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PRELIMINARY THERMODYNAMIC MODEL FOR Bi-MINERALS  

IN THE SAN FRANCISCO DE LOS ANDES Bi-Cu-Au BRECCIA PIPE,  
SAN JUAN, ARGENTINA 

 
Комплексное месторождение Bi-Cu-Pb-Zn-Mo-As-Fe-Ag-Au Сан Франциско де Лос Ан-

дес располагается на восточном фланге Передового Хребта и представляет собой тело брекчий 
с турмалиновым цементом, возраст которого определяется пермским или более молодым маг-
матизмом. Продуктивная минерализация представлена сульфидами, сульфосолями, теллурида-
ми и самородными элементами и различается для разных участков месторождения, в основном 
содержаниями галенита и халькопирита и соответствующим уровнем примесей меди и свинца в 
висмутовых минералах, среди которых установлены висмутин, тетрадимит, промежуточные 
члены рядов висмутин-айкинит, крупкаит-паарит, зальцбурит-гледит.  На основе термодинами-
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ческого анализа делается вывод о том, что различия в минерализации на участках месторожде-
ния зависят в большей степени от активности растворенных Pb и Cu, чем от фугитивностей се-
ры и теллура. 

 
Introduction 

San Francisco de los Andes mine (30? 50?08??S – 69?35?58??W) is located on the eastern flank 
of the Cordillera Frontal, San Juan province, Argentina. The Cordillera Frontal is a geological prov-
ince on the eastern flank of Cordillera de los Andes that extends from northern San Juan to southern 
Mendoza. The orebody is hosted by a tourmaline-cemented breccia pipe that has cut carboniferous 
sedimentary rocks [Llambias et al., 1969]. The sedimentary rocks have been intruded by the Tocota 
Pluton, a Permian intrusive complex that ranges from tonalite to granite in composition. Geochro-
nological studies are currently being conducted in order to determine whether the breccia pipe is re-
lated to Permian or younger magmatism.  

San Francisco de los Andes is characterized by complex Bi-Cu-Pb-Zn-Mo-As-Fe-Ag-Au min-
eralization, including native elements, sulfides, and sulfosalts. This article reports the occurrence of 
two different Bi-Cu-Pb mineral assemblages at opposite sides of the NW-SE trending elliptical brec-
cias pipe. By means of detailed analytical studies and the available fluid inclusion data a preliminary 
thermodynamic model was developed for both assembles at a minimum temperature of 230 °C and a 
maximum temperature of 400 °C. It was aimed to constrain tentative fS2 and fTe2 values for the hydro-
thermal solutions using the previously determined sulfide and telluride assemblages.  

Bi-Pb-(Cu) and Bi-Cu-(Pb) assemblages 

Backscattered electron images (BSEI) were used to detect different mineral species, electron 
microprobe analyses (EMPA) to determine the major chemical compositions of each phase and laser 
ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) to characterize their trace ele-
ment geochemistry and mineral inclusion compositions. 

Two apparently homogeneous bismuthinite crystals were chosen from each area. In both 
cases, a spot profile was drawn perpendicular to the main cleavage direction (010). Consecutive analy-
ses were performed at 500 ?m intervals along the profile. The polished blocks were prepared from a 
sample of bismuthinite-cosalite cemented breccia (NW area) and bismuthinite-chalcopyrite cemented 
breccia (SE area). 

Two distinct mineral species were identified from the 26 spots analyzed In the NW polished 
sample (Table). Fifteen out of the twenty six analyses correspond to bismuthinite (Bi1.981 Sb0.040) 
(Pb0.025) (Cu0.028 Ag0.001) (S2.986 Se0.012 Te0.002) No apparent chemical variations within the bismuthinite-
aikinite solid solution series were detected. Bi contents are two orders of magnitude higher than Pb 
and Sb, three times higher than Cu and four orders of magnitude higher than Se and Te. Silver tellu-
ride inclusions are regularly spread within bismuthinite crystal. Argentocuprocosalite (Pb1.663 Cu0.326 
Ag0.240) (Bi2.057 Sb0.092) (S4.976 Se0.013 Te0.011) was detected from nine EMPA analyses along the twenty-
six-spot-profile. The term argentocuprocosalite is applied here to Ag- + Cu-bearing cosalite in order to 
explain the shift away from pure end-member cosalite as plotted on Fig. 1. The Bi and Pb signals from 
an LA-ICPMS analysis of argentocuprocosalite are two orders of magnitude higher than Ag, Sb and 
Cu and four to five times higher than Cd, Te, In, Se, Tl and Mn. No silver telluride inclusion was de-
tected in this mineral. The two remaining analysis out of the 26 spots revealed two unclassified spe-
cies. 

Two recurrent mineral phases were found from the 35 spots analyzed In the SE polished sam-
ple (Table). Twenty four analyses determined that the species correspond to bismuthinite (Bi2.023 
Sb0.024) (Pb0.022) (Cu0.026 Ag0.001) (S2.972 Se0.015 Te0.012) No apparent chemical variations within the bismu-
thinite-aikinite solid solution series were detected. Seven out of thirty five EMPA analyses match with 
tetradymite inclusions (Bi2.037 Sb0.016) (Pb0.001) (Cu0.009 Ag0.011) (Te1.876 S1.096 Se0.028). The remaining four 
spots belong to four different members within the bismuthinite-aikinite solid solution series: Frie-
drichite (Pb4.802) (Cu4.939 Ag0.032) (Bi7.166 Sb0.305) (S17.961 Se0.026 Te0.013), two species between the krup-
kaite-paarite members with the following chemical composition (Pb0.911) (Cu1.135 Ag0.013) (Bi3.094 
Sb0.012) (S5.969Se0.025 Te0.006) and (Pb0.891) (Cu0.894 Ag0) (Bi3.121 Sb0.045) (S5.975 Se0.019 Te0.006) and a min-
eral phase within salzburgite-gladite members (Pb1.482) (Cu1.475 Ag0) (Bi6.624 Sb0.096) (S11.945 Se0.047 
Te0.008). 

 



 
 

105 

Table 
EMPA mean chemical composition of each species 

 
 

 
Fig. 1.  (Cu+Ag)-(Bi+Sb)-Pb ternary diagram. Only sulfides and sulfosalts analyses are plotted. 

 
Fluid inclusions 

Little has been published on the conditions of formation of the San Francisco de los Andes 
deposit. The only data available are provided in a report by Cardo et. al [2008]. They estimated tem-
peratures between 227 °C to 229 °C and a salinity of 14.6 wt % NaCl equiv for the two-phase, liquid-
rich fluid inclusions found in quartz samples. Temperatures as high as 367 °C to 388 °C and salinities 
up to 45 wt % NaCl equiv were reported for the three–phase (liquid+vapor +halite) quartz-hosted fluid 
inclusions.  

These temperatures are comparable with well documented tourmaline-breccia hosted Cu-Mo 
deposits such as Rio Blanco-Los Bronces [Frikken et al., 2005]. Measured homogenization tempera-
ture for Type ia (two-phase, liquid-rich fluid inclusions) and type iia (three-phases, salt saturated, hal-
ite-bearing fluid inclusions) range between less than 200 °C and more than 400 °C. 

A thorough fluid inclusion study in the quartz and tourmaline hydrothermal cement from San 
Francisco de los Andes breccias will be conducted in the near future. 
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Fig. 2. fS2-fTe2 diagrams calculated at 230 °C (left) and 400 °C (right). 

 
 

Preliminary thermodynamic model 

Both mineral assemblages stability limits were calculated using thermochemical data from 
Afifi, Kelly and Essene [1988], Barton and Skinner [1967, 1979], Craig and Barton [1973], Garrels 
and Christ [1965], Krauskopf and Bird [1995] and Robie and Waldbaum [1968]. Each linear equation 
was calculated at two extreme temperatures (230 °C and 400 °C) and was plotted in fS2-fTe2 diagrams 
as it can be seen in Figure 2. 

The stability field for the bismuthinite (Bi2S3) – hessite (Ag2Te) – cosalite (Pb2Bi2S5) assem-
blage is shown as diagonal lines. Given the fact that there is minor chalcopyrite and no bornite, as well 
as an uncertainty about the equilibrium of the Cu-minerals, we cannot precisely state an exact limit at 
higher values of fS2. This is the reason why we continue the stability field with diagonal dashed lines 
further away. 

Since there is no available thermochemical data for tetradymite (Bi2Te2S) we assumed that it 
could have formed from tellurobismuthite (Bi2Te3) according to the reaction: 2Bi2Te3 + S2 = 2Bi2Te2S 
+ Te2. Tetradymite could be formed at small fluctuations in fS2 and fTe2 as a slight S2 fugacity in-
crease or a subtle Te2 fugacity decrease. It is our understanding that tetradymite stability space should 
be close to that of tellurobismuthite. According to previously made assumptions the stability field for 
the bismuthinite (Bi2S3) – tetradymite (Bi2Te2S) assemblage is approximately located along the fol-
lowing equilibrium line Bi2S3 + 3/2Te2 = Bi2Te3 + 3/2S2 and within pyrite chalcopyrite stability space. 

Discussion and conclusions 
At a minimum temperature of 230 °C, crystallization of bismuthinite, silver tellurides inclu-

sions and argentocuprocosalite took place under minimum log fTe2 = log fS2 – 3.59 and maximum log 
fTe2 = log fS2 + 0.93 between log fS2 values of –13.92 and –11.97. At higher temperatures (400 °C) 
the minimum Te2 fugacity limit is given by the equation log fTe2 = log fS2 – 2.69 and the maximum 
boundary by log fTe2 = log fS2 + 0.68 between log fS2 values of –8 and –3.86. Te2 fugacity limits were 
constrained by the bismuthinite-hessite stability field. Although the lowest log fS2 values are well de-
fine by cosalite appearance (–13.92 at 230 °C and –8 at 400 °C), the highest values are not. They are 
constrained by log fS2 values of –11.97 at 230 °C and –3.86 at 400 °C. 

The bismuthinite-tellurobismutite monovariant line has a fixed position and does not show 
significant changes with temperature variations. As a result, the bismuthinite-tradymite-chalcopyrite 
stability space is a straight forward function of the Po/Py and Cp/Bn+Py monovariant lines at high 
temperature and BiM/Bi2S3 and Cp/Bn+Py lines at low temperatures. Note that at 230 °C the stability 
field lower limit is given by the BiM /Bi2S3 line as Po/Py monovariant line would be drawn within the 
BiM space. At 230 °C and assuming that Bi-minerals crystallization took place within pyrite-
chalcopyrite stability space, Bismuthinite and tellurobismutite (and probably tetradymite) log fS2 val-
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ues range between –14.63 and –11.97 while log fTe2 values fluctuate between –13.70 and –11.04. At 
temperatures as high as 400 °C an increase in fS2 (between –7.85 and –5.00) and an increase in Te2 
fugacity (between –7.17 and –4.31) is required. 

The bismuth telluride inclusions trapped within bismuthinite may have formed in equilibrium 
with the Bi-sulfide. It is also possible that bismuthinite was the first mineral to crystallize followed by 
the bismuth telluride inclusions formation that may have been triggered by a slight S2 fugacity de-
crease or even more likely by a Te2 fugacity increase, possibly as a result of tellurium-rich magmatic 
vapor plumes. 

The above data indicate that the stability fields for both mineral assemblages at a given tem-
perature are rather similar, specially the log fS2 values. The main difference between the NW area and 
SE area may not be a change in S2 and Te2 fugacity but a function of Pb and Cu concentration in the 
hydrothermal fluid. This hypothesis is consistent with the fact that galena was only found in the NW 
area along with cosalite but only minor chalcopyrite. On the other hand, chalcopyrite is abundant in 
the SE area while cosalite is rarely found and galena is absent. 

It is necessary to conduct a detailed fluid inclusion study in order to constrain the temperature 
of formation and consequently improve the thermodynamic model. By the end of this project we hope 
to include all other minerals in order to make a detailed thermodynamic modeling for San Francisco de 
los Andes ore deposit. 
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EXTRACTION OF METALS FROM THE SEDIMENT BY THE HEATED SEAWATER: 
A PHYSICAL-CHEMICAL MODELING 

 
 

Выполнено физико-химическое моделирование взаимодействия нагретой морской во-
ды, осадка впадины Гуаймас и океанического габбро при соотношениях порода–морская вода 
(R/SW) от 1?10-5 до 10. Установлено, что максимальная экстракция железа из габбро происхо-
дит при минимальном pH и соотношении R/SW=0.007, а меди и никеля при 0.03. Кондуктивное 


