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 Abstract 
The presence of small amounts of sulfide liquids in arc magmas has petrologic implications and 
applications for mineral exploration.  Given that ore metals such as Ag or Au can partition into 
sulfide phases, small amounts of magmatic sulfides may “poison” ore formation.  With the 
progressive crystallization of sulfides, the silicate melt becomes depleted in ore metals, and the 
probability of the formation of a hydrothermal ore deposit decreases.  Sulfide melts, including 
potential Cu-Fe-S melts, may, because of the relaxation of crystal-chemical constraints, extract a 
greater proportion of ore metals from a melt. 
 
There has been extensive research on the Cu-Fe-S system below 700°C.  However, there are 
discrepancies regarding the presence of a liquid phase at 800°C in this system, and this problem 
was explored through sealed silica tube experimentation in this study.  In the experiments, 
mixtures of sulfides, found not uncommonly in volcanic rocks, were heated to 750°C - 800°C. 
The run products were analyzed for the presence and composition of a melt, to determine the 
lowest temperature that sulfide liquid may exist in the Cu-Fe-S system.  Methods of analysis 
include reflected light microscopy and use of an electron probe microanalyzer (EPMA).  
Compositions of the phases were plotted in Cu-Fe-S space. 
 
First, an attempt was made to recreate the conditions and phase relations from Tsujimura and 
Kitakaze (2004) at 800°C.  Toward this end, a mixture of bornite (Cu5FeS4) and chalcopyrite 
(CuFeS2) was used.  Optical observations along with imaging and compositional analyses from 
the electron probe microanalyzer show possible evidence of melt at this temperature.  The 
bulbous shape, dendritic patterns, and presence of vesicles indicated that a melt phase was 
present at 800°C. 
 
Subsequent runs were held for 3 days near 900°C before the temperature was lowered to between 
700°C and 800°C, where the temperature was held for 3 more days.  This way, the starting 
materials were conditioned to ensure homogeneity, which was lacking in the group 1 runs.  
Starting compositions of the runs included 60:40, 40:60, and 55:45 molar ratios of chalcopyrite 
to bornite, respectively, as well as combinations of chalcopyrite, bornite, and pyrrhotite.  Run 
temperature for all of these experiments was between 800°C and 750°C. 
 
Evidence of a liquid phase was identified in charges run at 800°C with starting compositions of 
about a 60:40 chalcopyrite to bornite molar ratio, and the resulting composition was between 
bornite and chalcopyrite.  Many rounded vesicles and patterns of quenched liquid were seen in 
the runs of groups 1 and 2.  This is consistent with Tsujimura and Kitakaze’s 2004 findings. 
 
No evidence of a quenched liquid phase was found by these methods in groups 3-9, which 
included the starting compositions previously mentioned run at 800°C and 750°C.  Based on my 
observations in this project, a Cu-Fe-S liquid phase exists at temperatures down to at least 
800°C, but does not appear to exist as low as 750°C.  Mixtures of bornite and chalcopyrite, 
which are found in volcanic and plutonic igneous rocks, may, therefore, reflect the presence of 
melt, depending upon their composition, down to 800°C.  These melts, if segregated, may affect 
the concentration of Ag, Au and other ore metals, in arc magmatic systems. 
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Introduction 
 
Whereas pyrite (FeS2) is the most 
common sulfide in the Earth’s crust, 
pyrrhotite (Fe1-XS) is most abundant 
sulfide mineral in volcanic unaltered 
rocks.  Traces of chalcopyrite 
(CuFeS2) and bornite (Cu5FeS4) 
sometimes accompany, or occur 
instead of, pyrrhotite.  Hattori 
(1999) suggests that such sulfides 
are ubiquitous in arc magmas, 
though in low modal proportions.  
Other sulfides include chalcocite 
(Cu2S), cubanite (CuFe2S3), and 
troilite (FeS); the composition of 
these phases is plotted in Figure 1. 
 
At the time of eruption, sulfides 
exist as crystalline or molten phases.  
The magmatic temperature for 
intermediate to felsic igneous rocks 
can extend down to 650°C, the 
granite solidus at water pressures 
reflective of arc magmas (Holland 
1967) (Appendix A).  Evidence of 
the coexistence Cu-Fe sulfides at 
magmatic temperatures is seen in 
the products of the 1991 Mount 
Pinatubo eruption in the Philippines 
(Figure 2).  In this backscatter 
electron image, the brighter areas 
are bornite, and the darker gray is 

chalcopyrite.  The black background is epoxy.  The pattern of the lines across this grain was 
interpreted by Hattori as the exsolution of chalcopyrite from bornite (1999).  Hattori (1999) 
observed many samples with this same exsolution characteristic. 
 
Many studies have been performed on the phase equilibrium of sulfides, and Kullerud was an 
early and major contributor (1969).  In 2004, Tsujimura and Kitakaze revisited the system, and 
reported finding a liquid field stable 800°C that had not been previously observed in the 
extensive studies of Kullerud. 
 
There are some inconsistencies in the literature about whether melting can occur along the 
degenerate bornite—chalcopyrite binary join within the Cu-Fe-S ternary at the temperature of 
eruption and crystallization of intermediate to felsic magmas.  The phase diagrams in Figures 3-5 
show only the midsections of the Cu-Fe-S phase diagram because no metallic Cu, Fe, or 

1μm 

Figure 2: Backscatter electron image of a sulfide grain from Mt. 
Pinatubo (Hattori 1999). 

Figure 1: Approximate sulfide compositions 
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elemental S are found in common arc 
volcanic rocks at the time of eruption.  
Also, for the purposes of this research, 
intermediate solid solution (iss) labeled on 
the diagrams is the high-temperature form 
of chalcopyrite. 
 
At 900°C, the three phase assemblage 
bornite-intermediate solid solution-
pyrrhotite is stable (Figure 3).  Also, the 
liquid field extends from the Cu-S 
constituent binary and past the center line 
that passes through the sulfur apex. 
 
According to Tsujimura and Kitakaze, the 
bornite-intermediate solid solution tie line is 
severed and pyrrhotite coexists with liquid 
and intermediate solid solution at 800°C 
(Figure 4).  Also, the liquid field is in a 
different location and a different size 
relative to Kullerud’s 900°C isothermal 
section, and it is difficult to reconcile with 
their liquid field at that temperature.  The 
liquid field reported by Tsujimura and 
Kitakaze occurs between the bornite and 
intermediate solid solution fields, partially 
extending above bornite and below 
intermediate solid solution.  In addition, 
liquid coexists with pyrrhotite.  Liquid may 
or may not be related to the liquid field 
present at 900°C, but the chemographic and 
phase equilibrium relations of the liquid 
fields is unclear: do the liquids lie on the 
bornite—chalcopyrite binary, or are they 
true ternary liquids?  If this is the case, 
dropping in temperature has produced melt. 
 
At 700°C, no liquid field is present (Figure 
5).  Also, although it is difficult to see in 
this diagram, there is a three-phase field 
between bornite, intermediate solid 
solution, and pyrrhotite similar to the phase 
relations at 900°C. 
 
In this project, I address and explore this 
inconsistency by designing experiments that 

Figure 4: Adapted Cu-Fe-S system phase relations in 
atomic % by Kullerud et al. (1969) as redrawn by 
Tsujimura & Kitakaze (2004) 

Figure 3: Cu-Fe-S phase relations adapted from 
Tsujimura and Kitakaze (2004) 

Figure 5: Adapted Cu-Fe-S system phase relations in 
atomic % by Kullerud et al. (1969) as redrawn by 
Tsujimura & Kitakaze (2004) 
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explore three hypotheses concerning phase relations between the temperatures of 800°C to 
700°C in the Cu-Fe-S system: (1) liquid remains stable and a bornite-intermediate solid solution 
tie-line is established; pyrrhotite does not coexist with bornite; (2) liquid remains stable and the 
bornite-pyrrhotite tie-line is established; and (3) the three-phase assemblage bornite-intermediate 
solid solution-pyrrhotite is established and the liquid phase disappears, or becomes an interior 
phase. 

 
It is important to address the previously mentioned discrepancy because there are important 
implications concerning ore metal partitioning.  Metals such as Ag and Au are more likely to 
dissolve in molten Cu-Fe-S phases than bornite solid solution or intermediate solid solution due 
to crystal chemical limitations.  If metals partition more strongly into the sulfides relative to the 
silicate melt, they are depleted in the melt with progressive crystallization.  Therefore, the 
probability of hydrothermal ore formation decreases. 
 
Competing hypotheses, like those of Core et al. (2006), suggest that hydrothermal ore formation 
would not be affected in this way.  Identifying a significant amount of bornite and chalcopyrite 
in dikes at the Bingham porphyry deposit, they speculate that sulfides supply ore metals to the 
magma, rather than inhibiting ore formation.  However, large amounts of sulfides are also lost at 
depth in the crust during the ascent of magma, while Core et al.’s observations are of more 
shallow condition (2006). 
 
Experimental Design and Methods 
This research comprised a series of laboratory 
experiments followed by optical and chemical 
analytical techniques.  In sealed silica tubes, 
mixtures of common sulfides (Figure 6) are 
loaded into a furnace.  The tubing used for the 
first set of runs had walls 1 mm thick around a 
hole about 2 mm in diameter.  To decrease the 
amount of free space in the capsules, tubing 
with walls 2 mm thick and a 1.5 mm diameter 
hole was used in subsequent experiments.  As 
previously mentioned, the temperature of 
interest could have reached as low as 650°C, 
but not much higher than 800°C, where 
Tsujimura and Kitakaze (2004) reported a 
previously undiscovered liquid field. 
 
The tubes were cut done by melting the glass 
with a flame produced from a burner fueled by methane and oxygen (Figure 7).  The tubes were 
cut to approximately five inches in length and placed in an oven at around 115°C until the 
starting materials were prepared.  Once cooled to room temperature, the tubes were filled with 
the dry sulfide mixture and covered with Parafilm to avoid contamination.  
 

Figure 6: Starting bornite 

1cm 
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Initial experiments contain a binary mixture of bornite and chalcopyrite with replicates prepared 
for each molar ratio.  The starting material used in 
the four tubes of the first experiment was close to 
Cu2S (chalcocite) and CuFeS2.  The bornite used 
can be seen in Figure 6.  The first experiments were 
conducted with molar ratios of approximately 
60:40 chalcopyrite to bornite, or about (57% 
chalcopyrite to 43% bornite by weight).  A table 
detailing starting composition ratios and other run 
information can be found in Figure 8.  A Mettler 
AE240 was used and displays grams to the 10-5 
decimal place.  Based on repeated measurements, 
each mass could be determined to +0.00002g.   
 
Experiments were labeled by group number and 
duplicate letter.  For example, runs in group 2 had a 
60:40 chalcopyrite to bornite starting mixture, and 
spent three days at 800°C after thermal 
conditioning.  They are labeled A and B for ease of 
identification and specific measurements. 

 

     

Figure 7: Sealing a silica tube 

Figure 8: Summary of run information details 
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Once starting materials were loaded, the tube was sealed.  Making hooks on the ends of each of 
the tubes was not necessary, but was helpful for run identification and additional security in the 
furnace (Figure 9).  This was done in the same way that the bottoms of the tubes were originally 
cut, with the addition of a vacuum seal for the duration of the procedure.  The vacuum tube was 
attached to the open end of the capsule during the entire sealing process and was turned on very 
slowly to prevent any loss of material into the vacuum.  Since experiments after runs 1A through 
1D are thermally conditioned before run temperature, minor temporary heating of the charge 
should not have affected the outcome of the runs.  The final lengths of the capsules were as short 
as possible, to minimize the amount of free space inside, following the experimental design of 
Tsujimura and Kitakaze (2004). 
 
Another effort to more effectively recreate the work done by Tsujimura and Kitakaze (2004) at 
800°C included conditioning the starting materials.  The thermal conditioning technique used in 
these experiments did not exactly copy Tsujimura and Kitakaze, but the concept of conditioning 
before run temperature is what was important to ensure the homogeneity of the starting 
materials.  They heated their experiments at a temperature below run temperature, removed them 
from the capsules, ground them, and loaded it all back into silica tubes to be sealed and run at a 
target temperature.  There were a few advantages to conditioning the materials at a higher 
temperature rather than the procedure at a lower temperature.  When the materials were run at a 
higher temperature, reactions happen faster and homogeneity can be achieved by bringing the 
materials to a temperature where it thoroughly mixed as liquid phases.  Then, without removal 
from the furnace, they were run at the goal temperature.  Significant time was saved by not 
opening capsules, grinding the materials, and then sealing new capsules. 
 
Once the tubing was separated and effectively sealed, the tubes cooled to room temperature.  
Then, instead of simply melting away the sharpest pieces of the glass, a tool such as a flathead 
screwdriver was used to gently push the tip over itself into a hook.  The hook not only aided in 
identification of the runs, but it provided extra security when binding the tubes for the furnace. 
 
While the charges were inside of the furnace, it was crucial for each of the four capsules to be as 

~1mm 

Figure 10: Schematic cross section normal to 
length of capsules. Orange arrow approximates 
location of thermocouple between 4 capsules. 

Figure 9: Example of a hook at the end of a vacuum 
sealed capsule (run 7A). 
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close together as possible. This minimized temperature gradient and increased the accuracy of 
the temperature measurement.  Four runs were bound together with Chromel P thermocouple 
wire using a tight figure eight pattern across the middle of each tube and through each hook.  
Temperature was measured during the run with a type-K Omega brand Ni-sheathed 
thermocouple which was secured to the bundle of capsules with the same wire.  The 
thermocouple tip was placed between all of the tubes, as close to the center and as level with the 
materials as possible (Figure 10). 
 

Experiments in groups 1 through 5 were run 
in a horizontal furnace in which there was a 
significant difference between temperature 
and the readout on the temperature controller.  
Therefore, in order to achieve 800°C inside, 
the furnace controller needed to be set at 
668°C.  Also, there was a “hot spot” 
approximately 25cm from the “door” of the 
chamber where the runs should be located 
(Mengason, personal communication 
10/25/07).  Additionally, there was a 
temperature gradient from the center of the 
furnace of approximately 1°C per centimeter 
(Mengason 10/25/07).  The tubes should be 
maintained as vertical as possible for the 
duration of the experiment.  The width of 4 
runs bound together was about 2cm, and the 
temperature for each sample could vary by 
+2°C. 
 
Experiments in groups 6 through 9 were run 
in a vertical furnace (Figure 11).  The main 
difference between the set ups was the rate at 
which the run products are quenched.  In the 
horizontal furnace, experiments were 
quenched manually in water, sometimes 
taking up to 7 seconds to reach room 

temperature.  The quench process of the vertical furnace was practically instantaneous.  A beaker 
was set up below the furnace so that, by snipping a wire, the capsules dropped into the water.  It 
was important that the quenching process occurred as quickly as possible to avoid allowing the 
charges to cool and therefore crystallize with characteristics unlike those at desired the 
temperature. 
 
The vertical furnace had two coils that control the internal temperature.  A vertical furnace 
provides a conduit for free convection.  Therefore, it was necessary that the charges be located at 
a spot that has the most stable temperature.  In the particular furnace used for experiments 6 
through 9, the hot spot occurred at a depth of 25 cm.  Another note about this furnace is that the 
temperature tends to vary +2°C. 

Figure 11: Vertical furnace set up 
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At the conclusion of the run, charges were removed from the capsule by first scoring the glass 
tube then exerting pressure with the thumbs to snap the tube open, or striking it carefully with a 
hammer to break it open.  Some samples easily slid out of the tubing, but coaxing was 
occasionally necessary. 
 
In group 1, two of the run products were mounted on a glass slide with carbon tape for energy 
dispersive spectroscopy (EDS) analysis on the JEOL 8900 SuperProbe.  The other two run 
products were mounted in a round epoxy mount to be analyzed using wavelength dispersive 
spectroscopy (WDS) on the EPMA. The run products were also observed, sketched, and 
photographed under the reflected light microscope.  Groups 2 through 9 were analyzed in a 
similar way, but EDS was not a primary method. 
 
The Gibbs Phase Rule is useful for limiting the possible equilibrium 
outcomes of experiments.  The rule states that the degrees of freedom 
(F), or the variance, for a particular composition in a system is equal to 
the number of components in the system (C), minus the number of 
phases (φ), plus 2 (Figure 12). Furthermore, if chemical variability is 
increased, a phase must be added, if the variance is to remain constant 
(Candela 2007). 
 
In the Cu-Fe-S system, there are 3 components: Cu, Fe, and S. That is, 3 constituents are 
required to define any composition for the whole system.  So, F = 3 + 2 – φ = 5 – φ.  The quartz 
tube used to hold the charges could be added as a component of the system during the 
experimental run.  However, 1 component and 1 phase would be added which would not change 
the variance.  For simplicity, the capsule will be ignored. 
 
If the temperature is fixed at a predetermined 
value such as 800°C, then F = 5 – 1 – φ = 4 – 
φ because 1 degree of freedom is used up.  In 
groups 1, 2, 3, 4, 5, 6, and 8, conditions mimic 
a binary system since only bornite and 
chalcopyrite are used as starting materials and 
the run products only include bornite and 
chalcopyrite.  Variance decreases again 
because the final phases have compositions 
along the join between those minerals.  This is 
known as a colinearity.  Now, F = 3 – φ. 
 
Therefore, the next question is: what is the 
maximum number of phases in the system at 
constant temperature?  This will occur when 
there are no degrees of freedom, and 0 = 3 – 
φ.  Thus, φ = 3.  Based on phase relations in 
the Cu-Fe-S system at these temperatures, 
there are 3 possibilities of what will be present 

Figure 12: Gibbs Phase 
Rule 

F = C + 2 - φ

100μm 

Figure 13: Run 6A, triple junctions 
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in the run products.  S vapor is going to be one of the phases present.  Evidence of this was 
observed in all runs as yellow crystals on the walls of the silica tubes after quench.  Also, due to 
the colinearity, bornite and chalcopyrite will be the other 2 compositions possible.  Also, a liquid 
phase may exist with a composition along the line.  So, given the limitations imposed upon the 
system at equilibrium by the phase rule, we can expect the possible run products of such 
experiments to be: 1) bornite + liquid + vapor; 2) chalcopyrite + liquid + vapor; or 3) bornite + 
chalcopyrite + vapor. 
 
The addition of pyrrhotite to the starting assemblage makes the system more complex.  In that 
case, another phase is added, moving the system off of the colinearity, back to the ternary 
system, but the rule still works in a similar way. 
 
This also raises the issue of equilibrium.  Lengthy run times at thermal conditioning at a 
minimum temperature of 900°C help to ensure that samples reach equilibrium at run 
temperature, but there is also textural evidence in the run products that suggest they were at such 
conditions at run temperature.  For example, at 800°C, run 6A exhibits what appears to be clear 
grain boundaries, known as triple junctions (Figure 13).  The boundaries all meet with 
approximately equal 120° angles.  Triple junctions like this suggest equilibrium without the 
presence of a melt phase (Figure 14) (Walte et al. 2007).  This observation will be mentioned 
again later in the paper. 
 

 
 
 
 
 

Figure 14: Shows topological changes without the presence of a melt (Walte et al. 2007). 
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Observations and Data 
After the completion of the experiments, it was observed for 
every run that yellow sulfur crystals precipitated on the walls 
during the quench.  This may be evidence of the presence of a 
vapor phase in the experiment.  The crystals were concentrated 
on the sides of the tubes facing away from the center of the 
group during the time in the furnace (Figure 15).  Also, this 
coating of crystals generally began distinctly above where the 
sulfide mixture resided at the bottom of the tube. 
 
Group 1 run products were at the bottom of the tube as mainly 
one large, smooth and conical mass.  The cone shape is dictated 
by the shape of the end of the silica tube where the materials sit.  
Any loose grains were hard to see, although there were a few.  
With the naked eye, it was difficult to see any separation of 
phases.  However, under the microscope, it was easy to see that 
both 1C and 1D had one side with more of a rusty look to it, 
and the other side with a bluish tint (Figure 16).  Also, all of the 
run products were very porous (Figure 17).  The porosity may 
have been caused by the presence of sulfur vapor during the 
run.  Pores, also referred to as vesicles, have been used in 
previous similar experiments as an indicator of a quenched 
liquid phase (Weidner 1984).  Two morphologies are observed 
with the EPMA: liquid (Figure 17) and crystal (Figure 18). The 
smooth, round surface seen in Figures 16 and 17 is consistent 
with a liquid, and the angular crystal face characterizes crystal 
morphology (Figure 18). 
 
Another feature to take notice of is the surface textures of the 

tool marks

200μm

tool marks

200μm
Figure 18: Backscatter electron images of 
bornite crystal morphology in run 1C 

Figure 17: Backscatter electron image of the 
porosity of run 1C (liquid morphology) 

Figure 15: Sketch of portions of 
tube walls with yellow S crystals 

Figure 16: Surficial color 
differences in Run 1D 

~1mm 
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run products.  Many parallel structures, not 
due to tool marks, appear in the grains 
(Figure 19).  It is possible that these 
structures formed upon quenching of a 
liquid phase.  After mounting and polishing 
the samples to take a closer look with the 
EPMA, a different view of these textures 
can be seen in Figure 20.  Keeping in mind 
that runs of group 1 were not thermally 
conditioned prior to run temperature, the 
bulbous shape, vesicles, and parallel surface 
textures serve as evidence of a liquid phase 
present at 800°C. 
 
EDS analyses were also performed to 

estimate the chemical composition of the run products.  It was difficult to get unambiguous 
results from EDS due to the nature of the samples.  Their conical shape and large size cause 
much of the top portion and right side of both 1C and 1D to be blocked from the detector.  
However, a number of readings allowed us to see some contamination of the starting materials.  
For example, at the tip of the product, there was a dark gray, platy mineral with Na, Al, Si, and 
O.  Although the starting materials were hand-sorted to remove any obvious contamination, 
particles may have been too small to see even under the microscope. 
 
The presence of elements other than Cu, Fe, or S in the starting material that can dissolve in 
sulfide liquid has the potential to lower the melting temperature.  However, this minor 
contamination should not produce any effect.  Elements such as Al, K, Si, Mg, Na, and Ca do not 
typically go into sulfide liquids.  They prefer silicate phases.  On the other hand, Mn, Ni, Co, Pb, 
Zn, and Ag can affect the melting temperature. 

Figure 20: Dendritic pattern in run 1D Figure 19: Backscatter electron image of the top left 
of 1C showing possible dendtritic quench structures
and bulbous shape. 

50 μm50 μm50 μm
~200μm 

Figure 21: Precision test performed by WDS on Run 1D 
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In addition to EDS analyses, WDS was also 
performed.  Results showed that the average 
composition of the 1C and 1D run products is 
spread between the bornite solid solution and 
intermediate solid solution fields, implying that 
these phases coexist at 800°C. 
 
Errors associated with the WDS technique occur 
for many reasons.  For example, if the sample is 
not completely flat after polishing, the readings 
may be affected.  In the case of sulfides, it is 
sometimes difficult to polish them well due to 
their physical characteristics.  Also, before 
running the WDS analysis for a sample, 
standards are measured to have comparable 
values.  The data that is then gathered from the 
unknown samples is based off of those values.  
If the wrong standards are used, then the new 
data will not be accurate.  The standard used for 
runs 1C and 1D was chalcopyrite. 

Precision of the WDS analyses was evaluated 
by repeatedly measuring the same spot five 
times on one sample.  As you can see in 
Figure 21, the EPMA data are very precise.  
Five data points were collected for one 
location.  There does not appear to be much 
variation from the measured composition—
perhaps less than one percent.  Therefore, 
error related to the precision of these WDS 
data is small. 

A similar approach was applied to the rest of 
the experimental groups.  However, EDS 
analyses were only used as necessary, to 
identify a questionable composition during the 
EPMA session. 

 
The group 2 runs (2A and 2B) were used as an opportunity make improvements to the 
experimental design to more accurately reproduce the data of Tsujimura and Kitakaze and the 
results from group 1. 
 

50μm 

2A 

Figure 22: Lamellae of run 2A, similar to those of 
run 1D (Fig. 20) 

Figure 23: Vesicles seen in run 2A 

~1mm 
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There are numerous similarities 
between the run products of groups 1 
and 2, and the only significant 
difference between them is that group 2 
was thermally conditioned at 900°C for 
three days before spending three days at 
800°C.  First, as seen in Figures 20 and 
22, they both display lamellae of similar 
composition and size.  Also, these run 
products contain many rounded vesicles 
(Figure 23). 
 
Group 3 was also run at 800°C, but the 
molar ratio of starting materials was 
40:60 chalcopyrite to bornite.  The 
results of these 2 bornite-rich runs were 
dramatically different from the potential 
of liquid present in the chalcopyrite-rich 
groups 1 and 2 at 800°C.  There is a 

lack of rounded vesicles in 3A and 3B, but an abundance of cracks (Figure 24).  These features 
are faceted and more angular than any of the cracks that occur in groups 1 and 2.  Based on these 
optical observations and the compositional information gathered from WDS, group 3 may be in 
the bornite solid solution field (Appendix B).  
 

Group 4 was run at 750°C with a 
starting molar ratio of 60 chalcopyrite to 
40 bornite.  At 800°C, this mixture 
showed evidence of a liquid phase.  
However, at 50°C cooler, it seems that 
the melt no longer exists.  Exsolution 
patterns are seen throughout the run 
products of group 4 (Figure 25).  The tip 
of the products, the end that was facing 
downward in the furnace, appears to 
have a darker gray homogeneous region 
(Figure 26).  The composition of this 
region plots close to the chalcopyrite 
region compared to the rest of the 
sample (Figure 27).  This is interesting 
because bornite is denser than 
chalcopyrite.  So, if these two solids 
coexisted, one might expect bornite to 

be on the bottom.  However, since all runs approach the run temperature from 900°C, 
chalcopyrite probably crystallized first and sank to the bottom.  The transition from the 
conditioning temperature to the run temperature in both of the furnaces used in these experiments 
lasted anywhere from five to thirty minutes, giving plenty of time for this to occur.  Run 4A also 

Figure 25: Run 4A--pegmatitic texture seen at the top left, 
surrounded by exsolution and a darker gray triple junction 
seen in the midsection, to the left of the large crack. 

500μm 

~1mm 

Figure 24: Faceted cracks and absence of vesicles in run 3A
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has a triple junction present, implying textural equilibrium, as well as crystal formation (Figure 
25). 
 

Another interesting feature seen in 
4A is a region of stripes of 
composition that are much larger than 
the “stripes” of the exsolution texture 
observed surrounding it (Figure 25).  
There are also spots of more 
chalcopyrite-rich areas near vesicles.  
One possible explanation for this is 
that larger crystals grew from the 
walls of the capsule, creating an 
experimental “pegmatite”.  Heat is 
lost more rapidly from the edges of 
an object, consistent with the fact that 
crystals would nucleate and grow in 
those regions. 
60 moles of chalcopyrite to 40 moles 
of bornite was also the ratio of 
starting materials for group 8 
experiments, which were run near 
750°C as well.  This duplication of 
group 4 conditions was an attempt to 
gain more insight into the 
complexities seen in those run 
products.  8A and 8B both had 
commonalities with 4A and 4B.  For 
example, 8A displayed an exsolution 
texture with triple junctions.  In 8B, a 
homogeneous, more chalcopyrite-rich 
region was seen in the tip with a 
heterogeneous, exsolved region 
above it (Figure 28).  Also similar to 
4A and 4B, “spots” with composition 
close to chalcopyrite were seen 
amidst the exsolution, near edges or 
vesicles left over from the 
preconditioning (Figures 28 and 29). 
 
One possible explanation for the 
“spots” follows the idea of why the 
pegmatitic texture formed.  Since the 
images produced by the EPMA are 
only showing one cut through the 
sample, it is possible that these spots 

500μm 

Figure 26: Tip of run 4A showing homogeneous chalcopyrite 
region 

Figure 27: Plotted composition of run 4A tip and end based on 
WDS data. 
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are actually crystals growing from another wall of the tube, toward the interior of the capsule.  
Also, many are found near vesicles that may have formed during the thermal conditioning stage 
(Figure 29).  Therefore, another hypothesis regarding these features is that the vesicles provided 
quicker heat loss, and chalcopyrite was the first to crystallize, as seen in the tips of groups 4 and 
8.  
 

In contrast to the complexities of groups 
4 and 8, both runs of group 5 were 
homogeneous with many cracks running 
through them.  Compositionally, the runs 
were close in composition to bornite 
(Appendix B).  Combining these 
observations with those of group 3, it 
appears that a starting molar ratio of 
40:60 chalcopyrite to bornite will 
produce charges that are in the bornite 
solid solution field at every temperature 
between 700°C and 800°C. 
 
Group 6 started with a 55:45 molar ratio 
of chalcopyrite to bornite to target an 
area of the Cu-Fe-S phase diagram in 
which no run products had plotted yet.  
At 800°C with this starting composition, 
there is no evidence of the presence of 
liquid.  Clear triple junctions along with 
deep cracks, a lack of vesicles, and a 
widespread exsolution pattern support 
this. 
 
Pyrrhotite was added to group 7 with an 
approximately 37.5:25:37.5 molar ratio 
of chalcopyrite to bornite to pyrrhotite 
starting composition.  The products of an 
800°C run temperature are 
compositionally homogeneous.  As seen 
in Figure 30, each point measured by 
WDS plots very closely to one another 
for both duplicates in this group.  With 
the EMPA, thin white lines were seen 
throughout the products, interpreted to be 
grain boundaries and evidence of a solid 

phase since they are also seen in run 6B which also had exsolution textures and triple junctions. 
 
The next pyrrhotite mixture included much less pyrrhotite; only 5mg of the overall ~35mg of 
starting material.  These run products, 9A and 9B, also appeared to be compositionally 

200μm 

100μm 

Figure 28: Chalcopyrite “spots” along the top edge of run 
8A. 

Figure 29: Divide between homogeneous chalcopyrite region 
and exsolution in run 8B. 
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homogeneous.  Under the reflected light 
microscope, group 9 runs showed defined 
crystal faces (Figure 31).  Also, like group 
7, it was seen with the EMPA that thin 
white lines seemed to outline grain 
boundaries.  Therefore, in the groups 
containing pyrrhotite at both 800°C and 
752°C, there was a lack of evidence of a 
liquid phase. 
 
Plots of all run composition can be found in 
Appendix B. 

~1mm 

Figure 30: Phase relations of run 7A based on 20 points 
analyzed by WDS. 

Figure 31: Crystal faces seen in run 7A, particularly 
visible within the red circle. 
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Conclusions 
 
I explored three hypotheses regarding phase equilibrium of Cu-Fe sulfides between 800°C and 
700°C by performing a series of sealed silica tube experiments. 
 
With decreasing temperature, my hypotheses include: 

1. Liquid remains stable, a bornite-intermediate solid solution tie-line is established, and 
pyrrhotite does not coexist with bornite 

2. Liquid remains stable and there is a bornite-pyrrhotite tie-line established 
3. Bornite-intermediate solid solution-pyrrhotite coexist and the liquid phase disappears, or 

becomes an interior phase. 
 
Nine experiments were completed, with seven different temperature-composition combinations, 
and 20 runs total.  Once the experiments were performed and removed from the furnace, the run 
products were examined using various techniques, including analyses by reflected light 
microscope and electron probe microanalyzer (EPMA).  These analyses were essential in 
determining whether there was melt present at a given temperature.  Information gathered at the 

EPMA regarding the 
chemical composition of the 
products was used to plot the 
run products on a Cu-Fe-S 
phase diagram to illustrate 
phase relations as accurately 
as possible.  A summary of 
the presence of each phase in 
each run, including whether a 
melt was present, can be seen 
in Figure 32.  Also, Figures 
33 and 34 summarize this 
information in Cu-Fe-S 
space. 
 
Backscatter electron images 
revealed quenched liquid 
patters in runs of groups 1 
and 2, which started with a 
60 to 40 molar ratio of 
chalcopyrite to bornite and 
spent three days at 800°C.  
Images of runs in groups with 
starting ratios of 40 
chalcopyrite to 60 bornite 
mostly show homogeneity, at 
both 800°C and 750°C.  

Triple junctions in samples 
(groups 4, 6, and 8) served as 

Figure 32: Summary of the presence of each phase in each run (check 
mark indicates that the phase was present, dash means it was not 
seen). 
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evidence not only for a solid phase, but 
equilibrium as well. 
 
Observations from the microscope 
include the porosity of runs in groups 1 
and 2.  The holes in these run products 
are rounded and abundant compared to 
some of the holes in group 3, for 
example, which are much more angular 
in general, and have many deep, faceted 
cracks.  Figure 35 shows the plotted 
composition of the potential liquid field 
based on the most convincing evidence 
in the run products of groups 1 and 2.  
For example, data from the WDS 
analysis of regions 3 and 4 were used 
from 1C and 1D, but not the tip region 
and region 2 because there was concern 
regarding the heterogeneity of group 1.  
Contamination was discovered in the tip 
region, and crystal morphology was not 
seen as commonly toward the top of the 
run product. 
 
Only the heterogeneous region of 2B 
was included in the estimation of the 
liquid field due to the presence of a large 
homogeneous region with composition 
close to chalcopyrite.  The 
heterogeneous region consistently 
displayed dendritic textures and vesicles, 
while the homogeneous region did not. 
 
Hypotheses #1 and #2, that the liquid 
remains stable as temperature drops 
from 800°C to 750°C, does not seem to 
hold based on these experiments.  I did 
not see evidence that there is a 
substantial liquid field at 750°C, but 
Tsujimura and Kitakaze’s speculation 
that a sulfide melt exists at 800°C was 
confirmed.  It is possible that the liquid 
field extends below 800°C, but probably 
not all the way to 750°C. 
 

Figure 34: Ternary phase diagram including all experiments 
run at ~750°C. 

Figure 33: Ternary phase diagram including all experiments 
run at ~800°C. 
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Hypothesis #3 holds because the three phase assemblage, bornite-intermediate solid solution-
pyrrhotite was reestablished and no evidence of liquid was found in experiments with run 
temperatures around 750°C. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
Suggestions for Future Work 
 
There is much work related to this project that could be done.  First, since I only had time to 
address temperatures of 800°C and 750°C, intermediate temperatures should also be explored to 
narrow down at what conditions the liquid field exists.  Also, only two pyrrhotite combinations 
were used.  Further investigation into starting compositions including pyrrhotite is also a 
possibility.  Liquid was not identified during the 800°C run with pyrrhotite.  Whether or not the 
liquid field disappears or becomes an interior phase (Hypothesis #3) would also be interesting. 
 
Another area for future work might be to see what the highest level of oxidation of a magma is 
where a significant amount of bornite, intermediate solid solution, and sulfide melt exist.  This 
would have implication for the formation of porphyry copper deposits. 
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Appendix A: Granite Melt Curve 
 

Granite solidusGranite solidus

 
Granite melt curve adapted from Holland 1967. 
Pressure on y-axis refers to water pressure because the granite solidus is vapor-saturated. 
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Appendix B: Phase Diagrams based on WDS data 
800°C: 
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750°C: 
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