Medio Pluton was not selected is that its 
Al content is low and that the Sn and W concentrations are 
below the detection limit. The reason why only three instead 
of four brine compositions were chosen from the Stronghold 
Granite is that most of the analyzed brine compositions are 
extremely evolved, hence they can represent only a small part 
of the fluid spectrum. 

Miarolitic cavities versus hydrothermal veins

Because many of the fluid inclusion analyses used in this com-
parison were obtained in samples from miarolitic cavities, 
which are known to form relatively late in the crystallization 
history of magmas, we need to test whether the fluids trapped 
in such samples are actually representative of those exsolv-
ing from the bulk intrusion. If fluid saturation was reached 
relatively early in the crystallization history of the intrusion, 
it is conceivable that the quartz crystals from miarolitic cavi-
ties record only highly evolved fluids that are not representa-
tive of the average fluids exsolved from it. On the other hand, 
if the intrusion incrementally crystallized from rim to core 
and miarolitic cavities did not behave as closed systems, then 
miarolitic cavities located near the roof of the intrusion (which 
is where they typically developed) may also have “seen” fluids 
that exsolved from less fractionated melt portions below. 

This question can be tested on several intrusions from which 
data from both miarolitic cavities and from mineralized veins 
are available: (1) the Sn-W mineralized Mole Granite, (2) the 
W-Bi-Sn mineralized Naegi granite, and (3) the weakly Mo 
mineralized Glitrevann granite (Table 1). In the Mole Gran-
ite, early ID-type fluids and subsequent two-phase fluids (i.e., 
vapor + brine) were trapped in a miarolitic cavity, whereas 
only two-phase fluids were trapped in mineralized veins. Fig-
ure 12a thus compares Na normalized element abundances 
in 13 high-temperature brine assemblages analyzed from the 
miarolitic cavity with those of 18 high-temperature, premin-
eralization brine assemblages analyzed from eight different 
mineralized veins. Within the quoted uncertainties (which 
correspond to 1σ standard deviations of the mean of all assem-
blages), all elements occur at similar concentrations in both 
types of samples, suggesting that brines trapped in miarolitic 
cavities are representative of potentially ore-forming fluids. In 
the Naegi granite, mostly ID-type fluids were found in pegma-
tite pockets, and both ID- fluids and subcritical brine + vapor 
fluids were analyzed in mineralized veins. The compositions 
of three ID-type fluids from a pegmatite pocket are thus com-
pared with 12 ID-type fluids from five different veins (Fig. 
12b). Again, all element abundances agree within the quoted 
uncertainties, although the latter are rather large (the appar-
ent discrepancy in Cu concentrations may be due to various 
extents of postentrapment Cu gain). In the Glitrevann gran-
ite, 10 ID-type fluids analyzed from two different miarolitic 
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cavities are compared with two brine assemblages from a 
weakly Mo mineralized vein (Fig. 12c). Also, here, most ele-
ment abundances agree within uncertainty, except for B and 
As, which can be explained by element fractionation during 
vapor-brine separation (cf. Fig. 5). In summary, the results 
of these tests suggest that fluids trapped in miarolitic cavities 
are representative of potentially mineralizing fluids. Although 
miarolitic cavities develop at high degrees of magma crystal-
lization and partly behave as closed systems at magmatic con-
ditions (Audétat and Pettke, 2003), they seem to transform to 
open systems after the magma solidus is reached, allowing the 
passage of less-evolved fluids exsolving from deeper parts of 
the pluton. 

Summary of selection criteria

To summarize, the following criteria were applied to select 
fluid compositions from large datasets: (1) the analyzed fluid 
inclusions should have been in a good state of preservation; 
(2) the fluid inclusions should have formed at high tempera-
ture (>450°C; preferably >500°C); (3) averages of multiple 
fluid inclusion analyses of fluid inclusion assemblages are 
preferred over measurements of single fluid inclusions; (3) to 
avoid bias toward occurrences from which a large number of 
data are available, a maximum four ID-type fluids plus four 
brines were selected per occurrence; and (5) based on the 
results of the numerical modeling, the selected fluids should 
cover the entire range of recorded Cs/Na ratios. 

Results and Discussion
The full dataset comprising 169 different fluids from 14 barren 
intrusions, 12 Cu-(Mo, Au) mineralized intrusions, 10 Sn/W 
mineralized intrusions, two Mo mineralized intrusions, and 
one Th-U-REE- mineralized intrusion is provided in Appen-
dix Table A1. Only the average concentration of each fluid 
inclusion assemblage is listed in this table because the cor-
responding standard deviation is usually very small compared 
to the concentration range covered by the entire data set (two 
to five orders of magnitude, depending on element). Graphs 
of Na normalized element abundances plotted against Cs/Na 
ratios are shown in Figures 13 and 14. Similar graphs show-
ing the absolute element concentrations in ID-type fluids are 
provided in supplementary Figure A2. These graphs display 
the same trends as those in the Na normalized graphs (just 
with fewer data points) because no systematic differences in 
the salinity of magmatic bulk fluids exist between barren and 
variously mineralized intrusions (Fig. 4b).

If one takes a look at the Na normalized Sn abundances 
(Fig. 13a) it is striking that fluids analyzed from Sn/W min-
eralized intrusions are characterized by high Sn abundances 
compared to fluids analyzed from Mo-, Cu- or REE mineral-
ized intrusions. Equally high Sn/Na ratios are observed only 
in some fluids from barren intrusions, which may be related 
to the fact that in the present comparison the fluids analyzed 
from barren and Sn/W mineralized intrusions are on aver-
age more evolved (according to their Cs/Na ratios) than the 
ones analyzed from Cu-, Mo- or REE mineralized intrusions. 
The correlation between high Sn/Na ratios and Sn mineral-
ization becomes even more evident if one considers brine 
compositions only (Fig. 13b). These observations imply that 
high Sn/Na ratios in fluids (particularly in brines) are a strong 

indicator of Sn mineralization. Sn/Na ratios tend to increase 
with increasing Cs/Na ratios, suggesting that Sn gets enriched 
in the residual silicate melt during fractional crystallization. 
The situation for W is more complex (Fig. 13c). Normalized 
W abundances cover a wide range for both barren and Sn/W 
mineralized intrusions, but if one focuses on brines it is noticed 
that six out of the seven highest W/Na ratios stem from Sn/W 
mineralized intrusions (Fig. 13d). This could indicate that W 
deposits are principally produced from W-rich fluids, but that 
some of the analyzed fluids were already depleted in this ele-
ment due to the high formation temperature of many tung-
sten ores (Audétat et al., 2000b; Hart, 2007). Similar to Sn, 
normalized W abundances tend to increase with increasing 
Cs/Na, suggesting that W commonly behaves incompatibly 
during fractional crystallization. 

Normalized Cu abundances in ID-type fluids (Fig. 13e) 
tend to be high in fluids analyzed from Cu (Mo, Au) min-
eralized systems, but equally high Cu/Na ratios are observed 
also in certain fluids from barren intrusions, Sn/W mineral-
ized intrusions, and Mo mineralized intrusions (Fig. 13e). It 
should be remembered, however, that the Cu content of ID-
type fluid inclusions may have become altered by postentrap-
ment diffusion of Cu into them (Lerchbaumer and Audétat, 
2012). It may thus be safer to focus on brines only. If one 
does that (Fig. 13f), a different picture emerges, in which high 
Cu/Na ratios are almost exclusively confined to fluids from 
Cu (Mo, Au) mineralized systems, except for four data points 
from Mo mineralized systems. Notice that in contrast to Sn 
and W, the abundance of Cu tends to decrease with increasing 
Cs/Na, which reflects the generally compatible behavior of Cu 
during fractional crystallization. 

Molybdenum abundances are relatively high in fluids from 
Mo mineralized systems, but similarly high abundances are 
observed also in fluids from Cu mineralized systems, barren 
systems, and Sn/W mineralized systems (Fig. 13g). This pic-
ture does not change if one considers brines only (Fig. 13h). 
Cerium abundances are high in the fluids analyzed from the 
U-Th-REE mineralized intrusion, but similarly Ce/Na ratios 
were found also in fluids analyzed from Mo mineralized intru-
sions, Sn/W mineralized intrusions, and barren intrusions 
(Fig. 14a). Since all four fluids analyzed from the U-Th-REE 
mineralized intrusion are brines, this picture does not change 
much if only brines are considered. The abundances of B and 
Bi generally increase with the abundance of Cs, and thus are 
highest in the barren and Sn/W mineralized intrusions (Fig. 
14b, c). In contrast, the abundances of Pb, Zn, and Fe are 
rather constant and do not vary much as a function of Cs (Fig. 
14d, e, f). Normalized Ag abundances scatter considerably 
but are generally high in fluids from Sn/W mineralized intru-
sions (Fig. 14g), whereas normalized sulfur abundances tend 
to be high in Cu (Mo, Au) mineralized intrusions and low in 
Sn/W mineralized intrusions (Fig. 14h). It should be noted 
that the abundances of base metals (Cu, Pb, and Zn) are gen-
erally much higher than those of Sn, W, and Mo, also in the 
fluids from Sn/W or Mo mineralized systems. This means that 
metal precipitation in the latter deposits was highly selective, 
which is evident also from the common regional metal zoning 
patterns around them (e.g., Sharp, 1978; Bookstrom, 1989; 
Robb, 2005). Normalized Cu abundances in brines from 
porphyry Cu (Mo, Au) systems are in most cases higher than 
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the corresponding Pb abundances, whereas Zn can be either 
more abundant or less abundant than Cu. 

In summary, the results shown in Figures 13 and 14 reveal 
that positive correlations between the fluid metal content 
(normalized to Na) and the degree and type of mineraliza-
tion exist for Sn, Cu, and potentially for W and REE, but not 
for Mo. These correlations are more pronounced in brines 
than in ID-type fluids, which supports the hypothesis that 
brines, although less abundant than ID- and/or vapor-type 
fluids at the scale of entire magmatic-hydrothermal systems, 
play a central role in ore deposition. The metal content of 
magmatic fluids is determined by (1) the metal content of 
the silicate melts from which they exsolved, and (2) by the 
fluid/melt partition coefficients. Of those two parameters, 
the latter likely shows less variability because the fluid/melt 
partition coefficients of most metals depend primarily on 
fluid salinity and there is only relatively little variation in the 
salinity of bulk fluids (i.e., of ID-type fluids) exsolved from 
barren and variously mineralized intrusions (Table 1). There-
fore, the probable reason for the high Sn content of fluids in 
Sn/W mineralized intrusions is preenrichment of Sn in the 
silicate melt during fractional crystallization, as suggested 
by Lehmann (1990), Stemprok (1990), and subsequently 
demonstrated by means of melt inclusions by Webster et 
al. (1996, 1997) and Audétat et al. (2000b). Similarly, the 
comparatively high Cu content of the Cu (Mo, Au)-mineral-
izing fluids is likely due to a comparatively high Cu content 
in the associated magmas rather than due an anomalously 
high fluid/melt partition coefficient. However, it should be 
noticed that in the case of Cu the comparison to barren sys-
tems may not be valid because the barren intrusions in the 
present comparison tend to be more evolved than the aver-
age Cu (Mo, Au) mineralized intrusions. Hence, it is pos-
sible that less evolved, barren systems exist in which there 
are exsolved fluids with similarly high Cu contents as the 
fluids in Cu (Mo, Au) mineralized systems. 

The fact that some fluids of barren intrusions have simi-
larly high metal contents as fluids of mineralized intrusions 
(which is particularly true for Mo, W, Ce, Bi, Pb, and Zn) sug-
gests that the mineralization potential of granitic intrusions is 
not just a function of the metal content of fluids but depends 
on other factors as well. A likely key factor is the efficiency 
of fluid extraction from the pluton, which depends itself 
on factors such as the intrusion shape, the depth of magma 
emplacement, the tectonic stress regime, and perhaps the 
mode of magma chamber construction and crystallization. 
Magma chambers that form at shallow depth (≤3  km) are 
likely to erupt catastrophically in a caldera-forming event and 
thereby lose their ability to form ore deposits. Very deeply 
emplaced (≥10–15 km) magma chambers, on the other hand, 
are unlikely to develop structures that promote focused fluid 
flow, such as apophyses, stockwork veins or breccia pipes. A 
flat-roofed, sill-like intrusion shape or a strongly compres-
sional tectonic regime may also reduce the chance to develop 
structures that are required for focused fluid flow. Good 
chances for porphyry-type mineralization are predicted for 
large, ±equidimensional intrusions that are emplaced at 3- to 
10-km depth and develop an apophysis, a breccia pipe, or a 
small volcanic conduit at some stage during their crystalliza-
tion history (e.g., Sillitoe, 2010). 

Conclusions
The present compilation confirms the finding of earlier stud-
ies, which showed that the salinity of magmatic bulk fluids 
typically lies between 5 and 15 wt % NaCl equiv in both bar-
ren and mineralized intrusions. The evolution of these fluids 
during cooling depends on intrusion depth: (1) in deep-seated 
intrusions (>6-km depth) the fluids stay in the single-phase 
field during the entire evolution from ~700° to ~400°C; (2) 
in intrusions emplaced at intermediate depth levels (4–6 
km), which is typical for mineralized systems, the fluids start 
off in the single-phase field and later split into two phases 
(vapor + brine) within that temperature interval; (3) in shal-
low intrusions (<4 km-depth) the fluids are in the two-phase 
field already at the magmatic stage. To be able to include 
both ID-type fluids and brines in the comparison, element 
concentrations were normalized to Na. This approach is valid 
because no systematic difference exists in regard to the salin-
ity of magmatic bulk fluids in barren versus mineralized intru-
sions. The Cs content of high-temperature (>450°C) fluids 
has been shown to be a measure of the fractionation degree 
of the magmas from which the fluids exsolved. In order to 
assess which fluids (Cs-rich vs. Cs-poor) are most representa-
tive of mineralizing fluids, a numerical model was developed 
that allows prediction at which stage of magma crystallization 
the largest amount of metal is able to leave the pluton. The 
model demonstrates that depending on metal, pressure, fluid/
melt partition coefficient and bulk mineral-melt partition 
coefficient, the largest amount of metal may be extracted by 
early (i.e., Cs-poor) or by late (i.e., Cs-rich) fluids, and that it 
is not always the most metal rich fluids that extract the larg-
est amount of metal from the cooling pluton. Consequently, 
for the comparison, high-temperature fluids were chosen over 
the entire range of recorded Cs concentrations. 

The resulting graphs reveal that strongly positive correla-
tions between the fluid metal content and the mineralization 
potential exist for Sn and Cu, weak positive correlations exist 
for W and REE, and none exist for Mo. This means that, at 
least with regard to Sn and Cu mineralization, but perhaps 
also with regard to W and REE mineralization, Na normalized 
metal abundances of high-temperature fluid inclusions could 
potentially be used as an exploration tool. However, the fact 
that high metal concentrations are observed also in fluids from 
some barren intrusions implies that the mineralization poten-
tial is also affected by additional factors, such as the size of the 
intrusion, its emplacement depth, its shape, and perhaps the 
tectonic stress regime. Mineralization-specific enrichments of 
selected metals exist also in the silicate melt (e.g., Audétat and 
Lowenstern, 2014), but a systematic comparison between bar-
ren and variously mineralized systems is still lacking. 
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