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Mg 1.8, whereas ×s for La is > 10. Due to the lack of volume diffusion, ×s for La can only 
be defined as a minimal value. The effective grain boundary width is less than 4 nm, limited 
by the analytical conditions chosen.  
 
High dopant levels of La in YAG polycrystals are easy to obtain when grain sizes are small, 
whereas homogeneous doping of La on the scale of individual grains is more difficult. This 
study shows how incompatible elements can diffuse extremely effectively along grain 
boundaries - a process that plays an important role also in crustal and upper mantle rocks as it 
enables fast transport rates of incompatible elements. It is believed that generation of melts 
and metasomatic fluids that are highly enriched in incompatible elements is determined by 
grain boundary segregation characteristics. 
 
The present experimental and analytical setup as well as the numerical code will be used in 
future work to study REE diffusion along variously oriented forsterite grain boundaries. 
 
 

 
 
Fig. 3.2-10: a) Element distribution map of Fe after a bicrystal diffusion experiment, 
acquired by energy dispersive X-ray spectroscopy in STEM mode and corrected using 
the Cliff-Lorimer method. The investigated grain boundary is a near Σ5 (021)/[100] 
boundary. The concentration of Fe in the grain boundary after annealing is 4.0 wt. %, 
the respective concentrations of La and Mg are 2.3 wt. % and 1.7 wt. %. b) Measured 
diffusion profile (coloured dots) and simulated diffusion profile (green solid line). The 
grain boundary cross profile is at 200 nm distance from the source. 

 
 
k. Copper diffusion in minerals and its effect on melt inclusions (A. Audétat, in collaboration 
with L. Zhang/Hefei) 
 
Melt inclusions in natural assemblages of coexisting plagioclase, clinopyroxene, 
orthopyroxene and olivine commonly have contrasting Cu contents, which raises doubts as to 
whether they remained closed systems. A systematic investigation of Cu diffusion in 
magmatic minerals was thus conducted. 
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Two different types of experiments were performed: (1) Re-equilibration experiments on 
natural melt inclusions hosted in plagioclase, orthopyroxene and clinopyroxene. (2) Copper 
diffusion experiments on gem-quality crystals of plagioclase, orthopyroxene, clinopyroxene, 
olivine, apatite and amphibole. For the first type of experiments, several melt inclusions in 
selected phenocrysts (e.g., orthopyroxene; Fig. 3.2-11a) were first analysed by LA-ICP-MS. 
Each phenocryst was then filled together with Cs-spiked trachyandesite powder (±H2O) into 
an Au capsule and equilibrated for 3 days at 950 °C / 1 kbar in a cold-seal pressure vessel. 
After analysing several more melt inclusions in the same phenocryst, it was filled along with 
trachyandesite powder into a Au95Cu05 capsule and run at 930 °C / 1 kbar for another three 
days. Finally, some of the remaining melt inclusions were analysed (always with LA-ICP-
MS).  
 

 
 
Fig. 3.2-11: (a) partly crystallized melt inclusions within an ortho- pyroxene phenocryst. 
(b) LA-ICP-MS profile across a gem-quality olivine. 

 
 
For the second type of experiments, gem-quality mineral fragments of ~ 3x5x(0.5-1.5) mm 
size were filled together with Co-(±Li, Cu)-spiked trachyandesite powder into Cu foils and 
then equilibrated in the gas mixing furnace at 1050 °C, FMQ-0.7 for 2 hrs to 8 days. After 
quenching, the recovered crystals were cut longitudinally and transversely, and diffusion 
profiles were measured by LA-ICP-MS in three perpendicular directions (Fig. 3.2-11b).  
 
The results of the re-equilibration experiments demonstrate that Cu contents of plagioclase-
hosted melt inclusions can fully re-equilibrate within a few days at 930-950 °C. Copper 
contents decreased from 830±20 ppm to < 3 ppm in the first experiment, and then increased 
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back to 480±10 ppm in the second experiment. Interestingly, the external melt of the latter 
experiment contained only 77±8 ppm Cu, which suggests that Cu diffusion did not just follow 
a concentration gradient but was affected by additional factors. No significant Cu-loss or Cu-
gain was observed for melt inclusions hosted in clinopyroxene and orthopyroxene. 
 
The diffusion experiments performed at 1050 °C on gem-quality minerals produced 
systematic concentration profiles of Cu (±Li) after 8 days in the case of olivine (Fig. 3.2-12a), 
orthopyroxene, clinopyroxene and apatite, and after only 2 hrs in the case of plagioclase and 
amphibole. Calculated diffusion coefficients are high in all investigated minerals (Fig. 3.2-
12b), with the highest values being observed for plagioclase and amphibole. Quantitative 
modelling based on these diffusion coefficients suggests that a melt inclusion of 50 µm size, 
enclosed within a crystal of 1 mm diameter, can diffusively reach equilibrium with the 
surrounding melt within only 2 hours in the case of plagioclase, within 2 days in the case of 
amphibole, and within 2-3 years in the case of olivine and apatite (Fig. 3.2-13). These results 
suggest that Cu concentrations in melt inclusions need to be treated with caution even in 
refractory minerals such as olivine. 
 

 
 
Fig. 3.2-12: (a) Cu diffusion profiles and corresponding fits along three crystallographic 
orientations in olivine1. (b) Cu and Li diffusion coefficients obtained in this study 
compared with literature data. 

 
 
Unusually high and poorly reproducible Cu concentrations in natural, plagioclase- and 
orthopyroxene-hosted melt inclusions appear to result from post-entrapment Cu gain due to 
precipitation of a sulphide phase within the evolving melt inclusions. In the samples 
investigated in this study the sulphide phase is sulphide liquid containing 30-40 wt. % Cu, 
hence attainment of sulphide saturation leads to strong Cu-depletion in the residual melt, 
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which in turn causes Cu to diffuse from the external melt into the melt inclusion. In 
orthopyroxene-hosted melt inclusions, sulphide saturation appears to have been caused by Fe-
loss due to sidewall crystallization, similar to the process leading to sulphide precipitation in 
olivine-hosted melt inclusions. In plagioclase-hosted melt inclusions, sulfide saturation 
appears to have been caused by H2O loss after magma emplacement.  
 

 
 
Fig. 3.2-13: Time required to diffusively equilibrate Cu concentrations in melt 
inclusions hosted in various minerals with Cu concentrations in an external melt. 
Calculations were performed for an inclusion-to-crystal size ratio of 0.05 and a 
temperature of 1050 °C, using the diffusion coefficients shown in Fig. 3.2-12b. 

 
 
l. Ge, Al and Ti partitioning between quartz and rhyolite melt, and its potential use for 
thermobarometry (A. Zarei and A. Audétat) 
 
Due to large disagreements between existing models of the titanium-in-quartz (TitaniQ) 
thermobarometer, experiments were performed to investigate the effect of temperature, 
pressure and melt alumina saturation index (ASI; molar ratio Al2O3/ (Na2O + K2O + CaO) on 
the partitioning of germanium, aluminium and titanium between quartz and coexisting 
rhyolite melt. For this purpose, Ge- and Ti-bearing starting glasses were filled with aqueous 
solution into beakers manufactured out of single, synthetic quartz crystals, which were then 
welded into Au capsules and equilibrated at 730-1000 °C and 0.5-10 kbar in cold-seal 
pressure vessels and piston cylinder presses for durations of 5-7 days. Due to small 
temperature gradients (< 5 °C) along the quartz beaker during the experiments, quartz 
dissolved in the upper parts of the quartz beaker and precipitated in its lower part next to the 
pool of silicate melt. Recovered samples were analysed by laser-ablation ICP-MS. A 
representative example of an experimental run product is shown in Fig. 3.2-14, which depicts 
the lower part of the originally fluid-filled quartz beaker, tilted into horizontal position. 
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Melting of the Ge-bearing glass pieces in the bottom of the quartz beaker led to the formation 
of a pool of silicate melt, whereas SiO2 re-distribution via the fluid phase resulted in the 
formation of a thin overgrowth of new quartz in the bottom part of the quartz capsule. 
Elemental concentrations were measured in profiles across the quenched melt, and both 
across and along the layer of newly precipitated quartz. Quartz–silicate melt distribution 
coefficients (Dqtz/melt) were calculated based on the composition of the silica melt at its surface 
and the composition of the latest-grown quartz. 
 
 

 
 
Fig. 3.2-14: Transmitted-light images of an experimental run product (800 °C, 2 kbar, 7 
days). (a) overview image showing the quenched melt pool in the bottom of the quartz 
beaker (right side), and overgrowths of new quartz next to the melt pool. (b) close-up 
view of one of the new quartz overgrowths. Notice the LA-ICP-MS pits in the new 
quartz overgrowth (30 µm pit size) and in two profiles perpendicular to the surface of 
the silicate melt (one profile measured with 20 µm pit size, one with 40 µm pit size). 
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In contrast to previous quartz dissolution and reprecipitation experiments performed in melt-
free, rutile-saturated systems the trace element content of newly formed quartz is independent 
of the thickness of new quartz overgrowth, suggesting that growth rate did not have any 
significant effect in the current experiments. The results suggest that DGe

qtz/melt is relatively 
insensitive to ASI and temperature, whereas pressure may have a considerable effect at 
pressures ≤4 kbar. DTi

qtz/melt depends strongly on all parameters investigated in this study, i.e., 
on P, T and ASI, in agreement with current models of Ti solubility in quartz and silicate 
melts. The DTi

qtz/melt values determined in the present study agree with the TitaniQ model of 
Huang and Audétat (2012) and disagree with the one of Thomas et al. (2010). DAl

qtz/melt 
depends on ASI, temperature, and potentially on pressure at pressures > 2 kbar. More 
experiments are needed at > 2 kbar to reliably assess the effects of pressure on Ti, Ge and Al 
partitioning between quartz and silicate melt.  
 
 
m. Vanadium magnetite–melt oxybarometry of natural, silicic magmas: A comparison 
between different oxybarometers and thermometers (R. Arató and A. Audétat) 
 
In order to test a newly developed oxybarometer for silicic magmas based on the partitioning 
of vanadium between magnetite and silicate melt, a comprehensive thermometry and 
oxybarometry study on 21 natural rhyolites to dacites was conducted. Utilized methods 
include Fe-Ti-oxide thermometry and -oxybarometry, zircon saturation thermometry, two-
feldspar thermometry, and vanadium magnetite–melt oxybarometry. These methods were 
applied to (i) crystal-bearing obsidians (vitrophyres), because they commonly contain fresh 
Fe-Ti-oxides, and because magnetite–melt partition coefficients of vanadium (DV

mgt/melt) can 
easily be obtained by analyzing magnetite phenocrysts and the surrounding, glassy matrix; as 
well as to (ii) devitrified/crystallized samples containing well-preserved inclusions of silicate 
melt and Fe-Ti-oxides within quartz and feldspar phenocrysts. The investigated rocks cover a 
wide range of oxygen fugacities and temperatures, and represent different melt compositions 
and geological settings.  
 
Doubly-polished thick sections of approximately 300-400 µm thickness were prepared from 
each sample. These were carefully investigated under the petrographic microscope to search 
for Fe-Ti oxide-, feldspar- and melt inclusions preserved within quartz and feldspar 
phenocrysts, as well as for fresh Fe-Ti oxide- and feldspar phenocrysts/microphenocrysts. 
Special attention was paid to signs of magma mixing and other characteristics that could 
reflect non-equilibrium conditions, such as resorption- or alteration features, or multiple 
generations of individual mineral phases. Samples that showed any of these features were 
treated with special caution and were marked as “medium reliable” or “least reliable”, 
depending on the severity of the signs. All measurements were carried out by LA-ICP-MS. 
Traditionally, Fe-Ti oxide pairs are measured by electron microprobe. However, we 
performed comparative tests on microphenocrysts and found that LA-ICP-MS returns the 
same element concentrations within error. Apart from its higher sensitivity, a major advantage 
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of LA-ICP-MS is that it allows to analyze entire inclusions enclosed within other phenocrysts 
and to reconstitute their original composition by integrating the signal, which was essential 
for this study and would not have been possible by using the electron microprobe. 
 
The results suggest that the newly developed vanadium magnetite–melt oxybarometer returns 
realistic fO2 values independent of whether magnetite was measured as microphenocrysts or 
as inclusions within minerals, and whether melt was measured in the form of melt inclusion or 
as glassy matrix (Fig. 3.2-15). The new method thus allows fO2 to be constrained also for 
slowly-cooled rocks such as granites, which contain Fe-Ti oxides that went through various 
stages of subsolidus re-equilibration, or to samples in which ilmenite is missing. However, 
our results also demonstrate that magma mixing is a very common and easily unnoticed 
phenomenon in silicic rocks, requiring special precautions in the application and 
interpretation of thermometers and oxybarometers in general. We also found that 
temperatures obtained via zircon saturation thermometry and two-feldspar thermometry in 
oxidized, metaluminous to peraluminous rhyolites are generally more reliable than the ones 
obtained via Fe-Ti-oxide thermometry.  
 

 
 
Fig. 3.2-15: Comparison of fO2 values constrained via vanadium magnetite–melt 
partitioning, versus ones constrained via Fe-Ti oxide oxybarometry (Ghiorso & Evans, 
Am. J. Sci. 308, 957, 2008). Green diamonds represent the most reliable samples, 
whereas yellow and red diamonds refer to medium reliable and least reliable samples, 
respectively. The fO2 values are presented in log units as relative to the fayalite-
magnetite-quartz (FMQ) buffer. The dashed lines represent 0.5 log unit deviation from 
the 1:1 correspondence (solid line). Error bars indicate the standard deviation of the 
ΔFMQ values, calculated from magnetite-ilmenite and magnetite-melt pairs, 
respectively. 



59 
 

n. Solubility of gold in oxidized, sulfur-bearing fluids at 500-850 °C and 200-230 MPa: a 
synthetic fluid inclusion study (H. Guo and A. Audétat) 
 
Gold is one of the most noble of all metals, existing dominantly as a native metal in the solid 
state and dissolving only scarcely into liquids or gases. Magmatic-hydrothermal fluids are an 
important transport agent for Au enrichment in the Earth’s crust, being responsible for the 
formation of many types of Au ore deposits. Therefore, data on Au solubility in such fluids 
are essential for understanding the ore-forming processes. Previous studies on gold solubility 
in hydrothermal fluids focused either on relatively low temperatures representative of 
epithermal environments, on sulfur-free fluid systems, or on fluids containing reduced sulfur 
species. We thus studied Au solubility in fluids containing variable amounts of sulfate, 
chlorine and alkalies, at 500-850 °C, 200-230 MPa and oxygen fugacities ranging from log 
fO2 = FMQ+1 to ~ FMQ+6 (FMQ: fayalite-magnetite-quartz buffer), with the aim to constrain 
Au dissolution mechanisms in sulfur-bearing aqueous fluids similar to those responsible for 
porphyry Cu-Au (±Mo) deposits. 
 
We used synthetic fluid inclusions to trap fluids at high temperature and pressure, and 
subsequently analyzed their composition by LA-ICP-MS. Aqueous solutions containing 
various amounts of HCl, H2SO4, Na2SO4, LiCl, KCl, CsCl and MnCl2 were prepared from 
analytical-grade chemicals and deionized water. Sodium chloride, and in a few runs elemental 
sulfur, were added as solids. Fluid inclusions were synthesized by either growing new quartz 
on etched quartz substrates in single Au capsules without oxygen buffers (Fig. 3.2-16), or by 
re-opening previously synthesized fluid inclusions through in situ cracking in double-capsules 
(AuPd/Au-Au) at controlled oxygen fugacity. The speciation of sulfur and gold was 
investigated in situ by Raman spectroscopy on fluid inclusions heated in a modified 
hydrothermal diamond anvil cell. 
 

 

 
 
 
 
 

Fig. 3.2-16: Transmitted-
light photomicrograph of 
fluid inclusions in quartz, 
synthesized at 800 °C and 
2 kbar by growth of new 
quartz over an etched 
quartz substrate. The 
trapped fluid contains 20 
wt. % NaCl, 3.5 wt. % 
HCl and 0.40±0.19 wt. % 
Au. 
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Gold solubility in fluids was found to increase with temperature, starting sulfate 
concentration, HCl-content, fluid salinity and oxygen fugacity (Fig. 3.2-17). Weight-percent 
level Au solubilities were observed in fO2-unbuffered fluids containing sulfate and chlorine, 
 

 
 
Fig. 3.2-17: Gold solubility in aqueous fluids at 500-800 °C and 2 kbar as a function of: 
(a) NaCl concentration in the starting fluid, (b) H2SO4 concentration in the starting 
fluid, (c) HCl concentration in the starting fluid, (d) temperature, (e) type of alkali ion 
and (f) oxygen fugacity. NNO: Ni-NiO buffer; RRO: Re-ReO2 buffer; MMO: MnO-
Mn3O4 buffer; HM: hematite-magnetite buffer; FMQ: fayalite-magnetite-quartz buffer. 

 
which appears to be due to the formation of NaAuCl2 complexes via the reaction: 

 Au + 1/2H2SO4 + HCl + NaCl = NaAuCl2 + 1/2SO2 + H2O (1) 
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Fluids in porphyry Cu-Au (±Mo) ore forming environments (containing 7 wt. % NaCl, 1.0 wt. 
% S and 1.1 wt. % HCl; fO2 buffered by hematite-magnetite at 600 °C, 2 kbar) may dissolve ~ 
600 ppm Au, which is about two orders of magnitude higher than actual Au contents in 
natural magmatic-hydrothermal brines in porphyry Cu-Au (±Mo) deposits. Therefore, Au 
precipitation in porphyry Cu-Au (±Mo) deposits is not controlled via Au solubility in the 
fluid, but rather via the precipitation of Cu-Fe sulfides that incorporate Au as a minor or trace 
constituent and then exsolve native Au during cooling. However, fluid composition and fO2 
may control the Au mineralization potential at the stage at which aqueous fluids exsolve from 
the crystallizing magma. 
 
 
o. Chemistry, mineralogy and crystallization conditions of porphyry Mo-forming magmas at 
Urad–Henderson and Silver Creek, Colorado, USA (D.H. Zhang and A. Audétat) 
 
Porphyry Mo deposits, together with porphyry Cu-Mo (±Au) deposits, are our main source of 
molybdenum. High-grade, rift-related porphyry Mo deposits, which are associated with 
fluorine-rich, highly evolved rhyolitic magmas, have been studied extensively due to their 
high ore grade and the peculiar geochemical characteristics of the ore-forming magmas. Some 
researchers proposed that the ore-forming magmas were extremely Mo-rich, whereas others 
argued that they were not necessarily metal-rich, but that metal was extracted from unusually 
large volumes of magma. Recent findings of very high fluorine contents in melt inclusions at 
Climax indicated that melt extraction may have been promoted by fluorine via its effect on 
lowering melt viscosities. We have conducted a detailed mineralogical and melt inclusion 
study on two other Climax-type porphyry Mo deposits, Urad–Henderson and Silver Creek, 
both situated in the Colorado Mineral Belt, USA, with the aim to constrain the metal- and 
fluorine-content of the ore-forming magmas. 
 
Inter-mineralization rhyolite melts at Urad-Henderson were highly evolved (four times more 
fractionated than average granite in the continental crust), contained 10-15 ppm Mo (Fig. 3.2-
18), 6-7 wt. % H2O and 0.5-0.7 wt. % F, and record crystallization conditions of 730-770 °C, 
1-3 kbar and oxygen fugacities ca. two log units above the fayalite-magnetite-quartz buffer 
(log fO2 ~ FMQ+2). Melts from two presumably syn-mineralization rhyolite dikes at Silver 
Creek were slightly less evolved and contained 3-5 ppm Mo (Fig. 3.2-18), 7-8 wt. % H2O, ~ 
0.3 wt. % F, and record crystallization conditions of 780-800 °C, 2-5 kbar. 
 
Combined with published melt inclusion data from another Climax-type porphyry Mo deposit 
(Pine Grove, USA), it is striking that all these melts are characterized by distinctly lower 
fluorine contents but higher temperatures or/and higher water contents than those reported 
from Climax. Corresponding magma viscosities (log η = 3.5-4.9 Pa s) are lower than the 
viscosity of average granitic melts at the same temperature in all cases (Fig. 3.2-19), which 
may have facilitated crystal–melt segregation and accumulation of large volumes fractionated, 
crystal-poor melts in shallow magma chambers. The latter process appears to be critical for 
the formation of Climax-type porphyry Mo deposit. 
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Fig. 3.2-18: Rb versus Mo diagram showing compositional trends of melt inclusions 
analyzed from porphyry Mo-mineralized, sub-economically Mo-mineralized, and barren 
magmas.  

 

 
 
Fig. 3.2-19: Viscosities of rhyolite melts in Climax-type porphyry Mo deposits (red 
boxes), compared to viscosities of basaltic to rhyolitic melts reported in the literature 
(crosses and open circles). 




































































































































































































































































































































