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ABSTRACT 

 The Central City district is an ambiguous polymetallic Au-Ag deposit due to the metal 

endowment and complexity of mineralogical relationships in veins hosting ore. The central zone 

of the district where significant Au production occurred hosts transitional-style pyrite-quartz and 

polymetallic-style base-metal veins. The goal of this study was to shed light on the paragenesis 

of gold in the central zone of the Central City district by studying these veins at the macro- and 

microscopic scales. Samples from the central zone of the district were studied petrographically 

using optical microscopy, field emission scanning electron microscopy (FE-SEM), and 

automated mineralogy (TIMA). Petrographic findings along with interpretation of mineralogical 

textures in visible gold specimens provided by the Denver Museum of Nature and Science 

concluded that Ag-bearing gold occurs in all three polymetallic-style mineral assemblages 

observed in the central zone of the district. Four cooling models and one isothermal inverse pH 

titration model at three temperatures were simulated to increase our understanding of mineral 

stability, metal solubility, and metal complexation for minerals and metals observed in the 

district. These models in conjunction with observations made for veins in this study and past 

studies allowed for interpretation of mechanisms controlling district scale metal zonation and ore 

formation. Metal zonation and ore formation in the district is explained by the evolution of one 

acidic, reduced fluid and another more mildly acidic, oxidized fluid where transitional-style 

veins and polymetallic-style veins formed as a result of the evolution of each fluid, respectively. 

Neutralization and equilibration of an acidic, reduced fluid along with cooling allowed for 

deposition of pyrite and quartz in transitional-style veins. Polymetallic-style mineral assemblages 

in the central zone of the district formed as a result of a mildly, acidic oxidized fluid cooling 
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along an unbuffered pH pathway causing Au and Cu deposition and enrichment in the central 

zone of the district. Findings in this study clarify Au paragenesis in veins as well as fluid 

evolution leading to metal zonation and overall ore formation.  
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CHAPTER 1  

GENERAL INTRODUCTION 

The Central City district is located ~60 km west of Denver in Gilpin county and 

represents a historic mining district that has produced significant Au and Ag. The discovery of 

the Central City district occurred in 1859 at the Gregory Gulch, where soon after prospectors 

began mining oxidized lode ore (Sims et al., 1963a,b). Following the discovery of the district, 

significant production of Au occurred, and until the mid 1880’s the district exceeded the metal 

output of all other mining districts in Colorado combined (Sims et al., 1963a). From discovery 

until the end of commercial production, the district produced an estimated ~119 t of Au 

(Koschmann and Bergendahl, 1968). Historically, Au represents 85% of the total value of 

produced metal, Ag represents 10% of the total value, and Cu, Zn, and Pb represent the 

remaining 5% making Au unequivocally the most important commodity mined in the district 

(Bastin and Hill, 1917; Sims et al., 1963a,b). Significant production continued until the 

beginning of the 20th century when unfavorable metal prices pushed production to decrease 

precipitously from 1914 – 1921 and continued to stay at these low levels until 1935 (Bastin and 

Hill, 1917; Sims et al., 1963a,b). A spike in production occurred in the late 1930’s and quickly 

became negligible by the early 1940’s with little to no production since 1953 (Bastin and Hill, 

1917; Sims et al., 1963a,b). Overall, from 1904 – 1953 the district produced 22.9 t (metric tons) 

of Au, 123.3 t of Ag, 5007 t of Cu, 6576 t of Pb, and 821 t of Zn (Sims et al., 1963a,b).   

The Central City district likely will never return to the production levels of the late 19th 

and early 20th centuries, though the importance of studying this enigmatic deposit type is more 
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important than ever as the mining industry continues to explore for precious metal-rich, 

polymetallic deposits. Little work has been completed on the economic geology of the Central 

City district since the late 1980’s except for the recent work of Alford et al. (2020). Earlier 

studies provided significant insight into the macro-scale features of the structural geology, 

igneous activity, mineralogy, vein styles, and alteration in the district (Bastin and Hill, 1917; 

Lovering and Goddard, 1950; Sims, 1956; Sims et al., 1961; Sims et al., 1963a,b; Tweto and 

Sims, 1963; Tweto, 1975, 1987; Phair, 1979; Rice et al., 1982, 1985; Kramer, 1984; Dickin et 

al., 1986; Spry, 1987). Alford et al. (2020) studied the mineralogy and mineral paragenesis in 

veins using optical and microanalytical techniques, permitting the establishment of a revised vein 

classification and their temporal relationships. These new observations were also used to classify 

the deposit into a porphyry-related polymetallic Au-Ag deposit and allowed for the development 

of a new genesis model in line with modern understanding of porphyry and related polymetallic 

vein deposits (Alford et al., 2020). Polymetallic-style veins in the Central City district differ 

from typical cordilleran type polymetallic deposits (Fontboté and Bendezú, 2009) due to their 

significant gold concentrations. The aim of this study is to study transitional-style pyrite-quartz 

and polymetallic-style veins found in the central zone of this district, known for its gold 

endowment, and increase the understanding of gold occurrence and paragenesis in these veins.  

Combined with findings of previous works, petrography and thermodynamic modeling 

allows for several important research questions to be resolved including: 

1) What is the distribution and occurrence of Au in transitional-style and polymetallic-

style veins in the district?  

2) What were possible physiochemical controls on Au deposition in the central zone of 

the district in relation to the observed Au paragenesis in veins? 
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3) What are possible physiochemical controls on the formation of vein types and 

associated metal zonation that is observed in the district?  

A thorough petrographic investigation of transitional-style and polymetallic-style veins 

will improve our understanding of the occurrence and paragenetic relationships of gold in these 

vein types. Thermodynamic modeling to match observations made for veins and associated 

mineral assemblages in the district allows for the interpretation of possible controls on Au 

transport and deposition, vein formation, and metal zonation in the district. This thesis aims to 

increase our understanding of the occurrence and distribution of Au in transitional-style pyrite-

quartz and polymetallic-style base-metal veins, including physiochemical conditions during Au 

deposition, and physiochemical controls on vein style formation and metal zonation at the 

deposit scale in the Central City district.  
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CHAPTER 2 

A VEIN PETROGRAPHY AND THERMODYNAMIC MODELING STUDY OF A 

PORPHYRY-RELATED POLYMETALLIC AU-AG DEPOSIT  

IN THE CENTRAL CITY DISTRICT, COLORADO 

2.1 Introduction 

 The Front Range of Colorado is characterized by a variety of igneous and metamorphic 

rocks that act as hosts to ore deposits in a ~500 km northeast trending series of mining districts 

historically known as the Colorado Mineral Belt (Fig. 2.1a; Kelley and Ludington, 2002; Caine 

et al., 2010; Chapin, 2012). Deposits within these mining districts consist of epithermal veins, 

breccia pipes, porphyry, and skarns commonly associated with Laramide age calc-alkaline and 

alkaline intrusions. The Central City district is an enigmatic porphyry-related polymetallic Au-

Ag deposit located in the Front Range of Colorado, ~60 km west of Denver. Previously, the 

district was classified as a porphyry Mo system that formed as a result of magmatic 

hydrothermal activity associated with Laramide age quartz monzonite to quartz syenite 

intrusions found primarily in the eastern to southeastern portion of the district (Rice et al., 1982; 

Rice et al., 1985). Based on our current understanding Alford et al. (2020) suggested that this 

deposit should be classified as a porphyry-related polymetallic deposit with significant historical 

Au and Ag production. Due to high historic gold production, the Central City district does not 

represent a typical cordilleran-style polymetallic deposit (Fontboté and Bendezú, 2009). It was 

found that major vein types in the district include transitional-style pyrite-quartz and later 

polymetallic-style base-metal veins (Sims et al., 1963a,b; Alford et al., 2020).  
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 Metal zonation in the district is characterized by three zones including the Cu-Au-Ag 

central zone, the intermediate Cu-Au-Ag-Zn-Pb zone, and finally the Zn-Pb-Ag peripheral zone 

(Fig. 2.2). The ratio of Au/Ag decreases from the central to the peripheral zone (Sims et al., 

1963a). Alford et al. (2020) proposed the existence of three vein types paragenetically from early 

to late including: (I) porphyry-style molybdenite veins, (II) transitional-style pyrite-quartz veins, 

and (III) polymetallic-style base-metal veins. Polymetallic-style base-metal veins contain four 

vein subtypes based on complex infilling and overprinting relationships between ore and gangue 

mineralogy (Alford et al. (2020). Sims et al. (1963a) reported significant gold in the central zone 

of the district. 

 Precious metal bearing pyrite-quartz and base metal veins in the district are hosted in 

Proterozoic supracrustal upper amphibolite facies gneiss with veins commonly crosscutting 

metamorphic host rock fabric (Sims et al., 1963a,b; Alford et al., 2020). These veins are hosted 

in en echelon transverse faults (Sims et al., 1963a,b). Polymetallic-style veins (formerly type b 

pyrite, type b pyrite, and galena sphalerite veins; Sims et al., 1963a,b) were subdivided by Alford 

et al. (2020) into early subtype-1 chalcopyrite-sphalerite veins followed by later sulfosalt veins 

(subtype-2 tennantite-tetrahedrite veins and subtype-3 enargite veins). These veins are found in 

the central and intermediate zones of the district (Fig. 2.2). In the periphery of the district 

subtype-4 galena-sphalerite polymetallic-style veins with characteristic carbonate minerals exist 

(Fig. 2.2).  

 Despite the numerous studies that have been completed on the Central City district 

(Bastin and Hill, 1917; Sims, 1956; Sims and Barton,1961; Sims et al., 1963a,b; Kramer, 1984; 

Rice et al., 1985; Dickin et al., 1986; Spry, 1987). Detailed understanding of gold occurrence and 

its petrogenetic relationship with vein minerals remains ambiguous. The dominant 
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physiochemical controls on fluid evolution leading to metal endowment trends are poorly 

understood. Thus, an improved understanding of the occurrence, distribution, and formation of 

gold in both transitional-style and polymetallic-style veins will help understand the enigmatic 

gold-rich system. This will be completed by building on the new vein classification system by 

Alford et al. (2020) for transitional-style pyrite-quartz and polymetallic-style veins that occur in 

the central zone hosting most of the Au in the district.  

 The goal of this study is to establish thermodynamic models that provide insight into the 

paragenesis of gold in transitional-style and polymetallic-style veins via petrographic techniques 

including optical microscopy, scanning electron microscopy, and automated mineralogy. 

Thermodynamic modeling was carried out using the GEMS code package (Kulik et al., 2013) 

and the MINES thermodynamic database (https://geoinfo.nmt.edu/mines-tdb) to interpret 

possible factors controlling the solubility of precious (Au and Ag) and base metals (Cu, Pb, Zn, 

and Fe) in hydrothermal aqueous fluids between 200 – 400 °C. These simulations were further 

used to interpret Au speciation, transport, and deposition mechanisms at conditions relevant to 

vein types of interest. Possible physiochemical controls on ore formation mechanisms are 

interpreted in conjunction with textural relationships made petrographically. Modeling combined 

with field, hand sample, and petrographic observations, as well as analytical results from 

previous studies, allows this study to shed light on the evolution of hydrothermal fluids and 

possible mechanisms for metal zonation and ore formation in the Central City district. 
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2.2 Geologic Setting 

2.2.1 Regional Geology 

The Front Range of Colorado consists of a variety of Proterozoic supracrustal rocks that 

formed from several accretionary events during the Yavapai and Mazatzal orogenies (Reed, 

1987; Whitmeyer and Karlstrom, 2007; Chapin, 2012). The Proterozoic basement of the Front 

Range acts as host to a variety of ore deposits such as epithermal veins, breccia pipes, 

porphyries, and skarns (Fig. 2.1; Kelley and Ludington, 2002; Caine et al., 2010; Chapin, 2012). 

This is also true for the Central City district, where mineralized veins are hosted in supracrustal 

Proterozoic quartz-feldspar gneiss and biotite-sillimanite schist (Fig. 2.2; Bastin and Hill, 1917; 

Sims, 1956; Sims and Barton, 1961; Sims et al., 1963a,b).  

Several orogenies were fundamental in the formation of the Proterozoic basement of the 

Front Range resulting in the amalgamation of the Yavapai and Mazatzal terranes with the 

Laurentia province (Whitmeyer and Karlstrom, 2007). The Yavapai orogeny (~1.79-1.66 Ga) 

allowed for the accretion of island arcs and back-arc basins to the Wyoming craton (Reed et al., 

1987; Chapin, 2012). During orogenesis, a series of plutons and batholiths intruded into the 

Yavapai terrane as represented by the granite and monzogranite of the Routt Plutonic suite dated 

at ~1.7 Ga (Fig. 2.1a; Tweto, 1987). The Mazatzal orogeny (~1.65 – 1.60 Ga) occurred due to 

the accretion of the Mazatzal terrane to the juvenile crust of the Yavapai terrane becoming a part 

of the Wyoming craton and the Laurentia province (Whitmeyer and Karlstrom, 2007). 

Proterozoic plutonic rocks in the Front Range do not have ages corresponding to the Mazatzal 

orogeny suggesting a lack of magmatism associated with the Mazatzal orogeny in the Front 

Range (Whitmeyer and Karlstrom, 2007).
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Figure 2.1: Map modified from Alford et al. (2020). (a) A regional geologic map of central 

Colorado with the Colorado Mineral Belt outlined by a black dashed line. The inset map 

represented as (b) is outlined by the red box in (a) around Central City. (b) An inset map 

showing more local structures, plutonic rocks, and hydrologic channels. The central and 

peripheral zones of the district in terms of metal zonation are also outlined.   
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The Picuris orogeny (~1.49 – 1.38 Ga) caused ductile and brittle deformation of 

Proterozoic rocks associated with previously accreted terranes occurred along with magmatism 

associated with the emplacement of the Berthoud Plutonic Suite (~1.4 Ga) (Fig. 2.1a; Tweto, 

1987; Shaw et al., 2001; Kellogg et al., 2004; Caine et al., 2006, 2010; Whitmeyer and 

Karlstrom, 2007; Lytle, 2016). Steeply dipping mylonites and ultramylonites formed during the 

Picuris orogeny in a series of northeast- to east-trending, discontinuous, shear zones associated 

with older Paleoproterozoic structures (Fig. 2.1a; Shaw et al., 2001; Lytle, 2016). This series of 

shear zone segments form a shear zone system that is oriented similarly as Laramide age mining 

districts suggesting a common Proterozoic ancestry to the system (Shaw et al., 2001; Lytle, 

2016). Locally, south of the Central City district, the Idaho Ralston Shear Zone (IRSZ) 

represents one of these Mesoproterozoic shear zones associated with the Picuris orogeny (Fig. 

2.1b and 2.2; Tweto and Sims, 1963; Tweto, 1987; Shaw et al., 2001; Kellogg et al., 2004; Caine 

et al., 2006, 2010; Lytle, 2016). There is still much ambiguity surrounding the deformation 

history of shear zones in the Front Range, though the IRSZ is interpreted to have formed from 

Mesoproterozoic folding rather than from a regional scale reactivated suture zone (Lytle, 2016). 

Following the Picuris orogeny, Proterozoic magmatism eventually ceased in the Front Range by 

~1.08 Ga with the emplacement of the Pikes Peak batholith, and was followed by a period of 

magmatic quiescence lasting until the Laramide orogeny (Fig. 2.1a; Tweto, 1975; Dickinson et 

al., 1988; Kellogg et al., 2004). 

 The Laramide orogeny (~75 – 43 Ma) originated from the subduction of the Farallon 

plate eastward beneath the North American plate that resulted in crustal contraction, 

deformation, and magmatism that provided renewed uplift in the Front Range causing the 

formation of the modern Rocky Mountains (Kellogg et al., 2004; Chapin, 2012). Laramide 
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associated calc-alkaline and alkaline magmatism, occurring as plutons, stocks, and dikes, is 

associated with northeast-trending mineral districts in Colorado stretching from the western San 

Juan mountains in the southwest to the east flank of the Front Range north of Boulder (Fig 2.1a; 

Coney, 1972, 1978; Tweto, 1975; Coney and Reynolds, 1977; Cross and Pilger, 1978; Rice et al., 

1982; Bird, 1984; Cross, 1986; Dickinson et al., 1988; Kellogg et al., 2004; Chapin, 2012). 

2.2.2 District Geology 

 The Central City district is a historic mining district in the Front Range of Colorado 

located roughly 60 km west of Denver. This district is characterized by early Laramide age 

porphyry related mineralized veins and two mineralized hydrothermal breccia pipes hosted in 

Proterozoic gneiss (Fig. 2.2; Bastin and Hill, 1917; Sims et al., 1963a,b; Rice et al., 1982; Rice et 

al., 1985; Dickin et al., 1986). 

Mesoproterozoic brittle structures associated with, and adjacent to the IRSZ, postdate 

ductile deformation in the district (e.g. Central City anticline) and include northwest-trending 

strike slip faults (e.g. Idaho-Springs and J.L. Emerson Faults) and northeast-trending strike-strike 

slip faults (e.g. Dory Hill fault) (Fig. 2.1b and 2.2; Lovering and Goddard, 1950; Tweto and 

Sims, 1963). The Central City anticline bisects the district with a northeast trending axial plane 

that shallowly plunges to the northeast (Fig 2.2; Sims et al., 1963a,b; Lytle, 2016). Complexly 

folded Proterozoic gneiss consists mainly of two interlayered lithologies in the district, feldspar- 

rich gneiss and biotite-sillimanite gneiss, though amphibolite gneiss is observed in the northern 

portion of the district (Fig. 2.2; Lovering and Goddard, 1950; Sims et al., 1963a,b). 
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Figure 2.2: Modified from Alford et al. (2020). A district scale geologic map of the Central City 

district with Proterozoic rocks, Laramide age intrusions and breccia pipes, vein types, and 

structures occurring in the district. Sample locations by Alford et al. (2020) and this study are 

marked by yellow and orange circles respectively. Metal zonation, represented by central, 

intermediate, and peripheral zones, is marked by solid white lines.
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Faults in the district that formed during the Proterozoic were reactivated if favorably 

oriented in the Laramide stress field (e.g. Dory Hill fault), and structures that were unfavorable 

were not (e.g. IRSZ; Tweto and Sims, 1963; Monech and Drake, 1966; Caine et al., 2006). 

Mineralized veins in the district are hosted in these east- to northeast-trending Laramide age 

strike-slip faults (Fig. 2.2). 

 Igneous activity associated with the Laramide orogeny occurring in the late Cretaceous 

and into the Paleogene led to a series of dikes and stocks that formed in the eastern and 

southeastern portions of the Central City district (Fig. 2.2; Sims et al., 1963a,b; Rice et al., 1982). 

Intrusions that are seen in the district include from oldest to youngest: quartz “bostonite”, 

porphyritic trachytic granite, porphyritic “bostonite”, porphyritic quartz monzonite, porphyritic 

alkali syenite, and biotite granodiorite (Wells, 1960; Sims et al., 1963a,b). Of these intrusions, 

most notably due to the association with mineralized veins, are the porphyritic quartz monzonite 

and alkali syenite dated at 63.3 – 58 Ma using bulk rock K-Ar and Rb-Sr geochronometers 

(Simmons and Hedge, 1978; Rice et al., 1982). The Banta Hill pluton, occurring in the southern 

portion of the district, is the largest outcropping stock in the district, and was emplaced at ~60 – 

52 Ma based on dating of hydrothermal sericite. This intrusion was interpreted by Rice et al. 

(1985) to be responsible for the formation of molybdenite veins in the district.  

2.2.3 Metal Zonation, Vein Types, and Mineral Paragenesis 

 The distribution of vein types in the district is structurally controlled and ore hosted in 

east- to northeast-trending strike slip faults (Sims et al., 1963a,b; Alford et al., 2020). Mineral 

occurrence and relationships were first described by Bastin and Hill (1917) at the district scale to 

discern ore distribution in veins. Metal zonation at the district scale consists of a Cu-Au-Ag 

enriched central zone with a high Au/Ag ratio, a Cu-Au-Ag-Zn-Pb enriched intermediate zone 
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with a lower Au/Ag ratio, and a Zn-Pb-Ag enriched peripheral zone with the lowest Au/Ag ratio 

(Fig. 2.2; Sims et al., 1963a,b; Alford et al., 2020). 

 The complex mineralogy and mineralogical relationships of veins in the Central City 

district has made understanding the fluid evolution and processes controlling ore formation in the 

district, difficult. The clear structural control regarding hydrothermal fluid movement and 

evolution of fluids forming vein types led to overprinting and infilling of different vein types in 

east- to northeast-trending structures (Sims et al., 1963a,b; Rice et al., 1985; Alford et al., 2020). 

Based on the nomenclature developed by Alford et al. (2020), three individual vein styles are 

described below: 

1) Porphyry-style veins are characterized by the presence of potassium feldspar and quartz 

with molybdenite ribbons located in the central zone of the southeastern and western portions of 

the district. These veins are typically thin, 10 µm to1 mm, and crosscut host rock metamorphic 

fabrics.  

2) Transitional-style pyrite-quartz veins occur primarily in the central zone of the district 

(Fig. 2.2) and were observed adjacent to earlier porphyry-style veins suggesting reopening of 

preexisting porphyry-style veins (Alford et al., 2020). Crosscutting and overprinting of 

transitional-style veins provides further evidence for this relationship. Transitional-style veins 

are barren of ore minerals showing textural evidence for repeated reopening and later infill by 

base and precious metal bearing veins (Alford et al., 2020). At the outcrop scale, pyrite-quartz 

veins can be 0.5 – 2 m in width with local widening of up to 10 m and are hundreds of meters to 

a few kilometers in length. Transitional-style veins are concentrated along east- to northeast-

trending faults crosscutting the fabric of host rock (Sims et al., 1963a,b). At the hand sample 

scale these veins consist of fine- to coarse-grained (~0.1 – 5 mm) pyrite and fine- to coarse-
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grained (~0.25 – 5 mm) quartz with ~5 – 10 cm wide phyllic alteration haloes. Phyllic alteration 

of wall rock is commonly pervasive and is more widespread in the central zone (Tooker, 1963; 

Sims et al., 1963a,b; Alford et al., 2020).  

 3) Polymetallic-style veins were subdivided into four subtypes based on mineralogical 

relationships and pyrite types observed from early to late (Alford et al., 2020): 1) sphalerite-

chalcopyrite veins, 2) tetrahedrite veins, 3) enargite-pyrite-quartz veins, and 4) galena-sphalerite-

carbonate veins. Silver-bearing gold has been described as inclusions in pyrite associated with 

polymetallic-style veins (Alford et al., 2020). Silver-bearing gold was also found to occur with 

enargite in subtype-3 polymetallic-style veins (Alford et al., 2020).  

2.2.4 Pyrite Types  

 Pyrite textures, types, and chemistry were described and collected by Alford et al. (2020) 

in transitional-style pyrite-quartz and polymetallic-style base-metal veins. Microscale textures, 

mineral inclusions, and mineral associations allowed for the determination of three distinct pyrite 

types associated with these veins (Alford et al., 2020):  

 Pyrite I, is paragenetically associated with transitional-style pyrite quartz veins and was 

determined to have two subtypes (Alford et al., 2020). Pyrite Ia was characterized as being ~0.1 

– 0.5 mm in size with crystals that are euhedral to subhedral cubes and octahedra (Alford et al., 

2020). Pyrite Ia is brecciated and has resorbed rims with noticeable overgrowth textures within 

these veins. Pyrite Ib is associated with phyllic alteration and is hosted in gneiss as disseminated 

euhedral cubes and pyritohedron sections being finer grained (~100 – 200 μm) than Ia crystals. 

Pyrite Ib is disseminated outward and adjacent to transitional-style pyrite-quartz veins. These 
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pyrite subtypes both commonly host fine inclusions of predominantly quartz and rutile with 

minor feldspar. 

 Pyrite II is associated with polymetallic-style base metal veins. This pyrite type forms 0.1 

– 1 mm subhedral to anhedral crystals with partially resorbed rims occurs in sphalerite-

chalcopyrite and enargite-pyrite-quartz veins. This pyrite type is typified by abundant inclusions 

of galena and variable amounts of sphalerite and is distinguished from pyrite III by its 

significantly larger crystal size. A few Ag-bearing gold inclusions have been found in pyrite II 

grains being largely Au (> 72 wt%) in composition as determined semiquantitatively by EDS 

analyses. Rims of pyrite II grains were also found to contain inclusions of anhydrite.  

 Pyrite III is distinguished from pyrite II by its smaller (< 100 μm) crystal size and 

association with enargite-pyrite-quartz veins. This pyrite type is typically subhedral to anhedral 

rounded pyrite crystals that are occasionally fractured. Pyrite III commonly contains inclusions 

of galena, enargite, and variable Ag-bearing gold.  

2.3 Materials and Methods 

2.3.1 Sampling and Sample Preparation  

 All samples in this study originate from the central and intermediate zones due to the 

known metal zonation in the district with these zones known to have the highest concentrations 

of gold. This area is also where the highest concentration of both transitional-style pyrite-quartz 

and polymetallic-style base-metal veins occur, thus allowing for both veins to be studied for the 

overall understanding of gold paragenesis in these vein types. Samples collected by Alford 

(2018), and collected in this study can be observed as yellow and orange circles respectively in 

Fig. 2.2. Sample names with from Alford (2018) that were used in this study can be found in 
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Table 2.1. Samples collected in this study used for further analysis can also be found in Table 

2.1. Specimen names and locations obtained from the Denver Museum of Nature and Science are 

also listed in this table and can be seen in Figure 2.2 represented as “Gray’s Samples”. A 

description of sample lithologies can be found in Appendix A. Samples collected in this study 

from the Hidee and Bates Hunter mines were collected from vein material of the Hidee, Fay, and 

Bates veins (Fig. 2.2).  

A total of 16 samples were collected from the Hidee mine located in the east to southeast 

portion of the outer central zone of the district in December of 2019 (Fig. 2.2). These samples 

include altered aplite dike, bostonite porphyry, transitional-style pyrite-quartz veins, and 

oxidized polymetallic-style base metal veins. The Hidee and Fay veins were both sampled in this 

study from the 135 ft and 160 ft levels respectively in the mine.  

A total of nine samples were collected or obtained from the Bates Hunter mine where the 

Bates vein was sampled for transitional-style pyrite-quartz and polymetallic-style veins in the 

Fall of 2020. Samples 1 – 6 from the Bates Hunter mine are grab samples collected directly from 

the Bates vein at the 250 ft level and samples 7 – 9 were grab samples obtained from geologist 

Jared Tadla from the Bates vein at the 500 ft level. The Bates Hunter mine is located in the north 

to northeast portion of the outer central zone of the district (Fig. 2.2).  

A total of eight specimens from the Central City district were provided by James 

Hagadorn and Nicole Neu-Yagle of the Denver Museum of Nature and Science. Specimens 

provided for research are from several locations in the Central City district. Specimen EGM 

6029 was collected from the Gunnel mine, specimen EGM 11043 was collected from the Eureka 

mine, specimen EGM 11540 was collected from the Federal mine, and specimen EGM 16988 

was collected from the Powers mine (Fig. 2.2). The Eureka and Gunnel mines are located in the 
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western intermediate zone of the district and the Powers and Federal mine are located in the 

southeast outer central and southwest central portions of the district, respectively. 

Hand samples collected from the Hidee mine were cut to expose surfaces and then billet 

locations were determined based on observed mineralogy at the hand scale; billets were then 

subsequently cut. These billets were analyzed using micro X-ray fluorescence (µ-XRF) for 

semiquantitative element mapping to determine suitability for further petrographic techniques 

based on the existence of Au in these samples. Billets created from the Hidee mine were not 

made into thin or thick sections due to supergene weathering of primary sulfides and a lack of 

Au occurrence. 

Hand samples collected or obtained from transitional-style pyrite-quartz and 

polymetallic-style base metal veins at the Bates Hunter mine were cut via trim saw to expose flat 

surfaces. These samples were then analyzed via µ-XRF for semiquantitative element mapping of 

hand samples to look at precious and base metal distributions. Representative samples bearing 

Au then had billet locations determined based on Au occurrence, and billets were subsequently 

cut via trim saw. Four samples from the Bates Hunter mine were cut into billets: Bates-2, -4B, -

5, and -6 and submitted to the thin section laboratory at the Colorado School of Mines to be 

made into thick sections (~60 µm). All thick sections created were analyzed by further 

petrographic techniques.  

Thin sections from Alford (2018) were analyzed via the bright phase search for Au 

detection using SEM-based automated mineralogy. Samples with detected Au were selected for 

further investigation. These samples include: HB-01, HB-02, HB-03, HB-04, LA-01, LA-101, 

and PA-01. Specimens obtained from the Denver Museum of Nature and Science were 

interpreted at the hand sample scale and had photographs taken to show mineral relationships.
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Table 2.1: List of samples, sample locations, depths below surface sampled, and zone of mineralization. Latitude and longitude are in 

the datum WGS84. 

 

                                                                                                                                                                                                                                                                                                                                                                                                Sample Location Latitude Longitude 

Depth (ft below 

surface) 

Mineralization 

Zone 

This Study Bates - 2 Bates Hunter Mine 39.8012 -105.5039 250 NE Outer Central 

 Bates - 4B Bates Hunter Mine 39.8012 -105.5039 250 NE Outer Central 

 Bates - 5 Bates Hunter Mine 39.8012 -105.5039 250 NE Outer Central 

 Bates - 6 Bates Hunter Mine 39.8012 -105.5039 250 NE Outer Central 

 Bates - 7 Bates Hunter Mine 39.8012 -105.5039 500 NE Outer Central 

 
Bates - 9 Bates Hunter Mine 39.8012 -105.5039 500 NE Outer Central 

Alford (2018) HB - 1 Ground Hog Vein N/A N/A 1170 N Outer Central  

 HB - 2 Ground Hog Vein N/A N/A 1170 N Outer Central  

 HB - 3 Ground Hog Vein N/A N/A 1170 N Outer Central  

 HB - 4 Ground Hog Vein N/A N/A 1170 N Outer Central  

 LA - 01 Mammoth Vein 39.7948 -105.5161 Surface W Central  

 LA - 101 Cook Mine N/A N/A N/A NE Central 

 
PA - 01 The Patch (Breccia Pipe) N/A N/A Surface W Outer Central 

Denver Museum of 

Nature and Science 

Specimens EGM. 6029 Gunnell Mine 39.8002 -105.5223 N/A NW Intermediate 

 EGM. 11043 Eureka Mine 39.8011 -105.5292 N/A NW Intermediate 

 EGM. 11540 Federal Mine 39.7764 -105.5359 N/A SW Central 

 
EGM. 16988 Powers Mine 39.7815 -105.5001 N/A SE Outer Central 
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Table 2.2: List of samples, their locations, and methods used for analysis. 

Sample  Location 

µ-

XRF 

Optical 

Petrography 

Automated 

Mineralogy 

SEM 

Petrography 

Bates - 2 Bates Hunter Mine X X X X 

Bates - 4B Bates Hunter Mine X X X X 

Bates - 5 Bates Hunter Mine X X X X 

Bates - 6 Bates Hunter Mine X X X X 

HB - 1 Ground Hog  X X X 

HB - 2 Ground Hog  X X X 

HB - 3 Ground Hog  X X X 

HB - 4 Ground Hog  X X X 

LA - 01 Mammoth Vein  X X X 

LA - 101 Cook Mine 
 

X X X 

PA - 01 The Patch (Breccia Pipe) 
 

X X X 
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 2.3.2 Analytical  

Micro X-ray Fluorescence 

 Micro X-ray fluorescence (µ-XRF) analyses in the Mineral and Materials 

Characterization (MMC) facility were completed on billets and cut hand samples from the Hidee 

and Bates Hunter mines respectively using the high performance spectrometer Bruker© M4 

Tornado. Analyses were performed in a vacuum via X-ray excitation by using a high brilliance 

X-ray tube focused with polycapillary X-ray optics. The target material used to produce X-rays, 

during excitation of the material, is Rh with a spot size of 25 µm with the polycapillary optics. A 

50 µm step size, a 600 µA dwell time, and a Al 12.5 filter were used for all analyses. The 

Xflash® silicon drift detector is used and has an energy resolution < 145 eV at 300,000 counts 

per second. 

Transmitted and Reflected Light Microscopy  

 Transmitted and reflected light microscopy was completed using a Nikon Eclipse LV100 

POL polarizing light microscope. This microscope equipped with an eyepiece magnification of 

10x with objective lenses of 2x, 4x, 10x, 20x, and 50x giving total magnifications of 20x, 40x, 

100x, 200x, and 500x respectively. Reflected light housing exists on the rear of the illuminator 

housing and allows for reflected polarizing light microscopy.  

Automated Mineralogy 

 Thin sections used from Alford (2018) and thick sections from the Bates vein were 

analyzed using automated scanning electron microscopy in the Mineral and Material 

Characterization (MMC) Facility in the Department of Geology and Geological Engineering at 

the Colorado School of Mines. The automated mineralogy system is the TESCAN Integrated 
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Mineral Analyzer (TIMA). Samples were loaded into the TESCAN-VEGA-3 Model LMU VP-

SEM platform and analysis was initiated using the control program TIMA3. Four energy 

dispersive X-ray (EDX) spectrometers acquire spectra from each point with a user defined beam 

stepping interval of 15 microns for overview scans, 3 microns for high-resolution scans, and 1 

micron for bright phase scans (gold; >55% brightness), an acceleration voltage of 25 keV, a 

beam intensity of ~14, and a working distance of 15 mm. The EDX spectra are compared with 

spectra held in a look-up table allowing a mineral or phase assignment to be made at each 

acquisition point. Results are output by the TIMA software as a spreadsheet giving the 

proportion of each composition in the look-up table. This procedure allows for a compositional 

map to be generated. Composition assignments are grouped appropriately. 

Field Emission-Scanning Electron Microscopy  

 Thick sections from the Bates vein and thin sections from Lee Alford’s thesis (Alford, 

2018) were analyzed using field emission scanning electron microscopy (FE-SEM) in the 

Mineral and Materials Characterization (MMC) facility in the Department of Geology and 

Geological Engineering at the Colorado School of Mines. The laboratory is equipped with a 

TESCAN MIRA3 LMH Schottky field emission scanning electron microscope (FE-SEM). The 

FE-SEM features a TESCAN motorized retractable annular, a single-crystal YAG backscattered 

electron (BSE) detector, a Bruker XFlash 6/30 silicon drift detector for energy dispersive X-ray 

spectrometry (EDS). BSE and EDS analyses were performed at 20 KeV acceleration voltage, a 

working distance of 10 mm, and a beam intensity of 11.  
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2.3.3 Thermodynamic Modeling 

Thermodynamic modeling was carried out in the Cu-Pb-Zn-Au-Ag-Cl-S-Na-H-O system 

using the GEM-Selektor v.3 code package (http://gems.web.psi.ch) (Kulik et al., 2013). This 

program is capable of calculating chemical equilibria for fluids with input minerals, liquids, and 

gases based on Gibbs Energy Minimization (GEM). High temperature and pressure conditions, 

along with highly saline aqueous fluids, can be simulated for closed system fluids and open 

system fluids interacting with other fluids or rock making this program suitable for hydrothermal 

systems. 

Thermodynamic data used for minerals and aqueous species were taken from the MINES 

thermodynamic database v.19 (https://geoinfo.nmt.edu/mines-tdb) which is implemented in the 

GEMS code package. This database includes sulfide minerals from the Robie and Hemingway 

(1995) database and aqueous complexes for base metals (Cu, Zn, Pb, and Fe) and precious 

metals (Au, Ag) (i.e. chloride, bisulfide, and hydroxyl metal complexes) from SUPCRT92 

(Johnson et al., 1992) updated with more recent data (Frenkel, 1994; Akinfiev and Zotov, 2001, 

2010; Liu and McPhail, 2005; Brugger et al., 2007; Evans et al., 2010; Akinfiev and Tagirov, 

2014). 

Set up for Cooling Models 

 Four fluid compositions (Table. 2.3) were chosen for closed system cooling models based 

on differences in starting redox conditions and pH of the fluid at 400 °C, and models are named 

Ia – Id depending on these conditions (Table. 2.3). The goal of these simulations was to model 

the stability of sulfide minerals and the solubility of Au, Cu, Ag, Zn, Pb, and Fe as a function of 

temperature with changing pH and redox conditions. These models were cooled from 400 – 200 

https://geoinfo.nmt.edu/mines-tdb
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°C at 1kbar (Table. 2.3). Minerals observed in transitional-style and polymetallic style veins 

were modeled and include: pyrite (11.85 g), chalcopyrite (5.00 g), sphalerite (0.21 g), galena 

(1.73 g), Au (0.006 g), and Ag (0.033 g) which were equilibrated with 1000 g of the 10 wt. % 

NaCl-bearing aqueous fluid in all models (Table 2.3). Upon equilibration, at 400 °C, most metals 

were saturated in the fluid with the exception of Zn (Table 2.4). The starting redox conditions for 

each cooling model (Ia – Id) were varied by changing the starting concentration of aqueous H2S, 

SO2, and H2 at 400 °C and the starting pH conditions were varied by manipulating the starting 

concentrations of NaOH and HCl (Table 2.3). The total sulfur concentration of H2S and SO2 was 

kept at 0.1 m (1600 ppm S). The total concentration of S added via H2S and SO2, and the ratios 

between H2S and SO2 are comparable to magmatic hydrothermal fluids related to volcanic 

degassing and fluid inclusions from porphyry deposits (Giggenbach, 1996; Seward et al., 2014;  

Nadeau et al., 2016; Hurtig et al., 2021). The oxidized fluids include a near neutral pH (pH of 

5.2, fO2 of -27.5; model Ia) and a mildly acidic pH (pH of 4.6, fO2 of -27.1; model Ib) starting 

fluid composition at 400 °C; reduced fluids include a mildly alkaline pH (pH of 6.1, fO2 of -

28.7; model Ic) and an acidic pH (pH of 4.6, fO2 of -28.5; model Id) starting fluid composition at 

400 °C. 

The redox variable of oxygen fugacity or fO2 was selected as the variable to display 

relative changes in redox in relation to mineral buffers due to its ubiquitous use in geologic 

literature. While in natural systems, the fO2 of hydrothermal fluids is inappreciable at relevant 

physiochemical conditions there is no issue in using this variable to illustrate the redox of a 

system in thermodynamic calculations. Oxygen fugacity can be easily converted to the more 

representative variable of RH or log (fH2/fH2O) for magmatic-hydrothermal fluids based on the 

reaction H2O = 0.5O2 + H2, since we are dealing with an internally consistent dataset.
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Table 2.3: Starting conditions for cooling models (I) and isothermal pH titration models (II). Parameters that were fixed for all models 

include the concentration of 10 wt. % NaCl (1000 g), the pressure, and the concentrations of minerals pyrite (11.85 g), chalcopyrite (5 

g), sphalerite (0.21 g), galena (1.73 g), Au (0.006 g) and Ag (0.033 g). Parameters that were varied include the temperature and the 

aqueous phases SO2, H2S, HCl, H2, and NaOH. Ranges for fO2 and pH in cooling models vary from 400 – 200 °C. Ranges of fO2, 

HCl, and NaOH in pH titration models vary from pH 7 – 2.

 T (°C) 
P 

(bars) 

pH 

Range 

log fO2 

Range 

SO2 

(m) 

H2S 

(m) 
H2 (m) 

HCl 

(m) 

NaOH 

(m) 

Ia: Neutral/Oxidized 400-200  1000 5.2-5.2 -27.5 - -43.2 0.0419 0.058 0 0 0.056 

Ib: Mildly Acidic/Oxidized 400-200 1000 4.6-4.1 -27.1 - -42.2 0.031 0.069 0 0 0.033 

Ic: Mildly 

Alkaline/Reduced 
400-200  1000 6.1-5.2 -28.5 - -43.4 

0.022 0.078 0.024 0 0.026 

Id: Acidic/Reduced 400-200 1000 4.6-2.6 -28.5 - -48.8 0.009 0.091 0.028 0.009 0 

 IIa: 400 °C 400 1000 7.0-2.0 -29.3 - -26.2 0.031 0.069 0 0-0.525  0.132-0 

IIb: 300 °C 300 1000 7.0-2.0  -35.8 - -31.7 0.031 0.069 0 0-0.044 0.103-0 

IIc: 200 °C 200 1000 7-2 -44.7 - -40.3 0.031 0.069 0 0-0.002 0.102-0 

Purpose of Model I 

Mineral stability, metal solubility, and metal speciation (Au and Cu) was modeled for 

cooling fluids Ia - Id from 400 - 200 °C at 1 kbar. The starting redox and pH conditions at 

400 °C were varied based on changes in starting concentrations of SO2, H2S, H2, HCl, NaOH 

equilibrated with the fluid.  
 

Purpose of Model II 

 

 

 

 

Mineral stability, metal solubility, and metal speciation (Au and Cu) was modeled for 

isothermal inverse pH titration models at 400 °C (IIa), 300 °C (IIb), and 200 °C (IIc) all at 1 

kbar. The starting concentrations of SO2, H2S, and H2 are the same as model Ic and were kept 

the same for all models where these species varied the starting redox conditions of each 

model. The pH of each fluid was titrated from 2.0 – 7.0 based on changing concentrations of 

HCl and NaOH added to the fluid. 

 



25 
 

Table 2.4: Metal Concentrations equilibrated with cooling models at 400 °C. Metals that are saturated at 400 °C are italicized. 

 

 

 

 

 

 

Table 2.5: Metal Concentrations equilibrated with isothermal inverse pH titration models at a pH of 7. Metals that are saturated at pH 

7 are italicized. 

Metal Concentrations of Model I fluids at 400 °C 

 
Model Ia Model Ib Model Ic Model Id 

Au (ppm) 1.02 0.78 4.38 0.47 

Ag (ppm) 36.21 36.28 12.56 36.25 

Cu (ppm) 8.26 26.31 2.44 14.35 

Zn (ppm) 154.94 154.98 16.58 154.93 

Pb (ppm) 25.82 264.23 3.57 292.00 

Fe (ppm) 1.57 9.45 0.06 39.54 

Metal Concentrations of Model II fluids at pH 7 

 
Model IIa (400 °C) Model IIb (300 °C) Model IIc (200 °C) 

Au (ppm) 6.60 6.59 6.59 

Ag (ppm) 17.73 6.76 2.29 

Cu (ppm) 1.91 0.67 0.27 

Zn (ppm) 154.92 2.56 0.06 

Pb (ppm) 8.48 1.00 0.10 

Fe (ppm) 0.01 0.00 0.00 
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Thus, fO2 was used rather than RH due to the fact it is easier to grasp. Using GEM-Selektor 

allows for the calculation of the fugacity of O2 even when no gas is present in calculations based 

on the calculated equilibrium chemical potentials in systems modeled (Kulik, 2006). This 

therefore allows for the use of fO2 to give an idea of the redox potential of numerical models. It 

is important to note that in models the terms “oxidized” or “reduced” are used relative to other 

fluids modeled and the H-M and QFM mineral buffers. 

A pressure of 1 kbar was used for all models (Ia – Id) based on past fluid inclusion 

studies of quartz in the district in relevant vein types due to the presence of single-phase liquid 

dominated inclusions and CO2-bearing inclusions (Kramer, 1984; Rice et al., 1985; Spry, 1987). 

A Temperature range of 400 – 200 °C was used for all models (Ia – Id) based on typical 

temperatures of formation for transitional-style (D veins) and polymetallic-style veins (E veins) 

as well as homogenization temperatures obtained from microthermometric studies of fluid 

inclusions ranging between 180 – 450 °C (Rice et al., 1985; Spry, 1987; Rusk et al., 2008; 

Pudack et al., 2009; Catchpoole et al., 2015; İmer al., 2016; Monecke et al., 2018). A 10 wt. % 

NaCl fluid was also chosen based on ranges obtained from fluid inclusions in the district (Rice et 

al., 1985; Spry, 1987). The pH and redox conditions of fluids that formed transitional-style and 

polymetallic-style veins are difficult to estimate. Therefore, a spectrum from acidic to mildly 

alkaline pH conditions were chosen to represent magmatic versus more rock equilibrated fluids 

(Fig. 2.19b). Redox conditions for oxidized and reduced systems mostly cover the range between 

the hematite-magnetite (HM) and quartz-fayalite-magnetite (QFM) buffers where reduced fluids 

stay close to or below the QFM buffer with cooling (Fig. 2.19a). These conditions are in line 

with studies on fluids forming porphyry deposits (Wang et al., 2014; Hurtig and Willlams-Jones, 

2015).  
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Set up for Isothermal pH Titration Models 

 Starting fluid compositions for all isothermal inverse pH titration models (IIa – IIc) were 

that used in model Ib with the exception of NaOH and HCl concentrations that were varied to 

achieve pH ranges from 2.0 – 7.0 for temperature slices of 400 °C (model IIa), 300 °C (model 

IIb), and 200 °C (model IIc) all at 1 kbar (Table 2.3). Mineral stability, metal solubility, and 

metal speciation (Au and Cu) was computed for each model. Isothermal pH titration models 

approximate possible variations in isochemical fluid/rock ratios or fluid rock interaction at 

temperature slices between 400 – 200 °C.  

2.4 Sample Observations and Petrographic Results  

2.4.1 Macro-Scale Sample and Specimen Observations 

 Hand sample scale observations were made for samples collected from the Bates Hunter 

mine (Figs. 2.3, 2.4, and 2.5), and for specimens obtained from the Denver Museum of Nature 

and Science (Figs. 2.6 and 2.7).  

 Bates Hunter mine: Samples-1A, -1B, -2, -3, -4A, -4B, and -6 are transitional-style 

pyrite-quartz veins found in the central to outer-central zones of the district (Figs. 2.3). Large 

euhedral to subhedral pyrite (0.5 mm – 3 cm), vitreous quartz, and white-gray clay alteration 

make up the mineralogy of these samples (Fig. 2.3). Relict Proterozoic wall rock, with fine-

grained white mica representing phyllic alteration, is observed adjacent to veins in some samples 

with characteristic sericitized relict potassium feldspar and metamorphic quartz. Pyrite in these 

veins is typically euhedral-subhedral and is often brecciated (Fig. 2.3). Euhedral, fine-grained (< 

0.5 mm), disseminated pyrite is observed in wall rock outwards from these veins  
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 Bates Hunter mine: Samples-5, -7, -8, and -9 display characteristic base metal vein infill 

textures of transitional-style pyrite-quartz veins observed in hand sample (Figs. 2.4 and 2.5). 

Polymetallic-style base-metal infill is observed in these samples represented by veins containing 

chalcopyrite, sphalerite, galena, and Cu-sulfosalts (Figs. 2.4 and 2.5). Bates samples-7, -8, and -

9, collected from the 500 ft level, display base metal vein infill textures with chalcopyrite, 

sphalerite, and galena (Figs. 2.4a and 2.5), and sample-5, collected from the 240 ft level, displays 

infill textures with chalcopyrite, sphalerite, galena, and Cu-sulfosalts (Fig. 2.4b).  

Specimens from the Central City district with known mine origins were granted by the 

Denver Museum of Nature and Science for this study and display key relationships between gold 

and ore and gangue mineralogy (Figs. 2.6 and 2.7). EGM 6029, originally collected from the 

Gunnel Mine (Fig. 2.2), displays visible gold grains on sphalerite, white mica alteration, and 

quartz in the sample (Figs. 2.6a and 2.7a). Chalcopyrite also exists in the sample associated with 

euhedral to subhedral cubic pyrite where pyrite is up to ~2.5 cm in size.  

EGM 11540 was originally collected from the Federal mine in the Central City district 

(Figs. 2.6b and 2.7b). Coarse-grained gold is associated with quartz and pyrite (Figs. 2.6b and 

2.7b). Milky quartz is abundant and is euhedral to subhedral in habit with gold occurring on the 

surface of quartz commonly between grain boundaries (Fig. 2.6b). Pyrite is euhedral to anhedral 

in habit and up to ~1 – 1.5 cm in size (Fig. 2.6b). Gold occurs on the surface of pyrite and 

infilling gaps between pyrite crystals (Fig. 2.6b). There are no other ore minerals present besides 

visible gold. 
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Figure 2.3: Hand samples of texturally characteristic transitional-style pyrite-quartz veins 

collected from the 240 ft level of the Bates vein at the Bates Hunter Mine. (a)  A cut hand 

sample, Bates-2, containing large (> 5 mm) euhedral to subhedral brecciated pyrite. Fine-grained 

(< 5 mm) pyrite is present as well.  Milky quartz is abundant between pyrite crystals. Significant 

fine-grained white mica alteration is present. (b) A cut hand sample of Bates-4b with large (> 5 

mm) pyrite crystals observed. Fine-grained, euhedral pyrite occurs throughout the sample. Milky 

white to gray quartz, subhedral to anhedral in habit occurs with pyrite in this sample. Fine-

grained white mica alteration is present throughout. Commonly there is yellow-orange staining 

on the uncut surface resulting from the oxidation of pyrite (c) A cut hand samples of Bates-6 

showing similar trends to that of the previous samples from this vein with lesser pyrite and more 

significant quartz and fine-grained white mica alteration. Milky quartz veins are observed to be 

crosscutting pyrite in the lower right.
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Figure 2.4: Two hand samples from the Bates Vein in the Bates Hunter mine with polymetallic-style base-metal infill of transitional-

style pyrite-quartz veins. (a) An uncut sample, Bates-9, from the 500 ft level of the mine with peripheral altered wall rock and 

transitional-style pyrite quartz veins. Later polymetallic-style infill is observed characterized by dark sulfides and sulfosalts. (b) A cut 

hand sample, Bates-5, from the 240 ft level of the mine with polymetallic-style base-metal infill with some characteristic brecciated 

pyrite associated with earlier transitional-style veins replaced by chalcopyrite. A matrix of black sulfide and sulfosalt infill exists 

between brecciated chalcopyrite replaced pyrite crystals. 
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Figure 2.5: Two cut and polished slabs from the Bates vein collected at the Bates Hunter mine 

from the 500 ft level in the mine. (a) Bates-7 showing polymetallic-style base-metal infill of 

transitional-style pyrite quartz veins. The transitional-style pyrite-quartz vein occurs adjacent to 

polymetallic vein infill, where even more peripheral to infill altered wall rock occurs with 

significant fine-grained white mica alteration and disseminated euhedral pyrite. Proximal to 

polymetallic-style infill, transitional-style vein pyrite is finer-grained than more peripheral pyrite 

in this vein type. The polymetallic-style vein is ~2 cm in width and is characterized by 

chalcopyrite, sphalerite, and galena. Sulfosalt may be seen as veinlets on the periphery or 

between massive chalcopyrite, sphalerite, and galena. (b) A cut sample of Bates-9 with very 

similar textures to that of Bates-7. Infill by chalcopyrite, sphalerite, galena, and possibly sulfosalt 

is observed in this sample. 
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Abundant drusy gold, as well as gold dendrites and wires, are associated with a dark mineral, 

likely Cu-sulfosalt (Figs. 2.6c and 2.7c). Cu-sulfosalt exists throughout the specimen being 

granular to massive with gold occurring almost exclusively associated with sulfosalts (Figs. 2.6c 

and 2.7c). Cu-sulfosalt was observed on the surface of milky-white chalcedonic to massive 

quartz (Figs. 2.6c and 2.7c). Botryoidal purple fluorite and radial to acicular barite occur in this 

specimen and were observed on quartz. 

Specimen EGM 11043, originally collected from the Eureka mine (Fig. 2.2), contains 

visible gold grains on quartz and Cu-sulfosalt veinlets (Figs. 2.6d and 2.7d). Veinlets of a dark 

mineral, likely Cu-sulfosalt, were observed crosscutting quartz with visible gold occurrence in 

these veins (Figs. 2.6d and 2.7d). Visible gold is also observed disseminated outwards from these 

veins on quartz (Figs. 2.6d and 2.7d). Galena is found in Cu-sulfosalt veinlets (Fig. 2.7d).  Fine-

grained galena and sphalerite exist throughout the specimen on the surface of quartz, unrelated to 

these veinlets. Fine grained (< ~0.5 mm), euhedral, cubic pyrite is disseminated throughout the 

specimen (Figs 2.6d and 2.7d). Relict altered wall rock exists on the periphery of both sides of 

the sample adjacent to hydrothermal ore and gangue minerals (Fig. 2.6d). 

2.4.2 Petrography of Mineral Relationships and Au Occurrence in Veins 

Transitional-Style Pyrite-Quartz Vein Mineralogy and Silver-bearing Gold Occurrence  

The characteristic mineralogy and textures of transitional-style pyrite-quartz veins were 

observed in samples: LA-101, Bates-2, -4B, and -6 (Table 2.1). These veins consist of brecciated 

and fractured fine to coarse (~0.25 – 5 mm) euhedral to subhedral pyrite cubes and octahedra 

found within transitional-style veins (Figs. 2.8, 2.9, and 2.10). Silver-bearing gold is found as 

infill in fractures and as inclusions in pyrite (Figs. 2.8, 2.9, and 2.10).
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Figure 2.6: Four specimens from mines in the Central City district with visible primary Au 

occurrence loaned from the Denver Museum of Nature and Science. (a) Specimen EGM 6029, 

collected from the Gunnell mine with visible gold (< 1 mm) on sphalerite, quartz, and sericite in 

a chalcopyrite-sphalerite-bearing polymetallic-style vein. The opposite side of this specimen is 

characterized by coarse (>5 mm) euhedral cubic pyrite with massive chalcopyrite. (b) Specimen 

EGM 11540, collected from the Federal mine, is a transitional-style pyrite-quartz vein specimen 

with coarse (>0.5 cm) euhedral quartz being milky white in color with associated fine- to coarse-

grained subhedral to euhedral cubic pyrite. Gold is observed infilling fine fractures and grain 

boundaries as well as being on the surface of quartz and pyrite. (c) Specimen EGM 16988, 

collected from the New Brunswick vein in the Powers mine with early fine to medium grained 

botryoidal to massive purple fluorite and milky-white quartz. A sulfosalt mineral is observed on 

the surface of the quartz with associated Au wires. Gold wires predominantly occur on the late 

sulfosalt mineral. (d) Specimen EGM 11043, collected from the Eureka mine, displays 

crosscutting veins of a dark mineral, likely sulfosalt, in quartz. Minor altered feldspar gneiss wall 

rock is observed in the bottom right of the image. Gold occurs on the surface of quartz and the 

dark mineral. 
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Figure 2.7: Museum specimens where mineralogy and textures can be observed at a larger scale. 

(a) Specimen EGM 6029 where fine Au grains occur on sphalerite, quartz, and white mica. Gold 

in this portion of the sample is predominantly on the surface of quartz and fine-grained white 

mica (b) Specimen EGM 11540 where Au occurs on the surface and infilling euhedral pyrite and 

quartz. (c) Specimen 16988 with characteristic Au on sulfosalt and quartz. Gold wires occur 

predominantly with and as infill in the sulfosalt phase. The sulfosalt phase is found on the 

surface of quartz. (d) Specimen 11043 contains Au on the surface of quartz and minorly on the 

surface of the sulfosalt phase. Veinlets of sulfosalt and minor galena are observed crosscutting 

quartz. Fine-grained disseminated galena and sphalerite occur in and on the surface of quartz. 



38 
 

1 



39 
 

Silver-bearing gold was observed predominantly observed in vein pyrite with minor 

amounts in disseminated pyrite peripheral to transitional-style veins. Recrystallized, quartz is 

abundant in these veins and occasionally hosts Ag-bearing gold inclusions (Fig. 2.8b). 

Significant white mica alteration occurs in proximal host rock where primary metamorphic 

plagioclase and, to a lesser extent, potassium feldspar was sericitized. Fine-grained (~50 – 250 

μm) euhedral cubic pyrite is disseminated outward from the vein in host rock. Disseminated fine-

grained pyrite only subordinately hosts Ag-bearing gold as inclusions and in fractures (Fig. 

2.10b-c). Silver-bearing gold commonly occurs proximal to inclusions of galena and less 

significantly in chalcopyrite in transitional style pyrite (Figs. 2.8b, 2.9c-f, and 2.10a). 

Mineralogical Relationships in Polymetallic-style Base-Metal Veins 

Mineral relationships were observed between the mineral assemblage: chalcopyrite, 

sphalerite, and galena (Figs. 2.11, 2.12, and 2.13). Polymetallic-style base-metal veins containing 

this mineral assemblage were described as subtype-1 polymetallic-style veins by Alford et al. 

(2020). Veins observed with this mineral assemblage overprint and infill transitional-style pyrite 

quartz veins. Sphalerite is commonly observed replacing and crosscutting chalcopyrite in these 

veins (Fig. 2.11a-d), but chalcopyrite replacing and crosscutting sphalerite can also be observed 

(Fig. 2.11e-f). Chalcopyrite and sphalerite commonly replace brecciated relict pyrite from 

transitional-style pyrite-quartz veins. Galena was observed to crosscut and replace both 

sphalerite and chalcopyrite (Figs. 2.11e-f, and 2.12a-c). Sphalerite replaces galena locally, 

though this was less commonly observed than the replacement of sphalerite by galena (Fig. 

2.11c). Commonly, galena embayment or “atoll” textures were observed on sphalerite and 

chalcopyrite (Figs. 2.11e and 2.12a,c).
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Figure 2.8: Reflected light photomicrographs of Ag-bearing gold associated with pyrite and 

quartz in a transitional-style pyrite-quartz veins in LA-101. (a) Silver-bearing gold within a 

fracture in a brecciated euhedral pyrite crystal. Minor galena is observed rimming a larger 

subhedral pyrite crystal. (b) Silver-bearing Au included in vein quartz. Euhedral to subhedral 

pyrite with minor inclusions of chalcopyrite is also observed. (c) Silver-bearing gold in a fracture 

in brecciated pyrite. (d) A Ag-bearing gold grain found as an inclusion in transitional-style vein 

pyrite. 

 

Fine-grained (< 10 μm) galena inclusions were observed in sphalerite veinlets infilling 

fractured transitional-style vein pyrite or chalcopyrite (Figs. 2.11b, d). Pyrite was observed in 

polymetallic-style veins with the mineral assemblage chalcopyrite ± sphalerite ± galena. These 

subtype-1 polymetallic-style veins show mineral relationships similar to that described by Alford 

et al. (2020).
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Figure 2.9: Reflected light photomicrographs of Ag-bearing gold with pyrite in transitional-style 

veins in samples Bates-2 (a,b), Bates-4b (c), and Bates-6 (d-f). (a) A relatively large (> 50 μm) 

inclusion of Ag-bearing gold in brecciated transitional-style pyrite, occurring proximal to 

fractures in pyrite. (b) A > 50 μm Ag-bearing gold grain observed in a circular fracture in pyrite. 

(c) A large amorphous Ag-bearing Au grain associated with a subhedral and brecciated pyrite 

grain adjacent to heavily brecciated finer-grained pyrite. Galena inclusions occur proximal to 

Ag-bearing gold. (d) A fractured, euhedral pyrite crystal with Ag-bearing gold and galena as 

infill within fractures in this pyrite. (e) Silver-bearing Au and galena inclusions proximal to one 

another within fractured pyrite. (f) Silver-bearing Au and galena inclusions within pyrite with 

minor chalcopyrite. A ~100 μm long electrum grain within a fracture in pyrite. 
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Figure 2.10: Back scattered electron (BSE) images of pyrite with Ag-bearing gold in pyrite in a 

transitional-style pyrite-quartz vein in LA-101. (a) Fine-grained Ag-bearing Au occurs with 

galena in circular fractures within a transitional-style pyrite crystal. (b) Medium grains (~75 – 

100 μm) of brecciated pyrite and fine-grained euhedral and brecciated pyrite with Ag-bearing 

gold inclusions and blebs. (c) A magnified image of a fine-grained euhedral pyrite crystal with 

Ag-bearing gold observed as an inclusion in pyrite. Galena and electrum occur adjacent to one 

another observed within a hole in the pyrite grain. 

 

Subtype-2 polymetallic mineral assemblages were described by Alford et al. (2020) as 

having the ore mineral assemblage tennantite-tetrahedrite ± galena. This mineral assemblage was 

observed in samples from the Ground Hog vein and Bates Hunter mine. Tennantite-tetrahedrite 

is commonly observed crosscutting and replacing massive chalcopyrite and chalcopyrite veinlets 

(Figs. 2.12d-f and 2.13a-b). Sphalerite was also observed to be replaced and crosscut by 
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tennantite-tetrahedrite (Figs. 2.12c and 2.13a-b). Galena in veins characterized by the mineral 

assemblage of chalcopyrite, sphalerite, and galena is less commonly crosscut, or replaced by 

tennantite-tetrahedrite. Galena is observed in tennantite-tetrahedrite veinlets often as fine-grained 

inclusions within tennantite-tetrahedrite (Fig. 2.12e). Galena was also observed crosscutting 

tennantite-tetrahedrite veinlets (Fig. 2.13c). Zoning of As and Sb in tennantite-tetrahedrite end 

members was observed petrographically (Fig. 2.12e). Overall, results found in this study 

regarding mineral assemblages consisting of tennantite-tetrahedrite ± galena are similar to those 

found by Alford et al. (2020). This subtype-2 mineral assemblage appears to crosscut and 

overprint veins characterized by the subtype-1 mineral assemblage of chalcopyrite ± sphalerite ± 

galena.  

Polymetallic-style veins with a mineral assemblage of enargite or famatinite-luzonite and 

pyrite were found in samples from the Bates Hunter Mine. This mineral assemblage represents 

the subtype-3 polymetallic-style mineral assembalge as described by Alford et al. (2020). 

Enargite or famatinite-luzonite was observed to embay or overprint tennantite-tetrahedrite and 

chalcopyrite in veins (Figs. 2.11c and 2.13c-d). Pyrite with this assemblage is characterized by < 

50 μm euhedral to subhedral cubic crystals (Fig. 2.11c). Pyrite that is texturally similar to this 

pyrite type was described by Alford et al. (2020) as pyrite III. Veins characterized by enargite or 

famatinite-luzonite crosscut and overprint veins with the mineral assemblage chalcopyrite ± 

sphalerite ± galena as well as veins with the mineral assemblage tennantite-tetrahderite ± galena. 

These results are comparable to those found by Alford et al. (2020).  
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Figure 2.11: Reflected light photomicrographs and BSE images from HB-01 (a), HB-02 (b), HB-

03 (e-f), HB-04(d) (Ground Hog Vein), and Bates-5 (c) obtained from Lee Alford’s thin section 

collection. These photomicrographs show characteristic infill textures of sulfides and sulfosalts 

and their corresponding paragenetic relationships in polymetallic-style veins. (a) Sphalerite 

veinlet crosscutting massive chalcopyrite and tennantite-tetrahedrite veinlets crosscutting 

chalcopyrite and a sphalerite veinlet. (b) Complex relationships between base metal veins with 

sphalerite replacement of chalcopyrite. Sphalerite infill in fractures of relict transitional-style 

vein pyrite with later infill by tennantite-tetrahedrite with galena inclusions. (c) Galena replacing 

and crosscutting chalcopyrite, and sphalerite crosscutting and replacing chalcopyrite and galena. 

(d) Sphalerite and tennantite-tetrahedrite veinlets crosscutting chalcopyrite. Galena is found in 

both veinlets, though galena predominantly occurs in the tennantite-tetrahedrite veinlets. (e) 

Galena embaying massive sphalerite and chalcopyrite veinlets. Chalcopyrite veinlets crosscut 

massive sphalerite. (f) chalcopyrite crosscutting and replacing sphalerite with late galena. Late 

tennantite-tetrahedrite on galena and sphalerite is observed. 
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Figure 2.12:  Reflected light photomicrographs and BSE images of samples HB-01 (d), HB-02 

(c), HB-04 (e-f) (Ground Hog Vein), PA-01 (a) (The Patch), and Bates-5 (b) displaying 

paragenetic relationships between ore minerals in polymetallic-style veins. (a) Atoll texture by 

later galena in sphalerite. (b) Chalcopyrite, galena, and sphalerite replacing relict transitional-

style pyrite with galena crosscutting sphalerite. (c) Late galena embaying sphalerite on the rim of 

a relict transitional-style vein pyrite crystal. Tennantite-tetrahedrite is replacing sphalerite. (d) A 

subhedral chalcopyrite crystal embaying sphalerite with a tennantite-tetrahedrite veinlet 

crosscutting both minerals. Fine-grained galena occurs in the tennantite-tetrahedrite veinlet. (e) 

Tennantite-tetrahedrite replacing chalcopyrite displaying oscillatory growth zoning 

corresponding to Sb and As concentrations in end members. (f) Chalcopyrite replaced by 

tennantite-tetrahedrite with fine-grained galena towards the periphery of tennantite-tetrahedrite 

veinlets crosscutting chalcopyrite.



48 
 

1 



49 
 

Figure 2.13: Reflected light photomicrographs of samples HB-02 (b), HB-03 (a,c) (Ground Hog 

Vein), and Bates-5 (d) showing mineral relationships in polymetallic-style veins. (a) 

Chalcopyrite veinlets crosscutting sphalerite with subsequent tennantite-tetrahedrite veinlets 

crosscutting chalcopyrite and sphalerite. Minor galena is embaying sphalerite. (b) Tennantite-

tetrahedrite replacing chalcopyrite with dendritic fiamme veinlets of tennantite-tetrahedrite also 

crosscutting galena and sphalerite. (c) Chalcopyrite is observed crosscutting sphalerite. Galena 

and tennantite-tetrahedrite veinlets crosscut chalcopyrite. A galena and enargite or famatinite-

luzonite veinlet crosscutting tennantite-tetrahedrite veinlets. (d) Galena replacing or embaying 

chalcopyrite. Tennantite-tetrahedrite replacement of chalcopyrite is evident with minor enargite 

or famatinite-luzonite embayment of tetrahedrite-tennantite and chalcopyrite.  

 

Automated mineralogy completed on samples from the Ground Hog vein and The Patch 

breccia pipe allowed for further characterization of the mineralogy and mineral relationships 

observed petrographically by transmitted and reflected light microscopy and FE-SEM analysis 

(Fig. 2.14). Chalcopyrite and sphalerite show interesting crosscutting relationships between 

b 
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veinlets of each mineral (Fig. 2.14a-b). Minor galena is observed overprinting sphalerite (Fig. 

2.14c) while also replacing rims of predominantly pyrite and more minorly chalcopyrite (Fig. 

2.14a-b). Replacement textures and crosscutting relationships of chalcopyrite and sphalerite by 

tetrahedrite are observed in the center of polymetallic-style veins confirming relationships 

observed between these minerals using petrographic techniques (Fig. 2.14a-b). Alteration of host 

rock feldspar to muscovite was observed in the thin section scan of PA-01 (Fig. 2.14c). 

Muscovite occurs near pyrite associated with transitional-style vein infill in the periphery of the 

vein whereas kaolinite generally occurs within the vein associated with polymetallic-style infill 

(Fig.2.14c).  

Silver-bearing Gold Occurrence in Polymetallic-style Veins 

 Silver-bearing gold occurs as inclusions in pyrite II in veins characterized by chalcopyrite 

± sphalerite ± galena (subtype-1) and tennantite-tetrahedrite ± galena (subtype-2) mineral  

inclusions in pyrite II proximal to inclusions of galena (Fig. 2.15a). Silver-bearing gold was also 

observed as inclusions and in fractures in brecciated pyrite with heavily resorbed rims found in 

transitional-style pyrite-quartz veins representing pyrite Ia (Fig. 2.15c). 

Base metal sulfides and sulfosalts in chalcopyrite ± sphalerite ± galena (subtype-1) and 

tennantite-tetrahedrite ± galena (subtype-2) mineral assemblages host Ag-bearing gold (Fig. 

2.16). Silver-bearing gold was observed in chalcopyrite and disseminated in pyrite II as small 

inclusions in a chalcopyrite ± sphalerite ± galena (subtype-1) vein (Fig. 2.16a). A Ag-bearing 

gold grain was also observed adjacent to chalcopyrite with kaolinite (Fig. 2.16b). A small (< 15 

μm) grain of Ag-bearing gold was observed on the rim of a sphalerite grain associated with 

chalcopyrite ± sphalerite ± galena (subtype-1) mineral assemblage, further showing the 

occurrence of Au with the formation of this mineral assemblage (Fig. 2.16c).
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Figure 2.14: Automated mineralogical scans of samples HB-03, HB-04 (Ground Hog Vein), and 

PA-01 (The Patch). (a) Sample HB-03 where polymetallic-style vein sulfides and sulfosalts are 

infilling a remnant transitional-style pyrite-quartz vein. Tetrahedrite is observed replacing 

chalcopyrite with chalcopyrite veinlets crosscutting sphalerite. Galena is observed on the rims of 

transitional-style pyrite and minorly crosscutting and embaying sphalerite. Minor kaolinite 

occurs with the polymetallic-style infill vein. (b) Sample HB-04 showing a polymetallic-style 

vein with sphalerite veinlets crosscutting chalcopyrite and tetrahedrite replacement of 

chalcopyrite. Minor galena is observed as inclusions and on the rims of vein pyrite and 

chalcopyrite. Kaolinite and muscovite are observed in the vein. (c) A thin section scan of PA-01 

where a transitional-style pyrite-quartz and polymetallic-style base-metal vein is observed in the 

top portion of the section. Muscovite is observed in feldspar gneiss wall rock representing 

alteration as a result of fluids forming transitional-style veins. Euhedral pyrite and muscovite are 

observed on the periphery of the vein representing transitional-style vein formation. 

Polymetallic-style infill mineralogy includes chalcopyrite and sphalerite with minor galena in the 

interior of the vein. Kaolinite is predominantly found occurring with sulfides in the center of the 

vein.  
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 In the tennantite-tetrahedrite ± galena (subtype-2) mineral assemblage, within a fracture 

in pyrite Ia, a Ag-bearing gold grain was observed on the surface of galena associated with 

tennantite-tetrahedrite and galena infill (Fig. 2.16d).  

Silver-bearing Gold in Polymetallic-style Veins with Bi-, Ag-, and Te-bearing Minerals 

 In polymetallic-style veins, Ag-bearing gold is associated with minerals and mineral 

inclusions in pyrite that have not been recognized in previous studies (Fig. 2.17). Mineral 

inclusions in pyrite include bismuthinite and acanthite or argentite. Bismuthinite inclusions 

strictly occur in pyrite Ia associated with transitional-style veins often with proximal inclusions 

of Ag-bearing gold and galena (Figs. 2.17a-b). Acanthite or argentite is observed as inclusions in 

pyrite II associated with a chalcopyrite ± sphalerite ± galena (subtype-1) polymetallic-style vein 

(Fig. 2.17c). pyrite II associated with a chalcopyrite ± sphalerite ± galena (subtype-1) 

polymetallic-style vein (Fig. 2.17c). 

Hessite occurs with Ag-bearing gold in fractures of relict transitional-style vein pyrite Ia 

(Fig. 2.17d-e). In these fractures hessite and Ag-bearing gold rim and consistently occur 

proximal to one another (Fig. 2.17d-e). In Fig. 2.17d, chalcopyrite is replaced by tennantite with 

galena, hessite and Ag-bearing gold inclusions. Hessite is observed adjacent to and rimming 

tennantite (Fig. 2.17d). Silver-bearing Au with adjacent hessite also occurs with galena infill 

veinlets in pyrite fractures (Fig. 2.16e).   
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Figure 2.15:  Reflected light photomicrographs of Ag-bearing gold in pyrite associated with polymetallic-style base-metal infill veins 

in samples PA-01(a) (The Patch) and Bates-5 (b-c). (a) Silver-bearing Au associated with galena inclusions in a polymetallic-style 

pyrite grain within an early sphalerite-chalcopyrite vein. (b) Silver-bearing Au infill in early polymetallic-style vein pyrite in a vein 

with tennantite-tetrahedrite and enargite or famatinite-luzonite replacement of chalcopyrite. (c) Silver-bearing gold (~ 40 μm) as an 

inclusion, possibly in a fracture, in pyrite with intensely resorbed rims and fractures from brecciation.
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Figure: 2.16: Reflected light and back scattered electron (BSE) photomicrographs and images of 

Ag-bearing gold in polymetallic-style veins associated with base metal ore minerals from 

samples HB-03 (d), HB-04 (a) (Ground Hog Vein), and PA-01 (b-c) (The Patch). (a)  Sphalerite, 

galena, and chalcopyrite veinlets crosscutting earlier polymetallic-style pyrite with Ag-bearing 

gold in chalcopyrite as well as in pyrite as inclusions. (b) A large > 50 μm Ag-bearing gold grain 

on the rim of chalcopyrite in an early polymetallic-style chalcopyrite-sphalerite vein. The Ag-

bearing gold grain is also associated with gangue muscovite (sericite) and kaolinite. (c) A 

feathery textured Ag-bearing gold grain found on the rim of a sphalerite grain with proximal 

kaolinite. (d)  Silver-bearing gold and galena infill in a fracture in a transitional-style vein pyrite 

grain. Silver-bearing gold is found on galena with galena on the rim of pyrite. Galena is observed 

on and with tennantite-tetrahedrite. 
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A Bi-, Ag-, Te-bearing Vein Containing Ag-bearing Gold 

 In sample HB-02 a vein consisting of pyrite, hessite, aikinite (PbCuBiS3), 

tellurobismuthinite (Bi2Te3), matildite (AgBiS2), galena, and Ag-bearing gold was observed (Fig. 

2.18). This vein crosscuts a thin polymetallic-style veinlet with tennantite-tetrahedrite 

replacement of chalcopyrite and sphalerite. The stoichiometry of aikinite, determined by EDS, 

shows a ~2 to 1 atomic percentage of Bi to Cu and Bi to Pb, and an overall atomic percentage of 

sulfur of 48%, thus making this mineral either hammarite (Pb2Cu2Bi4S9) or friedrichite 

(Pb5Cu5Bi7S18), both members of the aikinite group. Intergrowth textures were observed between 

matildite and galena in this vein (Fig. 2.18a-b). Intergrowth textures between galena and 

matildite have been described by Ford and Shawe (1989) for several Laramide age magmatic-

hydrothermal districts in Colorado. The stoichiometric atom percentages for matildite as 

determined by EDS analysis were 24.87 % Ag, 27.98% Bi, and 47% S. Hessite was observed 

adjacent to galena and matildite. Silver-bearing galena inclusions were observed in pyrite 

associated with this vein, and Ag-bearing gold as an inclusion in aikinite adjacent to intergrown 

galena and matildite was found (Fig. 2.18b). 

 In the same vein, pyrite is observed with inclusions of quartz and tellurobismuthite (Fig. 

2.18b). Tellurobismuthite also occurs as infill in fractures in pyrite (Fig. 2.18c). Pyrite found  is 

often euhedral to anhedral, cubic in habit, and is from 0.05 – 1 mm in size. Quartz inclusions are 

the most abundant inclusions observed in this pyrite with minor tellurobismuthite and Ag-

bearing galena (Fig. 2.18b-c). 
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Figure 2.17: Back scattered electron (BSE) images of Ag-bearing gold with or proximal to 

previously undocumented minerals and mineral inclusions in samples HB-03 (a-b and d-e) 

(Ground Hog Vein) and PA-01 (c) (The Patch). (a) Silver-bearing gold inclusions in transitional-

style vein pyrite. A chalcopyrite veinlet infills fractures near Ag-bearing gold. Inclusions of 

bismuthinite exist ~100 μm from a Ag-bearing gold inclusion. (b) A small Ag-bearing gold grain 

in transitional-style vein pyrite occurring on the periphery of a vein with polymetallic-style infill. 

Galena and bismuthinite inclusions occur proximal to Ag-bearing gold occurrence. (c) Silver-

bearing Au, occurring on and adjacent to hessite with chalcopyrite being replaced by tennantite. 

Galena inclusions exist in tennantite and all of these minerals are found in a fracture in an earlier 

pyrite grain. (d) Galena, Ag-bearing gold, and hessite infill a fracture in a transitional-style vein 

pyrite grain. Silver-bearing gold is on or adjacent to hessite. (e) Silver-bearing gold found as an 

inclusion in a pyrite grain with abundant acanthite or argentite and galena inclusions.   
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Figure 2.18: Back scattered electron (BSE) images of poorly described mineralogy associated with a Bi-, Te-, Ag-, and Au-bearing 

vein in sample HB-02 (Ground Hog Vein). (a) Aikinite (PbCuBiS3), observed with embayed galena and matildite (AgBiS2) 

intergrowths. Hessite is also observed embaying aikinite and is closely associated with matildite and galena intergrowths. (b) Silver-

bearing gold in a Te-, Bi- and minor Ag-bearing vein in aikinite having proximal association with matildite and galena intergrowths. 

Euhedral pyrite occurs with Ag-bearing galena inclusions. (b) Pyrite with inclusions of quartz and tellurobismuthite as well as 

tellurobismuthite infill in fractures in pyrite. 
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2.5 Thermodynamic Modeling  

 A series of simulations were set up to determine the solubility of Cu, Zn, Pb, Fe, Au and 

Ag in equilibrium with a starting mineral assemblage consisting of chalcopyrite, galena, 

sphalerite, pyrite, gold, and silver at 400 °C and 1 kbar. The aim of these simulations is to 

illustrate the controlling transport and depositions mechanisms for these base and precious 

metals as a function of redox, temperature and pH of the aqueous fluids at concentrations near or 

at maximum metal solubility (Table 2.3). Results from the closed-system cooling models I are 

shown in Figs. 2.20 – 2.23, and results from the isothermal inverse pH titration models II are 

shown in Figs. 2.24 – 2.26. 

2.5.1 Results of Closed System Cooling Models 

Closed-system Cooling Model I: fO2, pH, and Buffering Mineral Assemblages as a Function of 

Temperature 

 The oxygen fugacity computed for fluids cooling from 400 °C to 200 °C look generally 

similar in all models (Ia – Id) (Fig. 2.19a). Models Ia and Ib, both relatively oxidized systems, 

have ΔQFM values of +1.3 and +1.8 log units at 400 °C, respectively. Models Ic and Id are both 

relatively reduced models and have ΔQFM values of +0.4 at 400 °C for both fluids. Models Ia 

(neutral, oxidized), Ib (mildly acidic, oxidized), and Ic (mildly alkaline, reduced) plot between 

the HM and QFM buffers from 400 – 200 °C (Fig. 2.19a). Model Id (acidic, reduced) begins 

with an oxygen fugacity greater than the QFM buffer and falls below it with cooling at ~350 °C 

(Fig. 2.19a). 
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Figure 2.19: Numerical simulations of closed-system cooling models showing (a) fO2 and (b) pH 

between 200 °C and 400 °C at 1 kbar for oxidized (model Ia neutral and model Ib mildly acidic) 

and reduced (model Ic mildly alkaline and model Id acidic) initial fluid compositions. All models 

generally plot between the hematite-magnetite (H-M) and quartz-fayalite-magnetite (QFM) 

mineral redox buffers with the exception of model Id. The pH of each model generally decreases 

with cooling with the exception of model Ia. Fluctuations in pH are related to mineral solubility 

assemblage changes in these fluids with cooling (Fig. 2.20). Also shown are the neutral pH of 

pure H2O and 10 wt. % NaCl H2O at corresponding temperatures. 
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Upon cooling, the pH of the four fluids modeled generally decreases or stays close to the 

initial pH of the fluid at 400 °C (Fig. 2.18b). Abrupt changes in pH are due to changing mineral 

stabilities buffering the fluid throughout the cooling process (Fig. 2.19b and 2.20a-c). Reduced 

models, Ic (mildly alkaline, reduced) and Id (acidic, reduced), show a decrease in pH with 

cooling from 400 – 200 °C, where in model Ic (mildly alkaline, reduced) a slight increase in the 

pH occurs between 320 – 290 °C upon which the pH then decreases with cooling (Fig. 2.19b). 

Oxidized models, overall, decrease in pH with cooling from 400 °C to 260 °C and 280 °C for 

models Ia (neutral, oxidized) and Ib (mildly acidic, oxidized), respectively (Fig. 2.19b). In model 

Ia (neutral, oxidized), the pH increases from 260 – 200 °C and in model Ib (mildly acidic, 

oxidized) the pH increases from 280 – 240 °C and subsequently decreases again from 240 – 200 

°C.  

 Trends observed regarding changes in pH of modeled fluids with cooling are directly 

related to the stability of minerals in each fluid with cooling (Figs. 2.19b and 2.20a-c). Models Ia 

(neutral, oxidized), Ib (mildly acidic, oxidized), and Ic (mildly alkaline, reduced) all have the pH 

buffered in the system with cooling due to changing stability of minerals. Increasing chalcopyrite 

stability and decreasing pyrite and bornite stability with decreasing temperature corresponds with 

an increase in pH of each fluid (Figs. 2.19b and 2.20a-c). In model Ic (mildly alkaline, reduced), 

the pH continues to decrease with cooling where bornite and pyrite precipitation remains at 

constant concentrations between ~290 – 200 °C (Fig. 2.18b and 2.19). In oxidized models Ia 

(neutral oxidized) and Ib (mildly acidic, oxidized) similar trends are observed where pH 

increases with decreasing stability of covellite and pyrite, and an increased stability of bornite in  

these fluids (Figs. 2.19b and 2.20a,c). 



65 
 

Figure 2.20: Numerical simulation of closed-system cooling models showing the stable mineral 

assemblages buffering the total base and precious metal solubilities between 200 °C and 400 °C at 

1kbar. The simulations were carried out with variable initial fluid compositions: (a), neutral, 

oxidized (b) mildly alkaline, reduced, (c) mildly acidic, oxidized, and (d) acidic, reduced.  
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In model Ib (mildly acidic, oxidized) the pH begins to decrease as the concentration of covellite 

precipitating becomes constant with cooling, whereas in model Ia (neutral, oxidized) the pH 

continues to increase as the concentration of covellite precipitating from the fluid continues to 

increase with cooling (Figs. 2.19b and 2.20a,c). In model Id (acidic, reduced) little buffering of 

pH occurs as there are no real changes in the stability of minerals and mineral assemblages with 

cooling (Fig. 2.19d).  

Comparison between near neutral and mildly alkaline models Ia (neutral, oxidized) and Ic 

(mildly alkaline, reduced) shows that mineral stability trends differ with cooling (Fig. 2.20a-d). 

In model Ia (neutral, oxidized), Ag-bearing gold is stable below 250 °C and chalcopyrite is stable 

below ~340 °C, whereas in model Ic (mildly alkaline, reduced) Ag-bearing gold is stable at 

temperatures below 380 °C and chalcopyrite is stable below 300 °C (Fig. 2.20a-b). Sphalerite is 

not stable in model Ic (mildly alkaline, reduced) throughout the entire temperature range, 

whereas in model Ia (neutral, oxidized) sphalerite stability occurs at temperatures above 350 °C 

(Fig. 2.20a-b). Galena stability does not occur throughout the cooling path in both models with 

little to no change in the concentration precipitating with cooling (Fig. 2.20a-b). Decreased pyrite 

stability corresponds to increased chalcopyrite and bornite stability in each of these more 

alkaline models (Fig. 2.20a-b). There is less competition for Fe with increased chalcopyrite and 

bornite stability allowing for greater concentrations of pyrite to precipitate.  

In acidic models Ib (mildly acidic, oxidized) and Id (acidic, reduced) Ag-bearing gold 

and chalcopyrite stability occurs at higher temperatures in the oxidized model Ib, where this is 

particularly true for chalcopyrite (Fig. 2.20c-d). Stability of chalcopyrite occurs at ~360 °C in 

model Ib (mildly acidic, oxidized), whereas in model Id (acidic, reduced) chalcopyrite stability 

does not occur throughout the cooling path (Fig. 2.20c-d). Silver-bearing gold becomes stable at 
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temperatures below ~240 °C in model Ib (mildly acidic, oxidized) (Fig. 2.20c). In model Ib 

(mildly acidic, oxidized) bornite is unstable from 370 – 250 °C and covellite is unstable from 

280 – 200 °C (Fig. 2.20c). In model Id (acidic, reduced) Ag-bearing gold, galena, and 

chalcopyrite stability does not occur with cooling, whereas sphalerite remains stable in the fluid 

throughout the cooling path (Fig. 2.20d). This would lead to the presumption that corresponding 

metals Au, Pb, and Cu are immobile, and Zn is mobile in this fluid with cooling. In contrast to 

model Id (acidic, reduced), in model Ic (mildly alkaline, reduced) Au is presumed to be 

increasingly mobile with continued cooling based on increased Ag-bearing gold stability with 

cooling (Fig. 2.20b,d). This is the opposite trend to that of sphalerite (Fig. 2.20b,d). Comparison 

of mineral stability trends with total metal solubility can be further interpreted by comparison of 

figure 2.20 with figure 2.21 where total metal solubilities are shown in equilibrium with these 

mineral buffer assemblages. 

Closed-system Cooling Model I: Total Base and Precious Metal Solubility and Metal Complexes 

as a Function of Temperature 

 The log activity of metals was computed for all cooling model fluids (Ia – Id) from 400 – 

200 °C and 1 kbar (Fig. 2.21). Exact concentrations for metals in each model discussed below 

can be found in appendices B – E. Models Ia – Id vary in total dissolved metals in each solution 

from ~ <0.0001 ppm to ~320 ppm. In cooling models, the concentration of Au varied from ~0.03 

ppm to ~6.6 ppm, where 6.6 ppm appears to be a solubility limit for Au. The concentration of Ag 

varies in the four fluids with cooling from ~0.2 ppm to ~36.2 ppm where the concentration in the 

fluid decreases with cooling in all models. The concentration of base metals Cu, Zn, Pb, and Fe 

range in concentration from <0.0001 ppm to ~320 ppm where concentrations for each metal 

significantly vary based on the physiochemical conditions of the fluid.  
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Figure 2.21: Numerical simulation models showing the log molality of total dissolved base (Cu, 

Zn, Pb, and Fe) and precious metals (Au and Ag) in fluids between 200 °C and 400 °C at 1 kbar. 

The simulations were carried out with variable initial fluid compositions: (a) neutral, oxidized, 

(b) mildly alkaline, reduced, (c) mildly acidic, oxidized, and (d) acidic, reduced. The total 

dissolved metal concentrations are controlled by the stable equilibrium assemblages (Fig. 2.19) 

and the aqueous mineral complexes formed (Au: Fig. 2.21 and Cu: Fig. 2.22). 
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The log activity of metal  species greater than -10.5 for Au and Cu was plotted for models Ia – Id 

(Figs. 2.22 and 2.23). The log activity for all species in cooling models Ia – Id can be found in 

appendices F – K. 

The solubility of Au and overall concentration in each fluid increases with cooling in 

oxidized models (Ia and Ib) corresponding to the general increase in the log activity of Au 

bisulfide species, particularly AuHS2- (Figs. 2.21a,c and 2.22a,c). In oxidized models Ia and Ib, 

the overall concentration of Au is greater in model Ia (neutral, oxidized) relative to model Ib 

(mildly acidic, oxidized) (Fig. 2.21a,c). In reduced models, Au is significantly more soluble in 

model Ic (mildly alkaline, reduced) than in model Id (acidic, reduced) and is most soluble in 

model Ic (mildly alkaline, reduced) when compared with all other models (Fig. 2.21). The 

solubility of Au is both redox and temperature sensitive, where the pH of the fluid plays a 

particularly important role on solubility depending on the temperature. The solubility of Ag 

decreases with cooling in all models but is lowest overall from 400 – 200 °C in model Ic (mildly 

alkaline, reduced) (Fig. 2.21a-d). The solubility of Ag overall follows similar trends to that of 

base metals in all models, particularly Pb. 

 The solubility of base metals (Cu, Zn, Pb, and Fe) decreases with cooling in both 

oxidized models Ia (neutral, oxidized) and Ib (mildly acidic, oxidized) (Fig. 2.21a,c). The overall 

solubility of all base metals is much greater under mildly acidic conditions rather than neutral 

conditions, particularly for Fe and Pb. (Fig. 2.21a,c). In model Ic (mildly alkaline, reduced), all 

base metal concentrations decrease with cooling, similar to that observed in oxidized models, 

though the overall concentrations of each base metal in the fluid is significantly less for the 

mildly alkaline, reduced fluid (Fig. 2.21a-c). The concentration of Zn, Pb, and Fe in model Id 

(reduced, acidic) is greater than in any other model with cooling. (Fig. 2.21d). Unlike all other 
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base metals, the solubility of Zn does not decrease with cooling in model Id (acidic, reduced) 

(Fig. 2.21d). The overall solubility of Zn is redox sensitive, particularly under more neutral or 

mildly alkaline conditions where Zn solubility is elevated at lower temperatures under oxidized 

conditions relative to reduced conditions (Fig. 2.21a-b). Thus, Zn solubility is significantly 

controlled by pH and more minorly affected by changes in redox conditions based on pH 

conditions with cooling. The solubility of Fe is highly redox sensitive in models (Fig. 2.21a-d). 

In model Ia (neutral, oxidized) the total Fe concentration is greater than in model Ic (mildly 

alkaline, reduced) with cooling, whereas in model Ib (mildly acidic, oxidized) the concentration 

is lower than in model Id (acidic, reduced) with cooling (Fig. 2.21a-d). The concentration of Cu 

soluble is greater in model Ib (mildly acidic, oxidized) than in model Id (acidic, reduced), 

particularly at high temperatures (~>350 °C). Thus, Cu, Fe, and Zn are redox sensitive relative to 

Pb, where Fe is significantly more redox sensitive than Cu and Zn in terms of the overall metal 

concentrations soluble in the four fluids (Fig. 2.21a-d). All base metals are highly sensitive to 

changes in pH with cooling. In model Id (acidic, reduced), the solubility of each base metal 

decreases more minorly with cooling than in all other models due to the fact pH is not buffered 

with cooling (Fig. 2.21d). Thus, with increased acidity with cooling, the solubilities of base 

metals decrease less significantly than in models where pH is buffered with cooling (Fig. 2.21a-

d).  

 Overall, Ag, Zn, Fe, and Pb solubility decreases with decreasing temperature, regardless 

of the redox or pH conditions, though total solubility of these metals is controlled by changes in 

these conditions (Fig. 2.21). Copper solubility, to a lesser extent, is also controlled by 

temperature decrease. In models Ia (neutral, oxidized), Ib (mildly acidic, oxidized), and Ic 
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(mildly alkaline, reduced) the concentration of Au in solution shows an opposite trend to that of 

all other metals where the concentration of Au in each fluid increases with cooling (Fig. 2.21a-c). 

 The solubility of Au is highest in alkaline, reduced fluids where the bisulfide ligand is the 

main complex for the transportation of Au to lower temperatures (Figs. 2.21b and 2.22b). In 

models Ia (neutral, oxidized), Ib (mildly alkaline, reduced), and Ic mildly acidic, oxidized) 

simple cooling is insufficient to permit Au deposition near saturation limits. (Fig. 2.21a-d). A 

change in pH or redox to cause the destabilization of Au bisulfide complexes at increasingly 

lower temperature is required to decrease Au solubility with cooling. Fluids that are pH buffered 

with cooling (i.e. Models Ia, Ib, and Ic) show increased activity of Au bisulfide complexes with 

cooling, where bisulfide is the controlling ligand for Au transport in models, thus pH is clearly 

an important control on the stability of Au bisulfide complexes at increasingly lower 

temperatures when sufficient sulfur is present (Figs. 2.21a-c and 2.22a-c). Competition for 

bisulfide with other metals, namely Cu, based on changes in redox and pH conditions would also 

affect Au solubility where bisulfide is inherently less available to complex with Au.  

Copper solubility is greatest under mildly acidic, oxidizing conditions, though solubility 

decreases with temperature in all models (Fig. 2.20 a-d). Both bisulfide and chloride ligands are 

important for the transport of Cu in fluids, where the overall solubility is increased when the 

stability of chloride complexes is increased under more acidic and oxidized conditions. Thus, 

temperature, redox, and pH all play important roles in the transportation of Cu and deposition of 

copper sulfides. In pH buffered fluids (i.e. models Ia, Ib, and Ic), Cu solubility decreases with 

cooling, despite the importance of bisulfide ligand due to the increased importance of Cl 

complexes for the transportation of Cu relative to Au (Figs. 2.21a-c, 2.22a-c, and 2.23a-c). 
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Figure 2.22: Numerical simulation models showing log activity of gold complexes between 200 

°C and 400 °C at 1 kbar. The simulations were carried out with variable initial fluid 

compositions: (a) neutral, oxidized, (b) mildly alkaline, reduced, (c) mildly acidic, oxidized, and 

(d) acidic, reduced. Gold aqueous complexes included in these models: bisulfide complexes 

(AuHS0 and AuHS2
-), chloride complexes (AuCl0, AuCl2

-, and AuCl3
2-), and a hydroxyl complex 

(AuOH0). 
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Figure 2.23: Numerical simulation models showing log activity of copper complexes between 

200 °C and 400 °C at 1 kbar. The simulations were carried out with variable initial fluid 

compositions: (a) neutral, oxidized, (b) mildly alkaline, reduced, (c) mildly acidic, oxidized, and 

(d) acidic, reduced. Copper aqueous complexes included in these models: bisulfide complexes 

(CuHS0 and CuHS2
-), chloride complexes (CuCl0, CuCl2

-, CuCl3
2-, and CuCl4

3-), a hydroxyl 

complex (CuOH0), and a copper cation (Cu+). 
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In these models both CuHS0 and AuHS0 decrease with cooling, but the overall activity of 

AuHS2- is significantly greater than CuHS2- despite both complexes increasing in activity with 

cooling. Thus, solubility trend differences in models Ia (neutral, oxidized), Ib (mildly alkaline, 

reduced), and Ic (mildly acidic, oxidized) between Au and Cu, where pH is buffered with 

cooling, is owed to the increased activity of Cl complexes for Cu and the increased activity of 

AuHS2
- relative to CuHS2

-. In an unbuffered pH model Id (acidic, reduced), observed differences 

in overall Cu and Au solubility, despite both decreasing with cooling, is due to the increased 

importance of Cu chloride complexes relative to Au chloride complexes in the transport of each 

metal (Figs 2.21d, 2.22d, and 2.23d). 

Overall, the concentrations of Ag, Zn, Pb, and Fe soluble in fluids is predominantly 

controlled by the temperature and pH conditions of the fluid, where Fe and Zn solubilities are 

sensitive to changes in redox conditions (Fig. 2.21a-d). Decreasing temperature, in all four 

models, leads to an overall decrease in the concentration of each metal (Fig. 2.21a-d). Overall 

concentration changes of each metal with cooling are owed to whether the pH is buffered or not 

(Figs. 2.18b and 2.19-d) and the starting conditions in terms of the pH and redox of the fluid 

(Fig. 2.18a-b). The solubility of Pb, Zn, and Ag in cooling models is increasingly controlled by 

Ag bisulfide complexes with cooling, similar to Cu, though to a lesser extent. In model Ic 

(mildly alkaline, reduced), Ag bisulfide species (AgHS0 and AgHS2
-) have the lowest log activity 

values throughout cooling of any model. The solubility of Zn is dominantly controlled by the 

stability of chloride species with cooling in models Ia, Ib, and Id, though with decreased 

temperature the importance of Zn bisulfide species in Zn solubility increases in all models. 

Similar to Zn, Pb solubility is controlled by the stability of Pb chloride complexes under more 

acidic and oxidized conditions at higher temperatures in pH buffered systems (i.e. model Ia – Ic). 
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In model Ic (mildly alkaline, reduced), the solubility of Pb is dominantly controlled by Pb 

bisulfide species, particularly with decreasing temperature. Cooling models show that with 

sufficient available S and under more alkaline and reduced conditions Pb is not only extremely 

soluble, but solubility is dominantly controlled by Pb bisulfide speciation. The solubility of Pb 

and Zn is more dominantly controlled by complexing with bisulfide ligand than Ag, but less so 

than Cu. In model Id (acidic, reduced), where pH is not buffered with cooling, the log activity of 

Pb2+ increases significantly with cooling. The solubility of Fe is less complicated than all other 

metals in cooling models where solubility is dominantly controlled by the stability of Pb chloride 

complexes in all models, though in model Id (acidic, reduced) where pH is not buffered at 

increasingly lower pH the log activity of Fe2+ increases significantly. 

2.5.2 Results of Isothermal Inverse pH Titration Models 

Isothermal Inverse pH Titration Model II: Mineral Buffer Assemblages, Metal Solubility and 

Metal Complexation 

 The stability and solubility of minerals, metals and metal complexes were computed for 

isothermal inverse pH titration models with the same starting conditions of model Ib (mildly 

acidic, oxidized) at 400 °C (model IIa), 300 °C (model IIb), and 200 °C (model IIc) from a pH 

2.0 – 7.0 at 1 kbar. The stability of minerals in models varies with pH and temperature (Fig. 

2.24a,c,e). The stability of Ag-bearing gold is lowest at 400 °C from mildly alkaline (~6.5) to 

acidic (~2.7) pH levels, and at 300 °C and 200 °C the stability is lowest only under acidic (pH 

<4.5) conditions (Fig. 2.24a,c,e). Chalcopyrite stability is lowest at 400 °C over a wide pH range 

from 7.0 – 2.7, whereas in models at 300 °C and 200 °C chalcopyrite stability increases 

considerably over this range with the appearance of bornite and covellite precipitation (Fig. 

2.24a,c,e). 
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Figure 2.24: Numerical simulation of closed-system isothermal pH titration models showing 

mineral assemblages (a-c) and the log molality of base (Cu, Zn, Pb, and Fe) and precious (Au 

and Ag) metals (d-f) between a pH of 2.0 and 7.0 at 1kbar for certain temperature slices of the 

mildly acidic/oxidized initial fluid composition (Model Ib). The simulations were carried out 400 

°C (model IIa), 300 °C (model IIb), and 200 °C (model IIc). The pH of neutral pure H2O is 

plotted for each temperature slice. 
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Chalcopyrite, bornite, and covellite compete for Cu in models, where chalcopyrite is stable at 

increasingly lower temperatures over an increasingly wider pH range. (Fig. 2.24a,c,e). 

Chalcopyrite stability moves towards higher pH levels at increasingly lower temperature. 

Covellite is more stable at higher pH conditions than bornite with decreasing temperature (Fig. 

2.24a,c,e). The pH range of galena and sphalerite stability decreases with decreasing 

temperature, where at lower temperatures stability occurs at increasingly lower pH levels (Fig. 

2.24a,c,e). 

At 400 °C, base metals Fe, Pb, and Zn increase in solubility at increasingly lower pH 

levels at this temperature (Fig. 2.24b). Each of these base metals decreases in solubility at higher 

pH levels where eventually the solubility begins to increase again, though this occurs at higher 

pH levels than shown in these models for Fe (Fig. 2.24b). The pH at which the solubility 

maximum occurs and subsequently plateaus at increasingly lower pH levels for Fe, Pb, and Zn in 

that order (Fig. 2.24b). At 400 °C, Ag and Cu solubility trends are similar to other base metals 

with changing pH, where Ag is more similar to Zn, and Cu is more similar to Fe (Fig. 2.24b). 

The solubility trend of Au differs from all other metals at this temperature where a solubility low 

occurs at pH ~4.5 decreasing from 7.0 – 4.5 and subsequently increasing from 4.5 – 2.9 where 

solubility plateaus.  

At 300 °C, the total solubility of Fe begins decreasing significantly with increasing pH, 

where there is a minor increase in solubility that occurs at pH ~6.5 (Fig. 2.24d). Solubility trends 

for Pb, Zn, and Ag are similar at this temperature with changing pH. The solubility of Zn and Ag 

initially increases slightly with decreasing pH and then starts to decreases from pH ~6.5 to pH 

5.5 and 5.0 for Zn and Ag, respectively (Fig. 2.24d). Lead slightly decreases in solubility from 

~7.0 – 5.0 (Fig. 2.24d). Following these solubility lows for Pb, Zn, and Ag, the solubility of each 
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metal begins to increase with decreasing pH where it eventually plateaus and this occurs at 

increasingly lower pH levels for Pb, Zn, and Ag, respectively (Fig. 2.24d). The solubility of Cu 

differs from that of Pb, Zn, Ag, and Fe at this temperature. There is an initial increase in 

solubility of Cu from 7.0 – 6.2, where the solubility subsequently plateaus until a pH of 4.5 (Fig. 

2.24d). From 4.5 – 2.0 the solubility of Cu increases (Fig. 2.24d). The solubility of Au is similar 

to Cu from a pH of 7.0 – 4.5, where it then subsequently decreases in solubility with decreasing 

pH displaying the opposite trend of Cu.  

At 200 °C, the total solubility of Fe is significantly lowers over the pH range modeled, 

and Fe is only appreciably soluble at pH levels less than 4.5 (Fig. 2.24f). Solubility trends with 

change in pH at 200 °C are similar for Zn and Pb, where there is an initial slight increase in 

solubility from pH 7.0 to pH 6.5 and ~5.6 for Zn and Pb, respectively, followed by a plateauing 

of solubility for Pb and a decrease in solubility for Zn from a pH 6.5 - ~5.2 (Fig. 2.24f). The 

solubility of Zn subsequently increases from 5.2 – 3.0 where it finally then plateaus (Fig. 2.24f). 

Lead solubility begins to increase at a pH of ~3.5 and continues to 2.0 (Fig. 2.24f). The solubility 

trends of Cu and Ag become more similar at 200 °C than at 300 °C and 400 °C (Fig. 2.24b,d,f). 

The solubility of Ag and Cu slightly increases above neutral pH levels and then decreases from 

neutral pH to pH ~3.7 and ~2.2 for Ag and Cu, respectively, where this is subsequently followed 

by an increase in pH at ~3.7 for Ag and ~2.2 for Cu (Fig. 2.24f). The solubility of Au over the 

modeled pH range at 200 °C is different than all other metals, being most similar to Cu (Fig. 

2.24f). The solubility of Au is the same from pH 7.0 – 4.0, where the solubility subsequently 

decreases linearly from pH 4.0 – 2.0.  

 The trends observed for total dissolved metal concentrations are strongly controlled by 

the complexation of metals with bisulfide, chloride, and minorly hydroxyl ligand as a function of 
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temperature and pH. Solubility trends in isothermal pH titration models for metals can be 

grouped for temperature slices based on the dominant controlling ligand with varying pH. The 

log activity of metal complexes for all metals in isothermal pH titration models can be found in 

appendices L – Q.  

The solubility of Fe is strongly affected by both pH and temperature (Fig. 2.24b,d,f) The 

overall solubility of Fe is greatest over the pH range modeled with increasing temperature, and 

the solubility increases towards lower pH levels for all temperature slices (Fig 2.24b,d,f). The 

overall affinity of Fe to complex with chloride is the controlling factor in Fe solubility, where Fe 

chloride complexes become increasingly unstable at increasing pH and lower temperature 

making both of these variables’ significant controls on the solubility of Fe in fluids (Fig. 

2.24b,d,f). 

 The solubility trends of Pb, Zn, and Ag are similar in models (Fig. 2.24b,d,f), and this is 

due to the fact these metals similarly complex with chloride and more minorly bisulfide ligand in 

pH titration models, relative to Cu and Au. Minor increases in solubility toward higher pH levels 

is due to an increase in the stability of Zn and Pb bisulfide complexes with increased pH in 

models IIa and IIb. The stability of Zn bisulfide species increases for all temperature slices. The 

overall increase in solubility of each metal over the pH range modeled with increasing 

temperature, and the solubility being greatest at lower pH levels, for all temperature slices, 

emphasizes the overall importance of Pb, Zn, and Ag chloride complexes in the transport of 

these metals. At 200 °C, the total solubility of Ag is greater at near neutral and higher pH levels 

than at low pH levels (Fig. 2.24f), thus suggesting a combined solubility maximum of Ag 

chloride and bisulfide complexes. At higher temperatures solubility maximums are achieved at 

low pH levels for Ag, where Ag chloride complexes are most stable and dominate Ag transport. 



85 
 

Overall, the transport of these metals is strongly controlled by the temperature and pH of the 

fluid, where a solubility minimum occurs where metal chloride and bisulfide complexes are at 

their lowest log activities when combined. 

 The activity of Au and Cu species in models IIa (400 °C), IIb (300 °C), and IIc (200 °C) 

can be seen in figures 2.25a-c and 2.26a-c. The solubility trends of Au and Cu as observed in 

Figure 2.24 for these models is directly related to changes in the activity of these Au and Cu 

species. The solubility minimums observed for Au in these models moves towards lower pH 

levels with decreasing temperature due to the overall importance of Au bisulfide species, AuHS2
- 

and AuHS0, in these models. Gold chloride and hydroxide species show similar trends with 

changes in temperature and pH, where the activity of these species increases with increasing 

temperature and decreasing pH (Fig. 2.25a-c). The overall solubility of Au bisulfide complexes 

does not decrease with decreasing temperature, where in fact the activity of these species 

increases towards lower pH levels in increasingly lower temperature models (Fig. 2.25a-c). This 

causes the solubility minimums for Au to occur at lower pH levels in increasingly lower 

temperature slices. Thus, at higher temperatures the overall solubility of Au is a function of Au 

bisulfide, hydroxide, and chloride complex stabilities, where a solubility minimum occurs where 

Au bisulfide complex stability initially decreases with decreasing pH and Au hydroxide and 

chloride stability increases with decreasing pH. At lower temperatures, the importance of Au 

chloride and hydroxide complexes becomes negligible and the overall activity Au bisulfide 

complexes stays the same and even increases towards lower pH levels thus permitting the 

continued transport of Au to lower temperature environments.  
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Figure 2.25: Numerical simulation models showing log activity of gold complexes for isothermal 

pH titration models between a pH of 2.0 and 7.0 at 1 kbar. The simulations were carried out with 

the same fluid composition for each model being the mildly acidic, oxidized fluid composition 

(model Ib). Three temperature slices were chosen: 400 °C (model IIa), 300 °C (model IIb), and 

200 °C (model IIc). Gold complexes seen in these models based on associated ligands include: 

bisulfide (AuHS0 and AuHS2
-) complexes, chloride (AuCl0, AuCl2

-, and AuCl3
2-) complexes, and 

a hydroxyl (AuOH0) complex. 
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Figure 2.26:  Numerical simulation models showing log activity of copper complexes for 

isothermal pH titration models between a pH of 2.0 and 7.0 at 1 kbar. The simulations were 

carried out with the same fluid composition for each model being the mildly acidic, oxidized 

fluid composition (model Ib). Three temperature slices were chosen: 400 °C (model IIa), 300 °C 

(model IIb), and 200 °C (model IIc).  Copper complexes seen in these models based on 

associated ligands include: bisulfide (CuHS0 and CuHS2
-) complexes, Cu+ chloride (CuCl0, 

CuCl2
-, CuCl3

2-, and CuCl4
3-) complexes, Cu2+ chloride (CuCl+, CuCl2

0, and CuCl3
-), a hydroxyl 

(CuOH0) complex, and a copper cation (Cu+). 
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The overall activity of Cu chloride complexes plays a significantly greater role in Cu 

solubility trends in models when compared with Au chloride complexes.  In all models with 

decreased pH, the activity of Cu chloride species increases, where with decreasing temperature 

the overall activity of these species significantly decreases (Fig. 2.26a-c). Copper bisulfide 

species play an increasingly important role in Cu solubility with decreasing temperature due to 

this, where the overall solubility of CuHS2
- increases from 400 to 200 °C and CuHS0 only 

minorly decreases towards lower pH levels (Fig. 2.26a-c). Thus, pH plays an incredibly 

important role on the solubility of Cu at high temperatures where Cu solubility is dominantly 

controlled by the stability of Cu chloride species. At lower temperatures Cu bisulfide species 

play an increasingly important role in overall Cu solubility, particularly at near neutral and 

mildly alkaline pH conditions. At these temperatures the importance of pH on Cu solubility is 

significantly less than at higher temperatures due to the negligibility of Cu chloride species in the 

transport of Cu. These controlling factors are why the solubility trends of Cu changes from being 

more similar to base metals Pb and Zn at 400 °C to Au at 200 °C.  

2.6 Discussion 

2.6.1 Interpretation of Vein Types and Gold Paragenesis in Veins 

Porphyry-related Vein Types in the Central City District  

 Veins characterized by pyrite, quartz, and sericite (fine-grained white mica), termed 

transitional-style pyrite-quartz veins by Alford et al. (2020), were observed in this study. These 

veins have been associated with a “transition” in vein styles in the district from earlier 

molybdenite-bearing porphyry-style veins to later polymetallic-style base-metal veins (Sims et 

al., 1963a,b; Alford et al., 2020). In other porphyry and porphyry-related systems, these 

transitional-style veins are characterized as “D” veins commonly through going in host rock, 
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forming at temperatures from ~375 – 275 °C and associated with significant pyrite and lesser 

quartz and sericite alteration of wall rock (Gustafson and Hunt, 1975; Lang et al., 2013; 

Monecke et al., 2018). Mineralogical similarities between transitional-style pyrite-quartz veins 

and “D” veins are evident, whereas the fault hosted nature of transitional-style pyrite-quartz 

veins in the Central City district differs from typical porphyry-hosted D veins commonly 

characterized by crosscutting earlier veins that is not observed in the Central City district.  

 Following the formation of transitional-style pyrite-quartz veins is the formation of 

polymetallic-style base-metal veins characterized by a succession of mineral assemblages from 

early to late: chalcopyrite ± sphalerite ± galena, tennantite-tetrahedrite ± galena, and enargite or 

famatinite-luzonite ± galena (Alford et al., 2020). These mineral assemblages were termed 

subtype-1, subtype-2, and subtype-3 polymetallic-style veins, respectively, by Alford et al. 

(2020). The paragenetic findings in this study of these subtypes corresponds with that of Alford 

et al. (2020) for samples from the central and intermediate zones of the district. Polymetallic-

style veins characterized by sphalerite, galena, and carbonate minerals (subtype-4 veins), found 

in the intermediate and peripheral zones of the district, were not petrographically observed in this 

study.  

 Porphyry and porphyry-related deposits commonly have through going veins mineralized 

with base metal-bearing sulfides and sulfosalts known as “E” veins, and in systems forming at 

significant depth (> 4.2 km; Monecke et al., 2018), these veins are classified as Cordilleran-style 

polymetallic veins forming at temperatures from ~275 – 220 °C (Sawkins, 1972; Einaudi, 1982; 

Bartos, 1989; Bendezú et al., 2003; Masterman et al., 2005; Fontboté and Bendezú, 2009; 

Voudouris et al., 2013; Catchepole et al., 2015; Maydagán et al., 2015; Monecke et al., 2018). 

Metal zonation occuring in the Central City district associated with polymetallic-style veins 
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commonly occurs in other districts with this vein type, though metal zonation is not always 

present in cordilleran-style veins (Einaudi et al., 2003; Bendezú and Fontboté, 2009; Fontboté 

and Bendezú, 2009). Cordilleran-style veins are characterized by significantly higher Ag/Au 

ratios than that of high sulfidation epithermal ores, where this is not true of polymetallic-style 

veins in the Central City district as historic metal production shows a ~5:1 ratio of Ag:Au (Sims 

et al., 1963a,b; Fontboté and Bendezú, 2009; Alford et al., 2020). Like Cordilleran-style vein 

deposits, veins in the Central City district, based on the physiochemical properties of fluid 

inclusions found in quartz in the district being intermediate density liquid-rich inclusions where 

CO2 has been commonly observed, formed at depth relative to the epithermal environment (Rice 

et al., 1985; Spry, 1987; Monecke et al., 2018; 2019; Alford et al., 2020). Thus, polymetallic-

style base-metal veins in the Central City district represent polymetallic-style base-metal or “E” 

veins with greater Au and lesser Ag than typically found in Cordilleran-style deposits, where 

these veins formed at greater depth than the epithermal environment, making these veins unique.  

Gold Paragenesis in Vein Types  

 The paragenesis of Ag-bearing gold can be understood for vein types found in the central 

and inner intermediate zones of the Central City district based on the findings of this study when 

combined with that of Alford et al. (2020). The occurrence of gold with pyrite in polymetallic-

style veins was first characterized by Alford et al. (2020), where pyrite types in transitional-style 

pyrite-quartz and polymetallic-style base-metal veins were then discerned based on their 

occurrence, mineral association, and textural characteristics of pyrite. In this study the 

occurrence of gold was documented in both pyrite and ore mineral sulfides in both transitional-

style and polymetallic-style veins. 
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 In transitional-style veins Ag-bearing gold was observed in often brecciated and fractured 

pyrite I as infill in fracture or as inclusions in pyrite. The occurrence of gold in pyrite I found in 

transitional-style pyrite-quartz veins is intriguing as these veins were thought to be barren (Sims 

et al., 1963a; Alford et al., 2020). Silver-bearing gold was observed in fractures and as inclusions 

in transitional-style vein pyrite (Figs. 2.8, 2.9, and 2.10). Silver-bearing gold in fractures in 

brecciated pyrite I is a result of polymetallic-style fluids disseminating into adjacent transitional-

style pyrite and precipitating Ag-bearing gold on the surface of pyrite by reduction of the fluid. It 

was not possible to determine if Ag-bearing gold inclusions were related to primary pyrite 

growth. 

 In this study and in Alford et al. (2020), Ag-bearing gold was observed in polymetallic-

style veins associated with vein pyrite as well as base metal sulfides and sulfosalts. The 

occurrence of Ag-bearing gold in early chalcopyrite ± sphalerite ± galena (subtype-1) 

polymetallic-style veins was observed in this study where visible and microscopic gold was 

observed with chalcopyrite and sphalerite in these veins (Figs. 2.7a and 2.16a-c). These 

occurrences provide unequivocal paragenetic evidence for the deposition of gold during the 

formation of early polymetallic-style veins, that has been previously undocumented with these 

base metal sulfides. Silver-bearing gold was also observed as inclusions in pyrite II in this study 

related to chalcopyrite ± sphalerite ± galena (subtype-1) vein formation. Tennantite-tetrahedrite 

± galena (subtype-2) polymetallic-style Ag-bearing gold occurrence was documented by Alford 

et al. (2020) and was also observed in this study. Silver-bearing gold was observed with galena 

associated with galena and tennantite vein infill (Fig. 2.16d). In Alford et al. (2020), Ag-bearing 

gold was observed in enargite associated with enargite or famatinite-luzonite ± galena (subtype-

2) polymetallic-style vein infill. There was no Ag-bearing gold observed with enargite or 
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famatinite-luzonite petrographically in this study. Significant visible gold was observed with Cu-

sulfosalt at the hand sample scale, though the determination of which Cu-sulfosalt is unclear and 

would provide increased understanding of gold paragenesis if determined (Figs. 2.7c-d).  

 In polymetallic-style veins Ag-bearing gold was observed with previously undocumented 

minerals and mineral inclusions such as bismuthinite, acanthite or agentite, and hessite. 

Inclusions of Ag-bearing gold with bismuthinite in pyrite I (Fig. 2.17a-b), likely suggests that 

early polymetallic-style vein fluids deposited both Bi and Au during chalcopyrite ± sphalerite ± 

galena (subtype-1) vein formation, suggesting a paragenetic relationship between these two 

minerals in these veins. Acanthite or argentite inclusions in pyrite II in a chalcopyrite ± 

sphalerite ± galena (subtype-1) vein also suggests a paragenetic relationship between Ag-bearing 

Au and acanthite or argentite during the deposition of pyrite II in these veins (Fig. 2.17c). It also 

highlights an initial occurrence of a Ag-bearing sulfide mineral observed in polymetallic-style 

veins. In fractures in pyrite I, hessite with Ag-bearing gold was observed in association with 

hessite suggesting deposition of both minerals simultaneously from fluids forming polymetallic-

style infill veins in these fractures. The occurrence of tennantite replacement of chalcopyrite 

makes it difficult to determine if deposition occurred with chalcopyrite ± sphalerite ± galena 

(subtype-1) or tennantite-tetrahedrite ± galena (subtype-2) vein infill (Fig. 2.17d-e). Despite this 

a paragenetic relationship is observed in these fractures between Ag-bearing gold and Ag 

telluride in relatively early polymetallic-style veins. 

 Ultimately, this study shows that the occurrence of Ag-bearing gold is related to 

polymetallic-style vein reopening of transitional-style pyrite-quartz veins. Despite the fact Au is 

observed with pyrite I, it is texturally evident that this occurrence is related to polymetallic-style 

infill where Ag-bearing gold deposition occurred in fractures in pyrite I. Silver-bearing gold is 
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observed in all three polymetallic-style mineral assemblages observed in the central and inner 

intermediate zones of the district. Alford et al. (2020) show an increase in the trace gold in pyrite 

from subtype-1 to subtype-3 polymetallic-style mineral assemblages. Silver-bearing gold 

occurrence in this study was observed with Bi-sulfide, Ag-sulfide, and Ag-telluride minerals in 

early polymetallic-style veins (subtype-1 and subtype-2) as inclusions and in fractures pyrite. 

Their occurrence has been previously undocumented proximal to or with Ag-bearing gold in 

polymetallic-style veins.  

Interpretation of a Bi-, Te-, Ag-, and Au-bearing Vein Mineral Assemblages 

 Silver-bearing gold was observed in a Bi-, Te-, Ag-bearing vein that has been previously 

undocumented. In this vein matildite and galena intergrowths was observed, potentially as a 

result of these minerals exsolving from schapbachite, suggesting formation temperatures 

between 144 °C and ~220 °C (Van Hook 1960; Craig, 1967; Hoda and Chang, 1975; Chang, 

1988; Vikent’eva et al, 2008; Staude et al., 2010). This would be lower than the formation of 

typical “E” veins or polymetallic-style veins. This combined with the observation of this veinlet 

crosscutting a polymetallic-style veinlet provides further evidence that this veinlet is 

paragenetically later than formation of polymetallic-style mineral assemblages observed in 

sample HB-02 from the Ground Hog vein in the NE outer central portion of the district. 

Telluride-bearing veins were first described by Bastin and Hill (1917) and these veins were 

characterized by sylvanite occurring predominantly in the southeastern portion of the district. 

Telluride-bearing veins were described as occurring in the center of veins with sulfosalt, pyrite, 

and quartz occurring towards the periphery suggesting telluride veins later infilled polymetallic-

style sulfosalt bearing veins (Bastin and Hill, 1917). Matildite, aikinite, and tellurobismuthinite 

observed in this veinlet are minerals previously undocumented in the district. Though sparse in 
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occurrence, the significance of Ag-bearing gold being observed in this vein type suggests that 

gold deposition continued into these lower temperature veins in the central zone of the district.  

2.6.2 Metal Zonation in the Central City District 

 The effects of changing temperature, redox, and pH were thermodynamically modeled to 

observe mineral stability, metal solubility, and metal speciation trends near or at maximum metal 

solubility. The goal of numerical modelling was to allow for interpretation of possible 

physiochemical controls on metal transport and deposition mechanisms in closed system Central 

City-like fluids. The transport and deposition of these metals is essential to the formation of 

mineral assemblages observed in the district, and overall leads to the observed pattern of metal 

zoning (i.e. a central Cu-Au-Ag zone, an intermediate Cu-Au-Ag-Zn-Pb zone, and a peripheral 

Zn-Pb-Ag zone) that occurs at the district scale.  

 The most abundant mineral in transitional-style veins found in the central zone of the 

district is pyrite whose stability in fluids was modeled and is ultimately controlled by the 

solubility of Fe. The solubility of Fe in models is significantly controlled by changes in pH and 

temperature where the overall solubility is also affected by changes in redox conditions. The 

solubility of Fe increases with increasing temperature, decreasing pH, and a decrease in the 

oxidation state of the fluids due to the fact these conditions stabilize Fe chloride complexes (Fig. 

2.21d). Significant deposition of Fe in the form of pyrite occurs in transitional-style pyrite-quartz 

veins prior to the formation of polymetallic-style veins hosting Cu, Au, and Ag. Fluids forming 

transitional-style veins decrease in temperature and increase in pH with cooling and initial wall 

rock interaction. Wall rock interaction by a reduced, acidic fluid would cause the pH to be 

buffered in this evolving fluid, as is evidenced by significant phyllic alteration halos of wall rock 

adjacent to transitional-style veins and Sr isotopic ratios in vein pyrite (Dickin et al., 1986). Due 
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to the sensitivity of Fe solubility to be affected by changes in temperature, pH, and increases in 

the oxidation state of fluids (Figs. 2.21d and 2.24; Graham and Ohmoto,1994; Schoonen and 

Barnes, 1991), significant Fe deposition occurred. The deposition of Fe as pyrite in the central 

zone could cause a significant decrease in the activity of sulfur in resulting fluids. 

 Metals of economic interest also observed in the central zone of the district include Cu, 

Au, and to a lesser extent Ag, whose concentration relative to Au in veins increases towards the 

periphery of the district (Sims et al., 1963a,b). Initial deposition in early polymetallic-style vein 

mineral assemblages (i.e. chalcopyrite ± sphalerite ± galena) in the central zone of the district is 

possible by two evolution pathways. The fluid that formed transitional-style pyrite-quartz veins 

may have evolved to also form polymetallic-style veins. Due to a reduction in the S activity of 

the resulting fluid following formation of transitional-style pyrite-quartz veins, along with an 

increase in the pH of the fluid from wall rock equilibration during the formation of these veins, 

may have cause destabilization of Au chloride and more minorly destruction of Au bisulfide 

complexes and subsequent Au precipitation. Another possible interpretation is that a second fluid 

is responsible for forming polymetallic-style veins in the central zone of the district. This is 

supported by modeling where a reduced, acidic fluid responsible for formation of transitional-

style veins, likely could not transport gold to temperatures relevant for the formation of 

polymetallic-style veins (Fig. 2.21d). A more oxidized fluid could deposit initial Au and Cu by 

reduction via interaction with preexisting reduced Fe in pyrite during reopening of transitional-

style veins or biotite in wall rock (Fig. 2.21d). An initial wall rock component is suggested 

isotopically based on galena and sphalerite (Dickin et al., 1986), where initial destruction of Au 

and Cu chloride complexes may have also played a role in initial deposition of these metals. 

Regardless of the mechanism by which initial Au and Cu precipitated from early polymetallic-
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style vein forming fluids, continued deposition into sulfosalt-bearing veins is related to a 

decrease in the pH of the fluid with cooling due to unreactive wall rock. This fluid likely also 

moved away from the rock buffer with continued interaction with unreactive wall rock and 

interaction with reduced Fe in pyrite, also causing destabilization of bisulfide complexes 

(Einaudi et al., 2003; Heinrich, 2005). Cooling models suggest that simple cooling by a pH 

buffered fluid could not effectively precipitate sufficient gold at temperatures relevant for the 

formation of these polymetallic-style veins (Fig 2.21a-c). Thus, a fluid that’s pH is not buffered 

by wall rock due to unreactive quartz-sericite alteration haloes would evolve to continue to 

precipitate Au and Cu and increase the solubility of Zn and Pb. This is observed mineralogically 

from subtype-1 to subtype-3 veins. 

 In the intermediate and peripheral zones of the district the base metal concentrations of 

Zn and Pb increase significantly relative to Cu, to the extent Cu minerals are no longer present, 

and the precious metal concentration of Ag increases significantly relative to Au (Sims et al., 

1963a,b). As fluids in the district evolved and moved outwards towards the periphery, increased 

wall rock interaction and meteoric water dilution occurred (Rice et al., 1985; Dicken et al., 

1986). Models show that increased base metal and Ag deposition occurs with increased pH, 

decreased temperature, and an increase in the oxidation state of the fluid (Fig. 2.21 and 2.24). 

Increased interaction with previously unaltered wall rock and dilution by meteoric water causes 

the fluid to increase in pH, decrease in temperature, and likely increase in oxidation state causing 

increased Pb, Zn, and Ag deposition in the periphery. Ultimately, the trends observed regarding 

metal zonation in the district are related to metal transport and deposition mechanisms at the 

district scale related to an evolving hydrothermal system 
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2.6.3 Ore Formation Model  

 In this study transitional-style pyrite-quartz and polymetallic-style base-metal veins were 

studied at the macro- and microscopic scales to interpret mineral relationships, textures, and 

paragenesis. Closed system cooling and isothermal pH titration models were completed for a 

Central City “like” fluids with varying starting physiochemical conditions to interpret mineral 

stability, metal solubility, and metal speciation for minerals and metals observed in transitional-

style pyrite-quartz and polymetallic-style base-metal veins. Observations made in this study and 

past studies for these vein types combined with thermodynamic models created ultimately allow 

for the expansion of the magmatic-hydrothermal ore formation model made by Alford et al. 

(2020). This model will focus on vein types studied and is specific to physiochemical processes 

ultimately responsible for the formation of ore in the Central City district.  

 Transitional-style pyrite-quartz veins in the Central City district have been described as 

forming from magmatic-hydrothermal fluids originating from a magmatic center at depth (Alford 

et al., 2020). Pyrite and quartz associated with these veins are both prograde solubility minerals, 

where pyrite stability is highly sensitive to fluctuations in the pH (Fig. 2.20; Ohmoto et al., 1994; 

Schoonen and Barnes, 1991). Sufficient transport of Fe for the formation of these veins with 

significant pyrite was shown to be possible in acidic, reduced fluids (Fig. 2.21d). Phyllic 

alteration halos are pervasive in adjacent wall rock in faults hosting transitional-style veins 

suggesting an overall cooling trend of the magmatic-hydrothermal fluids (Alford et al. 2020). 

Stable isotope studies, including Dickin et al. (1986), conclude that pyrite associated with 

transitional-style veins had an evident country rock component. Interaction of a likely acidic, 

reduced fluid with wall rock caused acid neutralization and subsequent pyrite deposition. An 

overall cooling trend would also contribute to the increased deposition of both pyrite and quartz. 
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 Polymetallic-style veins are associated with base and precious metal deposition in the 

Central City district. Reopening of transitional-style pyrite-quartz veins and formation of 

polymetallic-style veins is evident by brecciation and recrystallization that is observed in early 

pyrite and quartz, respectively (Alford et al., 2020). Early polymetallic-style subtype-1 vein 

mineral assemblages, represented by the mineral assemblage of chalcopyrite ± sphalerite ± 

galena, display paragenetic relationships between minerals where both chalcopyrite and 

sphalerite overprint or replace one another (Fig. 2.11) and sphalerite overprints galena (Fig. 

2.11c), but galena dominantly embays or overprints sphalerite (Fig. 2.11e-f). Gold and silver 

deposition was also observed in these veins (Figs. 2.16a-c and 2.17c). As previously discussed, 

two possible mechanisms exist for initial polymetallic-style vein formation. A singular fluid 

forming both transitional-style pyrite-quartz and polymetallic-style veins where initial deposition 

of Ag-bearing gold, chalcopyrite, galena, and sphalerite is related to S activity reduction in the 

resulting fluid and destruction of Cl complexes related to initial wall rock interaction during 

pyrite-quartz vein formation is possible. Though, the fluid that formed transitional-style pyrite-

quartz veins was likely acidic and reduced, where Au, and to a lesser extent Cu, would not have 

been transported into early polymetallic-style veins (Fig. 2.21d). Another interpretation may be 

that a second fluid, potentially from depth as interpreted by Alford et al. (2020), formed 

polymetallic-style veins. Formation of chalcopyrite ± sphalerite ± galena (subtype-1) mineral 

assemblages may be related to a more oxidized, mildly acidic fluid that cooled with initial wall 

rock interaction and precipitated all three minerals along with Ag-bearing gold. A wall rock 

component was measured in sphalerite and galena Sr isotopes by Dickin et al. (1986) in these 

veins. Initial reaction with wall rock may have caused destruction of Au, Cu, Pb, and Zn chloride 

complexes resulting in the observed mineral assemblage. Gold and Cu bisulfide complexes may 
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have been initially destabilized by reopening and interaction with reduced Fe in pyrite or biotite 

in wall rock, where this may also play a factor in the initial deposition of these metals. 

As fluids continued to evolve and form subsequent mineral assemblages in polymetallic-

style veins observed in the central zone of the district, wall rock equilibration decreased. This is 

evidenced by an increased magmatic component of Sr isotopes in analyzed enargite and galena 

in later polymetallic-style veins relative to pyrite, sphalerite, and galena from transitional-style 

and subtype-1 polymetallic-style vein mineral assemblages (Dickin et al., 1986). An increase in 

the sulfidation state of mineral assemblages from chalcopyrite ± sphalerite ± galena (subtype -1) 

to tennantite-tetrahedrite ± galena (subtype -2) to enargite or famatinite-luzonite ± galena 

(subtype-3) polymetallic-style vein mineral assemblages is evident (Einaudi et al., 2003). 

Sulfosalt bearing subtype-2 and subtype-3 polymetallic-style vein mineral assemblages are 

characterized by a metal suite of Cu and Au with minor Pb in the form of galena. An increase in 

the sulfidation state of mineral assemblages is due to the fact fluids forming these mineral 

assemblages evolve by decreased interaction with unaltered wall rock where wall rock in the 

central zone of the district was rendered unreactive by formation of pyrite-quartz veins. This 

would also coincide with a decrease in the pH of this unbuffered fluid with cooling (Einaudi et 

al., 2003; Heinrich, 2005). This decrease in pH would allow for continued and potentially 

increased Cu and Au deposition represented by Cu-sulfosalts and Ag-bearing gold, respectively. 

Reduction of this fluid by interaction with reduced Fe in pyrite may also cause increased 

deposition of Ag-bearing gold. Due to the sensitivity of sphalerite to fluctuations in fluid pH 

(Fig. 2.24), a decrease in the pH of fluids forming subsequent polymetallic-style mineral 

assemblages would increase in the solubility of Zn, increasing the stability of sphalerite in fluids, 

as is observed modally in these veins. Thermodynamic models near metal saturation show that 
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continued galena deposition is possible in a Central City-like fluid despite the likely increase in 

the stability of Pb chloride species that would occur as pH decreased (Fig. 2.20d and 2.24). 

Increased Pb solubility is evidenced by the fact the modal abundance of galena decreases from 

subtype-1 to subtype-3 polymetallic-style mineral assemblages. The log activity of Pb bisulfide 

species in all cooling models is similar to that of Pb chlorides species, thus with continued 

polymetallic-style vein formation the stability of Pb chloride species likely increases and Pb 

bisulfide species decreases, based on previously discussed mechanisms for Cu and Au. The 

importance of Pb bisulfide species in Pb transportation relative to Zn in natural fluids is 

evidenced by the fact galena is observed in subtype-2 and -3 polymetallic-style mineral 

assemblages and sphalerite is not. This is ultimately supported by the speciation of Pb in cooling 

models (Appendix I). 

 Though not found in the central to inner intermediate zones of the district, and thus not 

studied in this work, the formation of subtype-4 polymetallic-style vein  mineral assemblages 

represented by sphalerite ± galena can be interpreted. These veins are characterized by carbonate 

gangue and increased silver deposition relative to gold (Sims et al., 1963a,b; Alford et al., 2020). 

Decreased wall rock buffering with formation of subtype-2 and subtype-3 mineral assemblages 

with cooling causing decreased pH and increased available Cl ligand allowed for increased 

stability of metal chloride complexes in fluids following the formation of earlier polymetallic-

style veins. Thermodynamic modeling shows that these conditions are optimal to increasing Ag, 

Pb, and Zn solubility in the resulting fluid (Figs. 2.20d, 2.21d, and 2.24). As fluids continued to 

migrate into the intermediate and peripheral zones of the district, wall rock equilibration 

increased in faults where little previous alteration had occurred. Rhodochrosite, thought to be 

associated with subtype-3 enargite or famatinite-luzonite vein mineral assemblages by Dickin et 
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al. (1986), now known to be associated with later carbonate bearing subtype-4 galena ± 

sphalerite vein mineral assemblages, showed a significant wall rock component based on Sr 

isotopes. Values of δD in quartz from the intermediate and peripheral zones of the district are 

depleted relative to the central zone also suggesting increased meteoric water mixing outwards 

from the central zone (Rice et al., 1985). This caused pH to increase with decreasing temperature 

causing destabilization of Ag, Zn, and Pb chloride complexes, causing increased deposition of 

these metals.   

2.7 Conclusions  

 The paragenesis and formation of Ag-bearing gold in transitional-style pyrite-quartz and 

polymetallic-style veins is more well understood as a result of findings made in this study. In 

transitional-style veins, Ag-bearing gold was observed in fractures in pyrite. The occurrence of 

Ag-bearing gold in fractures in brecciated pyrite I suggests that this gold occurrence is 

paragenetically later than the brecciation of pyrite. It is suggested that this occurrence is related 

to vein reopening where early polymetallic-style vein forming fluids migrated into brecciated 

and fractured pyrite I and precipitated Ag-bearing gold on the surface of pyrite by reduction of 

this Au-bearing fluid. The paragenetic relationship of Ag-bearing gold as inclusions in pyrite I 

remains ambiguous as it was unable to be determined if this occurrence was related to primary 

pyrite I growth. 

 Silver-bearing gold was observed in subtype-1 and subtype-2 polymetallic-style mineral 

assemblages in this study. The occurrence of Ag-bearing gold with chalcopyrite and sphalerite 

confirms that gold deposition initially occurred within early chalcopyrite ± sphalerite ± galena 

(subtype-1) mineral assemblage formation. In tennantite-tetrahedrite ± galena (subtype-2) vein 

assemblages, Ag-bearing gold was observed associated with galena in a fracture in pyrite with 
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tennantite and galena infill. Silver-bearing gold was observed with polymetallic-style pyrite in 

both subtype-1 and subtype-2 mineral assemblages. Though gold was not observed with enargite 

or famatinite-luzonite ± galena (subtype-3) mineral assemblages in this study, it was observed by 

Alford et al. (2020).  

 Thermodynamic modelling was completed for four cooling model fluids and one 

isothermal inverse titration cooling model fluid at three separate temperatures. The results of 

thermodynamic models provide insights into the stability of minerals, solubility of metals, 

precipitation mechanisms, and the speciation of metals with changing physiochemical 

conditions. From these findings, combined with the paragenetic findings of this study and 

findings of past studies, an interpretation for district scale metal zonation and overall ore 

formation was made.  

 The zonation of metals in the Central City district has been known since Sims (1956) and 

Sims et al. (1963a,b). In the central zone of the district, the focus of this study, Cu and Au 

occurrence is significant. Two possible fluids were interpreted to be responsible for initial 

deposition of Au and Cu in early polymetallic-style veins. It is concluded that it is most likely 

that a second fluid from depth formed polymetallic-style veins. This fluid was likely mildly 

acidic and oxidized and caused initial Au and Cu deposition via reduction of this fluid with vein 

pyrite. Despite an initial buffering of the pH of these fluids as is suggested by isotopic data, Au 

and Cu deposition occurred. An initial pH buffering of early polymetallic-style assemblages may 

have resulted in the destruction of Au and Cu chloride complexes that were modeled to transport 

appreciable concentrations of these metals. Fluid pathways hosting veins of pyrite-quartz and 

significant alteration haloes in host rock meant the resulting fluid continued to interact with 

unreactive host rock causing pH to continue to decrease with cooling. This lack of wall rock 
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interaction caused the fluid to move away from the rock buffer while interacting with significant 

reduced Fe in the form of pyrite which contributed to the continued deposition of Cu and Au by 

destruction of essential Au and Cu bisulfide complexes.  

In intermediate and peripheral zones of the district, the concentration of Cu and Au in 

veins begins to decline relative to Ag, Pb, and Zn. An evolving fluid decreasing in pH and redox 

increased the solubility of Pb, Zn, and to a lesser extent Ag in fluids, where these fluids then 

moved outward in the district and evolved through increased fluid-wall rock interaction and 

meteoric water dilution causing the pH and oxidation state of the evolving fluid to increase with 

cooling resulting in the destabilization of Pb, Zn, and Ag chloride complexes resulting in 

increased deposition of these metals.  

 Ore formation in the district was interpreted in this study for transitional-style and 

polymetallic-style veins. Transitional-style pyrite-quartz veins were formed by general cooling 

and significant wall rock buffering as evidenced by intense phyllic alteration of adjacent wall 

rock. An acidic, reduced fluid capable of transporting the concentration of Fe necessary to form 

transitional-style pyrite-quartz veins was likely neutralized with wall rock interaction. 

Neutralization of acid by wall rock interaction along with cooling would have caused pyrite and 

quartz deposition. 

 Polymetallic-style vein formation is concluded to have occurred based on a more 

dynamic fluid evolution where another fluid from depth that was acidic and oxidized deposited 

sphalerite, galena, chalcopyrite, and Ag-bearing gold. Initial reduction of this fluid with cooling 

may have caused initial chalcopyrite and Ag-bearing gold deposition. An initial wall rock 

component isotopically associated with galena and sphalerite in these veins, suggests that initial 

buffering of pH would have caused galena and sphalerite deposition. This would also cause the 
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destabilization of Au and Cu chloride complexes that may also have contributed to initial 

precipitation of Ag-bearing gold and chalcopyrite. It is evident that as this fluid evolved and 

moved through larger volumes of unreactive wall rock, the fluid decreased in pH and moved 

away from the rock buffer resulting in a decrease in the redox state and an increase in the 

sulfidation state of subsequent mineral assemblages. This caused continued precipitation of Cu 

and Au in the form of Cu sulfosalts and Ag-bearing gold. A decrease in the modal abundance of 

galena and a lack of sphalerite observed in these later polymetallic-style veins provides further 

evidence for this fluid evolution. These fluids then migrated into the periphery of the district and 

continued to cool. Increased wall rock interaction and meteoric water dilution caused an increase 

in the oxidation state of this evolving fluid along with acid neutralization responsible for the 

formation of sphalerite, galena, and carbonate-bearing veins. 

 Ultimately, further work is needed to advance the validity of interpretations made in this 

study. Geochemical mapping of transitional-style pyrite where Ag-bearing gold was observed as 

inclusions may shed light on the paragenetic occurrence of Ag-bearing gold in these veins. 

Several model types not simulated in this study may increase the robustness of findings and 

ultimately interpretations. Those models include rock and fluid batch titrations models where 

fluid-rock and fluid-fluid interaction could be modeled by continuously equilibrating fluid 

systems created in this study with new batches of simulated host rock or meteoric water. 

Chloride and S titration models would increase our understanding on the role Cl and S activity 

plays on the characteristics of mineral stability, metal solubility, and metal speciation with 

changes in physiochemical conditions. These models would provide insight to processes that 

were unable to be interpreted for models presented in this manuscript. Ultimately, this study 

increases our understanding of Au paragenesis in veins observed in the central zone of the 
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Central City district. This study also sheds light on possible mechanisms for causing Au 

deposition in the central zone of the district. Findings from this study and past studies allow for 

metal zonation and ore formation at the district scale to be interpreted.
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APPENDIX A 

LIST OF SAMPLES IN THIS STUDY AND THEIR LITHOLOGICAL DESCRIPTIONS 

Table A.1: A list of samples used in this study with mines name, vein name, and a brief description of the lithology and mineralogy. 

 
Sample Location Vein Lithological Description 

Connor 

Gray's 

Samples 

Bates - 2 
Bates Hunter 

Mine 
Bates Pyrite-Quartz vein sample with phyllic alteration.  

 Bates - 4B 
Bates Hunter 

Mine 
Bates Pyrite-quartz vein sample with phyllic alteration.  

 Bates - 5 
Bates Hunter 

Mine 
Bates 

Base metal vein infill of pyrite-quartz vein with 

phyllic alteration by chalcopyrite-sphalerite-

galena-sulfosalt. 

 Bates - 6 
Bates Hunter 

Mine 
Bates 

Pyrite-quartz vein sample with phyllic alteration 

of feldspar gneiss host rock 

 Bates - 7 
Bates Hunter 

Mine 
Bates 

Base metal vein infill of pyrite-quartz vein with 

phyllic alteration by chalcopyrite-sphalerite-

galena-sulfosalt. 

 Bates - 9 
Bates Hunter 

Mine 
Bates 

Base metal vein infill of pyrite-quartz vein with 

phyllic alteration by chalcopyrite-sphalerite-

galena-sulfosalt. 
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Table A.1: Continued 

Lee Alford's 

Samples 
HB - 1 Ground Hog Ground Hog 

Base metal vein infill by sulfides and sulfosalts of 

feldspar gneiss host rock. 

 HB - 2 Ground Hog Ground Hog 
Base metal vein infill by sulfides and sulfosalts of 

feldspar gneiss host rock. 

 HB - 3 Ground Hog Ground Hog 
Base metal vein infill by sulfides and sulfosalts of 

feldspar gneiss host rock. 

 HB - 4 Ground Hog Ground Hog 
Base metal vein infill by sulfides and sulfosalts of 

feldspar gneiss host rock. 

 LA - 01 
Mammoth 

Vein 
Mammoth  

Pyrite-quartz vein sample with phyllic alteration 

of feldspar gneiss host rock. 

 LA - 101 Cook Mine Cook 
Pyrite-quartz vein sample with phyllic alteration 

of feldspar gneiss host rock. 

 PA - 01 
The Patch 

(Breccia Pipe) 
N/A 

Felspar gneiss hosted breccia of sulfide and 

sulfosalt veinlets with associated phyllic 

alteration. 

Specimens 

From the 

Museum 

EGM. 6029 Gunnell Mine Gunnell 
A chalcopyrite-sphalerite vein sample with visible 

Au on sphalerite, sericite, and quartz. 

 EGM. 11043 Eureka Mine Eureka  

A quartz sample with sphalerite-galena in its 

matrix with veinlets of sulfosalt. Visible Au 

occurs on the surface of quartz and sulfosalt. 

 EGM. 11540 Federal Mine Federal  
A pyrite-quartz vein sample with visible Au on the 

surface of quartz and pyrite. 

 EGM. 16988 Powers Mine 
New 

Brunswick 

A quarz vein sample with fluorite and sulfosalt on 

the surface of quartz with visible Au on quartz and 

more predominantly sulfosalt. 
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APPENDIX B 

METAL CONCENTRATIONS IN MODEL IA WITH COOLING 

Table B.1: Metal concentrations with cooling in model Ia: Neutral, oxidized. 

 

Model Ia: Metal Concentrations in the Fluid with Cooling (ppm) 

T (°C) Ag     Au     Cu     Fe     Pb     Zn     

400 36.212 1.018 8.256 1.571 25.820 154.941 

390 36.199 1.167 7.932 0.945 23.707 154.941 

380 36.184 1.339 7.772 0.559 21.581 154.941 

370 36.167 1.510 7.730 0.326 19.512 154.941 

360 30.015 1.706 7.851 0.193 18.037 154.941 

350 16.397 2.220 6.526 0.071 9.498 154.935 

340 6.950 2.964 4.617 0.019 3.609 44.682 

330 5.446 3.246 4.172 0.012 3.465 40.319 

320 4.267 3.516 3.752 0.007 3.308 36.095 

310 3.333 3.770 3.355 0.005 3.138 32.018 

300 2.598 4.003 2.980 0.003 2.955 28.110 

290 2.003 4.226 2.625 0.002 2.731 24.876 

280 1.541 4.458 2.294 0.001 2.502 21.772 

270 1.183 4.607 1.989 0.001 2.270 18.809 

260 0.907 4.635 1.709 0.001 2.037 16.013 

250 0.521 6.557 1.350 0.000 1.186 5.674 

240 0.333 6.596 1.053 0.000 0.758 1.279 

230 0.309 6.596 0.831 0.000 0.596 0.288 

220 0.364 6.596 0.657 0.000 0.497 0.074 

210 0.461 6.595 0.517 0.000 0.413 0.027 

200 0.569 6.595 0.404 0.000 0.334 0.016 



120 
 

 

APPENDIX C 

METAL CONCENTRATIONS IN MODEL IB WITH COOLING 

Table C.1: Metal concentrations with cooling in model Ib: Mildly acidic, oxidized. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Model Ib:  Metal Concentrations in the Fluid with Cooling (ppm) 

T (°C) Ag     Au     Cu     Fe     Pb     Zn     

400 36.281 0.777 26.308 9.451 264.230 154.976 

390 36.279 0.864 24.948 6.056 261.426 154.976 

380 36.276 0.960 24.094 3.806 255.262 154.976 

370 36.265 1.052 19.948 1.942 182.499 154.966 

360 36.221 1.275 11.576 0.556 58.497 154.944 

350 36.213 1.384 10.033 0.328 53.936 154.944 

340 32.139 1.532 8.756 0.194 50.074 154.944 

330 24.571 1.686 7.670 0.117 46.734 154.944 

320 18.651 1.883 6.690 0.070 42.900 154.944 

310 14.055 2.049 5.807 0.043 38.760 154.944 

300 10.510 2.213 5.010 0.027 34.477 154.944 

290 7.794 2.322 4.294 0.017 30.178 154.944 

280 5.733 2.440 3.653 0.011 26.007 154.944 

270 2.738 2.903 2.570 0.004 9.700 121.056 

260 1.342 3.353 1.849 0.002 3.883 40.707 

250 0.632 4.474 1.372 0.001 1.544 10.492 

240 0.346 6.593 1.063 0.000 0.813 2.168 

230 0.278 6.596 0.725 0.000 0.697 1.529 

220 0.229 6.596 0.487 0.000 0.594 1.048 

210 0.193 6.596 0.322 0.000 0.504 0.698 

200 0.166 6.596 0.210 0.000 0.426 0.451 
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APPENDIX D 

METAL CONCENTRATIONS IN MODEL IC WITH COOLING 

Table D.1: Metal concentrations with cooling in model Ic: Mildly alkaline, reduced. 

Model Ic:  Metal Concentrations in the Fluid with Cooling (ppm)  

T (°C) Ag     Au     Cu     Fe     Pb     Zn      

400 12.559 4.381 2.438 0.058 3.573 16.576  

390 9.334 5.336 2.544 0.033 3.386 11.967  

380 7.079 6.569 2.665 0.018 3.203 8.621  

370 5.473 6.596 2.797 0.010 3.025 6.177  

360 4.319 6.596 2.935 0.005 2.851 4.400  

350 3.481 6.596 3.075 0.003 2.679 3.119  

340 2.868 6.596 3.216 0.002 2.512 2.317  

330 2.413 6.596 3.356 0.001 2.348 1.711  

320 2.073 6.596 3.492 0.000 2.187 1.255  

310 2.135 6.596 3.092 0.000 1.980 0.683  

300 2.516 6.595 2.567 0.000 1.746 0.512  

290 2.357 6.595 2.282 0.000 1.602 0.382  

280 2.213 6.595 2.015 0.000 1.463 0.287  

270 2.080 6.595 1.766 0.000 1.329 0.216  

260 1.955 6.595 1.537 0.000 1.201 0.164  

250 1.837 6.595 1.328 0.000 1.079 0.126  

240 1.724 6.595 1.138 0.000 0.962 0.097  

230 1.614 6.595 0.967 0.000 0.853 0.075  

220 1.507 6.595 0.816 0.000 0.750 0.059  

210 1.402 6.595 0.683 0.000 0.654 0.046  

200 1.299 6.595 0.566 0.000 0.566 0.037  
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APPENDIX E 

METAL CONCENTRATIONS IN MODEL ID WITH COOLING 

 Table E.1: Metal concentrations (ppm) with cooling in Model Id: Acidic, Reduced. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Model Id:  Metal Concentrations in the Fluid with Cooling (ppm) 

T (°C) Ag     Au     Cu     Fe     Pb     Zn     

400 36.254 0.466 14.354 39.545 291.996 154.930 

390 36.246 0.458 12.429 33.641 304.532 154.929 

380 36.232 0.432 10.518 29.968 311.111 154.929 

370 36.212 0.397 8.795 27.509 313.599 154.929 

360 36.185 0.359 7.353 25.482 313.424 154.929 

350 36.148 0.321 6.171 23.596 310.979 154.929 

340 36.096 0.284 5.197 21.799 306.085 154.929 

330 36.027 0.248 4.385 20.116 298.317 154.929 

320 35.927 0.215 3.703 18.605 287.143 154.929 

310 35.784 0.183 3.124 17.332 272.022 154.929 

300 29.051 0.159 2.649 16.533 256.549 154.929 

290 22.080 0.139 2.237 16.077 236.203 154.929 

280 16.486 0.121 1.871 15.906 210.338 154.929 

270 12.056 0.105 1.547 15.948 180.187 154.929 

260 8.611 0.090 1.259 16.081 147.681 154.929 

250 5.994 0.077 1.006 16.163 115.256 154.929 

240 4.064 0.065 0.786 16.072 85.411 154.929 

230 2.688 0.054 0.602 15.734 60.113 154.929 

220 1.743 0.044 0.453 15.133 40.332 154.929 

210 1.117 0.035 0.335 14.302 25.967 154.929 

200 0.715 0.028 0.246 13.304 16.176 154.929 
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APPENDIX F 

LOG ACTIVITY OF AU COMPLEXES IN MODEL I FLUIDS 

Table F.1: Log activity of Au species in cooling model Ia.  

Model Ia: Activity of Au Species with Cooling 

T ◦C AuCl0 AuCl2
-        AuCl3

2-         AuHS0           AuHS2
-        AuOH0         

400 -9.28 -9.20 -9.54 -5.95 -5.98 -6.94 

390 -9.36 -9.18 -9.57 -5.89 -5.90 -6.98 

380 -9.44 -9.16 -9.60 -5.83 -5.81 -7.02 

370 -9.53 -9.16 -9.65 -5.78 -5.73 -7.09 

360 -9.61 -9.16 -9.70 -5.73 -5.66 -7.15 

350 -9.88 -9.35 -9.93 -5.72 -5.49 -7.26 

340 -10.34 -9.72 -10.35 -5.80 -5.32 -7.39 

330 -10.41 -9.72 -10.39 -5.74 -5.26 -7.45 

320 -10.50 -9.73 -10.45 -5.70 -5.21 -7.52 

310 -10.58 -9.74 -10.50 -5.65 -5.16 -7.60 

300 -10.68 -9.78 -10.57 -5.61 -5.13 -7.71 

290 -10.79 -9.81 -10.65 -5.57 -5.08 -7.80 

280 -10.91 -9.87 -10.74 -5.54 -5.05 -7.91 

270 -11.04 -9.93 -10.84 -5.51 -5.02 -8.04 

260 -11.18 -10.02 -10.95 -5.50 -5.00 -8.18 

250 -11.53 -10.32 -11.27 -5.50 -4.82 -8.35 

240 -12.22 -10.96 -11.94 -5.75 -4.78 -8.75 

230 -12.94 -11.63 -12.63 -6.01 -4.76 -9.18 

220 -13.65 -12.30 -13.31 -6.27 -4.74 -9.61 

210 -14.33 -12.94 -13.96 -6.52 -4.73 -10.03 

200 -14.97 -13.55 -14.57 -6.74 -4.72 -10.42 
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Table F.2: Log activity of Au species in cooling model Ib. 

 0 Model Ib: Activity of Au Species with Cooling 

T ◦C AuCl0 AuCl2
-        AuCl3

2-         AuHS0           AuHS2
-        AuOH0         

400 -8.62 -8.54 -8.87 -5.78 -6.31 -6.82 

390 -8.67 -8.49 -8.88 -5.72 -6.23 -6.86 

380 -8.73 -8.45 -8.89 -5.65 -6.16 -6.90 

370 -8.89 -8.52 -9.01 -5.63 -6.07 -6.97 

360 -9.27 -8.82 -9.36 -5.66 -5.86 -7.09 

350 -9.38 -8.85 -9.42 -5.62 -5.81 -7.18 

340 -9.46 -8.85 -9.48 -5.57 -5.74 -7.23 

330 -9.55 -8.86 -9.53 -5.52 -5.68 -7.30 

320 -9.64 -8.87 -9.59 -5.47 -5.61 -7.36 

310 -9.75 -8.91 -9.67 -5.43 -5.56 -7.45 

300 -9.86 -8.96 -9.75 -5.39 -5.51 -7.55 

290 -10.00 -9.03 -9.86 -5.37 -5.47 -7.67 

280 -10.14 -9.10 -9.97 -5.34 -5.43 -7.78 

270 -10.54 -9.43 -10.34 -5.40 -5.29 -7.96 

260 -10.95 -9.79 -10.73 -5.47 -5.18 -8.16 

250 -11.44 -10.23 -11.18 -5.55 -5.00 -8.39 

240 -11.99 -10.72 -11.70 -5.64 -4.79 -8.63 

230 -12.21 -10.90 -11.90 -5.66 -4.78 -8.82 

220 -12.45 -11.09 -12.11 -5.68 -4.76 -9.04 

210 -12.69 -11.30 -12.32 -5.71 -4.75 -9.27 

200 -12.95 -11.53 -12.55 -5.74 -4.73 -9.52 
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Table F.3: Log activity of Au species in cooling model Ic. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Model Ic: Activity of Au Species with Cooling 

T ◦C AuCl0 AuCl2
-        AuCl3

2-         AuHS0           AuHS2
-        AuOH0         

400 -10.57 -10.49 -10.81 -6.22 -5.23 -7.29 

390 -10.66 -10.48 -10.86 -6.16 -5.12 -7.32 

380 -10.75 -10.47 -10.91 -6.09 -5.01 -7.36 

370 -10.94 -10.57 -11.05 -6.12 -4.98 -7.50 

360 -11.13 -10.67 -11.21 -6.14 -4.96 -7.64 

350 -11.32 -10.79 -11.36 -6.17 -4.94 -7.80 

340 -11.52 -10.90 -11.53 -6.20 -4.93 -7.93 

330 -11.73 -11.03 -11.70 -6.23 -4.91 -8.07 

320 -11.94 -11.16 -11.88 -6.26 -4.89 -8.23 

310 -12.44 -11.60 -12.35 -6.43 -4.87 -8.50 

300 -12.99 -12.08 -12.87 -6.63 -4.85 -8.79 

290 -13.21 -12.24 -13.07 -6.66 -4.84 -8.96 

280 -13.45 -12.40 -13.28 -6.70 -4.82 -9.14 

270 -13.68 -12.58 -13.49 -6.73 -4.81 -9.32 

260 -13.93 -12.77 -13.70 -6.77 -4.79 -9.53 

250 -14.18 -12.97 -13.93 -6.81 -4.78 -9.74 

240 -14.44 -13.17 -14.16 -6.85 -4.77 -9.94 

230 -14.70 -13.39 -14.39 -6.89 -4.75 -10.16 

220 -14.98 -13.62 -14.64 -6.93 -4.74 -10.40 

210 -15.26 -13.87 -14.89 -6.98 -4.73 -10.64 

200 -15.54 -14.12 -15.15 -7.02 -4.72 -10.91 
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Table F.4: Log activity of Au species in cooling model Id. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Model Id: Activity of Au Species with Cooling 

T ◦C AuCl0 AuCl2
-        AuCl3

2-         AuHS0           AuHS2
-        AuOH0         

400 -8.89 -8.80 -9.13 -6.02 -6.50 -7.18 

390 -8.98 -8.80 -9.18 -6.00 -6.49 -7.26 

380 -9.10 -8.82 -9.25 -6.01 -6.49 -7.37 

370 -9.24 -8.86 -9.35 -6.03 -6.51 -7.50 

360 -9.38 -8.93 -9.46 -6.05 -6.54 -7.65 

350 -9.54 -9.01 -9.58 -6.09 -6.57 -7.81 

340 -9.70 -9.09 -9.71 -6.13 -6.61 -7.96 

330 -9.88 -9.18 -9.85 -6.17 -6.65 -8.11 

320 -10.06 -9.29 -10.00 -6.22 -6.70 -8.29 

310 -10.26 -9.41 -10.17 -6.28 -6.76 -8.48 

300 -10.45 -9.54 -10.33 -6.33 -6.81 -8.66 

290 -10.64 -9.66 -10.50 -6.38 -6.85 -8.85 

280 -10.85 -9.80 -10.68 -6.43 -6.90 -9.04 

270 -11.07 -9.97 -10.87 -6.49 -6.94 -9.25 

260 -11.31 -10.15 -11.08 -6.56 -6.98 -9.48 

250 -11.57 -10.36 -11.31 -6.63 -7.03 -9.72 

240 -11.85 -10.59 -11.57 -6.71 -7.08 -9.97 

230 -12.16 -10.85 -11.85 -6.81 -7.13 -10.24 

220 -12.49 -11.14 -12.15 -6.91 -7.18 -10.54 

210 -12.85 -11.46 -12.48 -7.03 -7.24 -10.86 

200 -13.22 -11.80 -12.82 -7.16 -7.32 -11.21 
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APPENDIX G 

LOG ACTIVITY OF CU COMPLEXES IN MODEL I FLUIDS 

Table G.1: Log activity of Cu species in cooling model Ia. 

 

 

 

Model Ia: Activity of Cu Species with Cooling 

T ◦C CuCl0           CuCl2
-        CuCl3

2-       CuCl4
3-         CuHS0           CuHS2

-        CuOH Cu+             

400 -5.76 -5.09 -8.21 -9.25 -4.28 -7.48 -8.29 -8.89 

390 -5.76 -5.06 -8.10 -9.21 -4.24 -7.42 -8.46 -8.86 

380 -5.76 -5.03 -8.00 -9.19 -4.20 -7.36 -8.64 -8.84 

370 -5.76 -5.01 -7.91 -9.17 -4.17 -7.31 -8.83 -8.82 

360 -5.76 -4.98 -7.81 -9.15 -4.13 -7.26 -9.01 -8.81 

350 -5.94 -5.14 -7.90 -9.32 -4.14 -7.12 -9.24 -8.97 

340 -6.29 -5.47 -8.16 -9.65 -4.22 -6.96 -9.49 -9.31 

330 -6.34 -5.50 -8.12 -9.69 -4.25 -6.99 -9.76 -9.36 

320 -6.40 -5.54 -8.09 -9.74 -4.29 -7.03 -10.03 -9.41 

310 -6.46 -5.58 -8.07 -9.79 -4.32 -7.08 -10.31 -9.46 

300 -6.53 -5.63 -8.05 -9.85 -4.37 -7.12 -10.60 -9.53 

290 -6.60 -5.68 -8.04 -9.92 -4.41 -7.16 -10.89 -9.60 

280 -6.68 -5.75 -8.04 -9.99 -4.46 -7.21 -11.19 -9.68 

270 -6.77 -5.81 -8.04 -10.07 -4.51 -7.26 -11.50 -9.77 

260 -6.86 -5.89 -8.06 -10.16 -4.57 -7.31 -11.81 -9.87 

250 -7.15 -6.17 -8.27 -10.45 -4.65 -7.20 -12.14 -10.17 

240 -7.56 -6.56 -8.60 -10.85 -4.73 -6.99 -12.49 -10.59 

230 -7.98 -6.96 -8.94 -11.26 -4.83 -6.79 -12.84 -11.02 

220 -8.40 -7.36 -9.28 -11.67 -4.93 -6.61 -13.20 -11.45 

210 -8.81 -7.76 -9.62 -12.07 -5.04 -6.45 -13.56 -11.88 

200 -9.22 -8.15 -9.95 -12.46 -5.17 -6.32 -13.94 -12.31 
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Table G.2: Log activity of Cu species in cooling model Ib. 

 

Table G.3: Log activity of Cu species in cooling model Ic. 

Model Ib: Activity of Cu Species with Cooling 

T ◦C CuCl0           CuCl2
-        CuCl3

2-       CuCl4
3-         CuHS0           CuHS2

-        CuOH Cu+             

400 -5.10 -4.43 -7.55 -8.59 -4.12 -7.81 -8.18 -8.23 

390 -5.08 -4.38 -7.42 -8.53 -4.08 -7.77 -8.35 -8.18 

380 -5.06 -4.33 -7.30 -8.49 -4.03 -7.72 -8.53 -8.14 

370 -5.13 -4.38 -7.28 -8.54 -4.03 -7.66 -8.73 -8.20 

360 -5.44 -4.67 -7.49 -8.83 -4.09 -7.49 -8.97 -8.49 

350 -5.50 -4.71 -7.46 -8.88 -4.11 -7.51 -9.23 -8.54 

340 -5.57 -4.75 -7.44 -8.93 -4.15 -7.53 -9.49 -8.59 

330 -5.63 -4.79 -7.41 -8.98 -4.18 -7.56 -9.76 -8.65 

320 -5.70 -4.84 -7.39 -9.04 -4.22 -7.59 -10.03 -8.71 

310 -5.77 -4.90 -7.38 -9.11 -4.25 -7.62 -10.31 -8.78 

300 -5.85 -4.96 -7.38 -9.18 -4.30 -7.65 -10.60 -8.85 

290 -5.94 -5.03 -7.38 -9.26 -4.34 -7.69 -10.89 -8.94 

280 -6.04 -5.10 -7.40 -9.35 -4.39 -7.72 -11.19 -9.04 

270 -6.34 -5.39 -7.62 -9.65 -4.47 -7.60 -11.50 -9.34 

260 -6.65 -5.68 -7.85 -9.95 -4.56 -7.51 -11.81 -9.66 

250 -7.02 -6.03 -8.14 -10.31 -4.65 -7.34 -12.14 -10.04 

240 -7.44 -6.43 -8.48 -10.72 -4.73 -7.12 -12.48 -10.47 

230 -7.67 -6.65 -8.63 -10.95 -4.89 -7.23 -12.91 -10.71 

220 -7.91 -6.88 -8.80 -11.18 -5.06 -7.35 -13.35 -10.97 

210 -8.17 -7.12 -8.98 -11.42 -5.23 -7.46 -13.80 -11.24 

200 -8.44 -7.37 -9.17 -11.68 -5.41 -7.59 -14.27 -11.53 

Model Ic: Activity of Cu Species with Cooling 

T ◦C CuCl0           CuCl2
-        CuCl3

2-       CuCl4
3-         CuHS0           CuHS2

-        CuOH Cu+             

400 -7.00 -6.32 -9.44 -10.47 -4.50 -6.67 -8.59 -10.14 

390 -7.02 -6.32 -9.36 -10.46 -4.47 -6.60 -8.77 -10.13 

380 -7.05 -6.32 -9.28 -10.46 -4.44 -6.53 -8.95 -10.14 

370 -7.07 -6.32 -9.21 -10.47 -4.40 -6.47 -9.14 -10.14 
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Table G.3: Continued. 

 

Table G.4: Log activity of Cu species in cooling model Id. 

360 -7.10 -6.33 -9.15 -10.48 -4.37 -6.40 -9.34 -10.16 

350 -7.13 -6.34 -9.09 -10.50 -4.34 -6.33 -9.53 -10.18 

340 -7.17 -6.35 -9.04 -10.53 -4.32 -6.26 -9.74 -10.20 

330 -7.21 -6.37 -8.99 -10.56 -4.29 -6.20 -9.94 -10.23 

320 -7.26 -6.40 -8.95 -10.59 -4.27 -6.13 -10.16 -10.27 

310 -7.52 -6.64 -9.13 -10.85 -4.32 -5.99 -10.42 -10.53 

300 -7.85 -6.95 -9.37 -11.17 -4.40 -5.87 -10.70 -10.85 

290 -7.97 -7.05 -9.41 -11.29 -4.45 -5.87 -10.99 -10.97 

280 -8.10 -7.16 -9.46 -11.41 -4.50 -5.87 -11.30 -11.10 

270 -8.24 -7.28 -9.51 -11.54 -4.55 -5.87 -11.61 -11.24 

260 -8.38 -7.41 -9.58 -11.68 -4.61 -5.88 -11.93 -11.39 

250 -8.53 -7.54 -9.65 -11.82 -4.68 -5.88 -12.25 -11.55 

240 -8.69 -7.68 -9.73 -11.97 -4.75 -5.89 -12.59 -11.72 

230 -8.85 -7.83 -9.81 -12.13 -4.82 -5.90 -12.94 -11.89 

220 -9.03 -7.99 -9.91 -12.30 -4.90 -5.91 -13.29 -12.08 

210 -9.21 -8.16 -10.02 -12.47 -4.98 -5.92 -13.66 -12.29 

200 -9.41 -8.34 -10.14 -12.65 -5.07 -5.94 -14.04 -12.50 

Model Id: Activity of Cu Species with Cooling 

T ◦C CuCl0           CuCl2
-        CuCl3

2-       CuCl4
3-         CuHS0           CuHS2

-        CuOH Cu+             

400 -5.37 -4.69 -7.81 -8.84 -4.35 -8.00 -8.53 -8.51 

390 -5.39 -4.68 -7.72 -8.83 -4.36 -8.02 -8.75 -8.50 

380 -5.42 -4.69 -7.66 -8.84 -4.38 -8.05 -8.99 -8.51 

370 -5.47 -4.72 -7.61 -8.87 -4.42 -8.10 -9.25 -8.55 

360 -5.53 -4.76 -7.58 -8.91 -4.46 -8.15 -9.52 -8.59 

350 -5.60 -4.80 -7.55 -8.96 -4.51 -8.20 -9.79 -8.64 

340 -5.66 -4.84 -7.52 -9.01 -4.56 -8.25 -10.07 -8.69 

330 -5.73 -4.89 -7.51 -9.07 -4.60 -8.31 -10.35 -8.75 

320 -5.80 -4.94 -7.49 -9.14 -4.66 -8.36 -10.64 -8.82 

310 -5.88 -5.00 -7.48 -9.21 -4.71 -8.42 -10.93 -8.89 

300 -5.96 -5.06 -7.48 -9.28 -4.76 -8.47 -11.22 -8.96 

290 -6.04 -5.12 -7.47 -9.35 -4.81 -8.52 -11.52 -9.04 

280 -6.13 -5.19 -7.48 -9.43 -4.86 -8.57 -11.83 -9.13 
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Table G.4: Continued. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

270 -6.23 -5.27 -7.50 -9.53 -4.92 -8.61 -12.14 -9.23 

260 -6.34 -5.37 -7.53 -9.63 -4.98 -8.64 -12.45 -9.35 

250 -6.46 -5.48 -7.58 -9.75 -5.04 -8.68 -12.78 -9.48 

240 -6.61 -5.60 -7.64 -9.89 -5.11 -8.70 -13.12 -9.64 

230 -6.77 -5.75 -7.73 -10.04 -5.19 -8.73 -13.47 -9.81 

220 -6.95 -5.91 -7.83 -10.21 -5.28 -8.75 -13.83 -10.00 

210 -7.14 -6.09 -7.94 -10.39 -5.37 -8.78 -14.21 -10.21 

200 -7.35 -6.28 -8.08 -10.59 -5.47 -8.80 -14.60 -10.44 
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APPENDIX H 

LOG ACTIVITY OF AG COMPLEXES IN MODEL I FLUIDS 

 Table H.1: Log activity of Ag species in cooling model Ia. 

 

 

Model Ia: Activity of Ag Species with Cooling 

T ◦C AgCl0           AgCl2
-          AgCl3

2-         AgCl4
3-         AgHS0         AgHS2

-       Ag+             

400 -6.65 -4.86 -5.98 -8.76 -7.07 -6.80 -8.46 

390 -6.57 -4.78 -5.89 -8.65 -6.88 -6.68 -8.38 

380 -6.49 -4.71 -5.81 -8.55 -6.69 -6.56 -8.31 

370 -6.43 -4.64 -5.74 -8.46 -6.50 -6.45 -8.24 

360 -6.44 -4.66 -5.76 -8.46 -6.41 -6.44 -8.27 

350 -6.65 -4.87 -5.96 -8.65 -6.36 -6.33 -8.48 

340 -6.98 -5.20 -6.29 -8.96 -6.34 -6.16 -8.82 

330 -7.03 -5.26 -6.35 -9.01 -6.30 -6.21 -8.89 

320 -7.09 -5.32 -6.41 -9.06 -6.25 -6.26 -8.96 

310 -7.16 -5.39 -6.48 -9.11 -6.21 -6.31 -9.04 

300 -7.23 -5.46 -6.56 -9.17 -6.17 -6.37 -9.13 

290 -7.30 -5.54 -6.64 -9.24 -6.14 -6.42 -9.23 

280 -7.39 -5.63 -6.73 -9.31 -6.11 -6.48 -9.33 

270 -7.48 -5.72 -6.83 -9.39 -6.08 -6.54 -9.44 

260 -7.57 -5.82 -6.93 -9.48 -6.06 -6.60 -9.56 

250 -7.86 -6.11 -7.22 -9.76 -6.04 -6.49 -9.88 

240 -8.26 -6.51 -7.62 -10.14 -6.03 -6.28 -10.30 

230 -8.66 -6.91 -8.03 -10.54 -6.03 -6.07 -10.74 

220 -9.07 -7.32 -8.44 -10.93 -6.03 -5.88 -11.18 

210 -9.47 -7.73 -8.85 -11.32 -6.05 -5.71 -11.62 

200 -9.87 -8.12 -9.24 -11.69 -6.07 -5.58 -12.05 
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Table H.2: Log activity of Ag species in cooling model Ib. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table H.3: Log activity of Ag species in cooling model Ic. 

Model Ib: Activity of Ag Species with Cooling 

T ◦C AgCl0           AgCl2
-          AgCl3

2-         AgCl4
3-         AgHS0         AgHS2

-       Ag+             

400 -6.64 -4.85 -5.97 -8.75 -7.56 -7.78 -8.46 

390 -6.56 -4.77 -5.89 -8.64 -7.38 -7.70 -8.38 

380 -6.49 -4.70 -5.81 -8.54 -7.21 -7.62 -8.30 

370 -6.42 -4.64 -5.73 -8.46 -6.98 -7.42 -8.24 

360 -6.36 -4.58 -5.67 -8.37 -6.59 -6.89 -8.18 

350 -6.30 -4.52 -5.61 -8.30 -6.42 -6.80 -8.13 

340 -6.29 -4.52 -5.61 -8.28 -6.31 -6.77 -8.14 

330 -6.36 -4.59 -5.68 -8.34 -6.26 -6.81 -8.21 

320 -6.43 -4.66 -5.75 -8.40 -6.22 -6.85 -8.30 

310 -6.51 -4.74 -5.83 -8.46 -6.18 -6.89 -8.39 

300 -6.59 -4.83 -5.92 -8.54 -6.14 -6.94 -8.49 

290 -6.68 -4.92 -6.02 -8.62 -6.10 -6.98 -8.60 

280 -6.77 -5.02 -6.12 -8.71 -6.07 -7.02 -8.72 

270 -7.07 -5.31 -6.42 -8.99 -6.06 -6.90 -9.03 

260 -7.37 -5.61 -6.72 -9.28 -6.06 -6.80 -9.36 

250 -7.73 -5.97 -7.09 -9.62 -6.05 -6.63 -9.74 

240 -8.14 -6.39 -7.51 -10.02 -6.04 -6.40 -10.19 

230 -8.29 -6.54 -7.66 -10.16 -6.03 -6.44 -10.37 

220 -8.45 -6.70 -7.82 -10.31 -6.02 -6.48 -10.56 

210 -8.62 -6.87 -7.99 -10.46 -6.02 -6.51 -10.77 

200 -8.80 -7.05 -8.18 -10.62 -6.03 -6.55 -10.99 

Model Ic: Activity of Ag Species with Cooling 

T ◦C AgCl0           AgCl2
-          AgCl3

2-         AgCl4
3-         AgHS0         AgHS2

-       Ag+             

400 -7.19 -5.39 -6.51 -9.28 -6.59 -5.29 -9.00 

390 -7.26 -5.47 -6.57 -9.32 -6.53 -5.29 -9.08 

380 -7.34 -5.55 -6.65 -9.38 -6.47 -5.29 -9.16 
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Table H.3 Continued. 

 

Table H.4: Log activity of Ag species in cooling model Id. 

 

370 -7.42 -5.63 -6.72 -9.44 -6.42 -5.29 -9.24 

360 -7.51 -5.72 -6.81 -9.51 -6.37 -5.29 -9.33 

350 -7.60 -5.81 -6.90 -9.59 -6.32 -5.29 -9.43 

340 -7.69 -5.91 -7.00 -9.67 -6.27 -5.29 -9.54 

330 -7.79 -6.02 -7.11 -9.76 -6.22 -5.30 -9.65 

320 -7.90 -6.13 -7.22 -9.86 -6.18 -5.30 -9.77 

310 -8.17 -6.40 -7.49 -10.12 -6.15 -5.18 -10.06 

300 -8.48 -6.71 -7.81 -10.42 -6.14 -5.05 -10.38 

290 -8.60 -6.84 -7.94 -10.53 -6.10 -5.05 -10.52 

280 -8.73 -6.97 -8.07 -10.66 -6.07 -5.06 -10.68 

270 -8.87 -7.11 -8.22 -10.79 -6.04 -5.07 -10.84 

260 -9.01 -7.26 -8.37 -10.92 -6.02 -5.09 -11.01 

250 -9.17 -7.41 -8.53 -11.06 -6.00 -5.10 -11.18 

240 -9.33 -7.57 -8.69 -11.21 -5.99 -5.11 -11.37 

230 -9.49 -7.74 -8.86 -11.37 -5.97 -5.13 -11.57 

220 -9.67 -7.92 -9.05 -11.53 -5.97 -5.15 -11.78 

210 -9.86 -8.11 -9.23 -11.70 -5.97 -5.17 -12.01 

200 -10.06 -8.31 -9.43 -11.88 -5.98 -5.19 -12.24 

Model Id: Activity of Ag Species with Cooling 

T ◦C AgCl0           AgCl2
-          AgCl3

2-         AgCl4
3-         AgHS0         AgHS2

-       Ag+             

400 -6.64 -4.85 -5.96 -8.73 -7.52 -7.70 -8.46 

390 -6.56 -4.77 -5.88 -8.63 -7.36 -7.64 -8.38 

380 -6.49 -4.70 -5.80 -8.53 -7.20 -7.58 -8.31 

370 -6.42 -4.63 -5.73 -8.44 -7.04 -7.52 -8.25 

360 -6.36 -4.57 -5.66 -8.36 -6.88 -7.46 -8.19 

350 -6.30 -4.52 -5.61 -8.29 -6.72 -7.40 -8.14 

340 -6.25 -4.46 -5.55 -8.22 -6.57 -7.35 -8.09 

330 -6.19 -4.42 -5.50 -8.16 -6.42 -7.29 -8.05 
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Table H.4: Continued. 

 

 

  

 

 

 

 

 

 

 

 

320 -6.15 -4.37 -5.46 -8.10 -6.27 -7.23 -8.02 

310 -6.10 -4.33 -5.42 -8.05 -6.12 -7.18 -7.99 

300 -6.15 -4.38 -5.47 -8.09 -6.06 -7.21 -8.05 

290 -6.23 -4.46 -5.56 -8.16 -6.02 -7.26 -8.15 

280 -6.31 -4.55 -5.65 -8.24 -5.99 -7.32 -8.26 

270 -6.41 -4.65 -5.76 -8.33 -5.96 -7.36 -8.38 

260 -6.53 -4.77 -5.88 -8.43 -5.94 -7.41 -8.52 

250 -6.65 -4.90 -6.01 -8.55 -5.92 -7.45 -8.67 

240 -6.80 -5.04 -6.16 -8.68 -5.90 -7.48 -8.84 

230 -6.96 -5.20 -6.32 -8.82 -5.89 -7.51 -9.03 

220 -7.13 -5.38 -6.50 -8.98 -5.89 -7.53 -9.24 

210 -7.32 -5.57 -6.69 -9.15 -5.89 -7.55 -9.46 

200 -7.52 -5.77 -6.89 -9.33 -5.90 -7.57 -9.70 
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APPENDIX I 

LOG ACTIVITY OF PB COMPLEXES IN MODEL I FLUIDS 

Table I.1: Log activity of Pb species in cooling model Ia. 

 

 

Model Ia: Activity of Pb Species with Cooling 

T ◦C PbCl+           PbCl2
0         PbCl3

-          PbCl4
2-         PbHS2        PbHS3

-      Pb2+            PbO0            

400 -6.53 -4.76 -5.00 -6.42 -5.00 -7.14 -10.19 -9.21 

390 -6.50 -4.78 -5.02 -6.39 -5.01 -7.19 -10.08 -9.38 

380 -6.47 -4.80 -5.04 -6.37 -5.02 -7.23 -9.98 -9.55 

370 -6.45 -4.83 -5.06 -6.36 -5.03 -7.28 -9.89 -9.72 

360 -6.43 -4.84 -5.08 -6.34 -5.04 -7.33 -9.79 -9.90 

350 -6.69 -5.15 -5.38 -6.61 -5.06 -7.26 -9.98 -10.08 

340 -7.20 -5.70 -5.93 -7.13 -5.14 -7.15 -10.42 -10.21 

330 -7.15 -5.69 -5.93 -7.10 -5.15 -7.23 -10.30 -10.41 

320 -7.11 -5.69 -5.93 -7.07 -5.17 -7.31 -10.18 -10.62 

310 -7.07 -5.69 -5.93 -7.05 -5.19 -7.39 -10.08 -10.84 

300 -7.04 -5.69 -5.94 -7.03 -5.22 -7.48 -9.97 -11.06 

290 -7.02 -5.71 -5.97 -7.03 -5.24 -7.57 -9.89 -11.29 

280 -7.01 -5.73 -6.00 -7.03 -5.27 -7.66 -9.80 -11.53 

270 -7.00 -5.76 -6.03 -7.04 -5.30 -7.75 -9.73 -11.78 

260 -7.00 -5.80 -6.07 -7.06 -5.34 -7.85 -9.66 -12.04 

250 -7.38 -6.22 -6.50 -7.46 -5.38 -7.78 -9.98 -12.30 

240 -7.97 -6.84 -7.12 -8.07 -5.44 -7.62 -10.50 -12.57 

230 -8.57 -7.48 -7.77 -8.69 -5.49 -7.45 -11.04 -12.85 

220 -9.17 -8.11 -8.41 -9.31 -5.56 -7.31 -11.58 -13.13 

210 -9.76 -8.72 -9.03 -9.90 -5.64 -7.20 -12.09 -13.42 

200 -10.31 -9.31 -9.62 -10.48 -5.74 -7.13 -12.59 -13.71 
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Table I.2: Log activity of Pb species in cooling model Ib. 

 

Table I.3: Log activity of Pb species in cooling model Ic. 

 

Model Ib: Activity of Pb Species with Cooling 

T ◦C PbCl+           PbCl2
0         PbCl3

-          PbCl4
2-         PbHS2        PbHS3

-      Pb2+            PbO0            

400 -5.48 -3.72 -3.95 -5.37 -4.95 -7.58 -9.15 -9.27 

390 -5.42 -3.70 -3.93 -5.31 -4.96 -7.64 -9.00 -9.43 

380 -5.36 -3.69 -3.92 -5.26 -4.96 -7.70 -8.87 -9.60 

370 -5.44 -3.81 -4.05 -5.35 -4.99 -7.72 -8.88 -9.76 

360 -5.88 -4.30 -4.53 -5.80 -5.04 -7.60 -9.25 -9.91 

350 -5.86 -4.31 -4.55 -5.78 -5.05 -7.66 -9.15 -10.09 

340 -5.83 -4.33 -4.56 -5.76 -5.07 -7.72 -9.05 -10.29 

330 -5.80 -4.34 -4.58 -5.75 -5.08 -7.80 -8.95 -10.49 

320 -5.78 -4.36 -4.60 -5.74 -5.10 -7.87 -8.86 -10.69 

310 -5.77 -4.39 -4.63 -5.75 -5.12 -7.94 -8.77 -10.91 

300 -5.76 -4.42 -4.67 -5.76 -5.15 -8.01 -8.70 -11.13 

290 -5.77 -4.46 -4.72 -5.78 -5.17 -8.09 -8.63 -11.36 

280 -5.78 -4.51 -4.77 -5.81 -5.20 -8.17 -8.58 -11.60 

270 -6.19 -4.95 -5.22 -6.23 -5.26 -8.10 -8.92 -11.82 

260 -6.59 -5.39 -5.66 -6.65 -5.34 -8.05 -9.26 -12.04 

250 -7.12 -5.95 -6.23 -7.19 -5.39 -7.93 -9.71 -12.29 

240 -7.74 -6.61 -6.89 -7.83 -5.45 -7.75 -10.27 -12.55 

230 -7.83 -6.73 -7.02 -7.94 -5.49 -7.82 -10.29 -12.85 

220 -7.93 -6.86 -7.16 -8.06 -5.54 -7.90 -10.33 -13.15 

210 -8.05 -7.01 -7.32 -8.19 -5.59 -7.98 -10.39 -13.47 

200 -8.18 -7.18 -7.49 -8.34 -5.65 -8.05 -10.46 -13.81 

Model Ic: Activity of Pb Species with Cooling 

T ◦C PbCl+           PbCl2
0         PbCl3

-          PbCl4
2-         PbHS2        PbHS3

-      Pb2+            PbO0            

400 -8.50 -6.72 -6.96 -8.36 -4.93 -6.04 -12.16 -9.29 

390 -8.50 -6.78 -7.01 -8.38 -4.93 -6.06 -12.09 -9.46 
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Table I.3: Continued. 

 

 

Table I.4: Log activity of Pb species in cooling model Id. 

 

380 -8.51 -6.84 -7.07 -8.40 -4.94 -6.09 -12.03 -9.63 

370 -8.53 -6.90 -7.13 -8.42 -4.95 -6.12 -11.98 -9.80 

360 -8.56 -6.97 -7.20 -8.46 -4.96 -6.15 -11.93 -9.98 

350 -8.59 -7.04 -7.28 -8.50 -4.97 -6.18 -11.88 -10.17 

340 -8.63 -7.12 -7.36 -8.55 -4.99 -6.21 -11.85 -10.36 

330 -8.67 -7.21 -7.45 -8.61 -5.01 -6.24 -11.82 -10.56 

320 -8.72 -7.30 -7.54 -8.68 -5.03 -6.28 -11.80 -10.77 

310 -9.10 -7.71 -7.96 -9.07 -5.07 -6.20 -12.11 -10.95 

300 -9.54 -8.20 -8.45 -9.53 -5.15 -6.12 -12.48 -11.13 

290 -9.62 -8.31 -8.56 -9.62 -5.17 -6.17 -12.49 -11.36 

280 -9.70 -8.43 -8.69 -9.72 -5.20 -6.21 -12.50 -11.60 

270 -9.79 -8.55 -8.82 -9.83 -5.23 -6.25 -12.52 -11.85 

260 -9.89 -8.69 -8.96 -9.94 -5.27 -6.30 -12.55 -12.11 

250 -10.00 -8.83 -9.11 -10.07 -5.30 -6.35 -12.59 -12.38 

240 -10.11 -8.98 -9.26 -10.21 -5.34 -6.40 -12.64 -12.66 

230 -10.24 -9.14 -9.43 -10.35 -5.39 -6.46 -12.71 -12.95 

220 -10.38 -9.31 -9.61 -10.51 -5.43 -6.52 -12.78 -13.26 

210 -10.53 -9.49 -9.80 -10.67 -5.49 -6.58 -12.87 -13.58 

200 -10.69 -9.69 -10.00 -10.85 -5.54 -6.64 -12.97 -13.91 

Model Id: Activity of Pb Species with Cooling 

T ◦C PbCl+           PbCl2
0         PbCl3

-          PbCl4
2-         PbHS2        PbHS3

-      Pb2+            PbO0            

400 -5.45 -3.68 -3.91 -5.31 -4.83 -7.42 -9.12 -9.39 

390 -5.36 -3.64 -3.86 -5.23 -4.84 -7.49 -8.95 -9.55 

380 -5.28 -3.60 -3.83 -5.16 -4.85 -7.56 -8.80 -9.72 

370 -5.21 -3.58 -3.81 -5.10 -4.86 -7.64 -8.66 -9.89 

360 -5.15 -3.56 -3.79 -5.05 -4.87 -7.71 -8.52 -10.07 

350 -5.09 -3.54 -3.77 -5.00 -4.88 -7.79 -8.39 -10.26 
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Table I.4: Continued. 

 

 

 

 

 

 

 

 

 

 

340 -5.04 -3.53 -3.76 -4.96 -4.90 -7.87 -8.26 -10.45 

330 -4.99 -3.52 -3.76 -4.93 -4.92 -7.95 -8.14 -10.65 

320 -4.95 -3.52 -3.76 -4.90 -4.93 -8.03 -8.03 -10.86 

310 -4.91 -3.53 -3.77 -4.88 -4.96 -8.12 -7.92 -11.07 

300 -4.88 -3.54 -3.78 -4.87 -4.98 -8.20 -7.82 -11.29 

290 -4.87 -3.56 -3.81 -4.87 -5.01 -8.29 -7.73 -11.53 

280 -4.86 -3.59 -3.85 -4.88 -5.04 -8.38 -7.66 -11.76 

270 -4.88 -3.64 -3.90 -4.91 -5.07 -8.46 -7.61 -12.01 

260 -4.91 -3.71 -3.98 -4.97 -5.10 -8.54 -7.58 -12.27 

250 -4.97 -3.80 -4.08 -5.04 -5.14 -8.62 -7.57 -12.54 

240 -5.06 -3.92 -4.20 -5.14 -5.18 -8.69 -7.59 -12.82 

230 -5.16 -4.06 -4.35 -5.27 -5.22 -8.76 -7.63 -13.11 

220 -5.29 -4.22 -4.52 -5.42 -5.27 -8.82 -7.69 -13.42 

210 -5.44 -4.41 -4.71 -5.58 -5.32 -8.88 -7.78 -13.74 

200 -5.61 -4.60 -4.91 -5.77 -5.38 -8.94 -7.88 -14.07 
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APPENDIX J 

LOG ACTIVITY OF ZN COMPLEXES IN MODEL I FLUIDS 

Table J.1: Log activity of Zn species in cooling model Ia. 

 

Model Ia: Activity of Zn Species with Cooling 

T ◦C 
 

ZnCl+           ZnCl2
0          ZnCl3

-          ZnCl4
2-         ZnHS2

0        ZnHS3
-        ZnHS4

2-       Zn(HS)2(OH)-    ZnOH+           ZnO0            Zn2+            

400 -6.78 -4.64 -3.69 -4.97 -5.78 -8.56 -9.37 -13.59 -9.66 -10.00 -11.77 

390 -6.69 -4.61 -3.68 -4.90 -5.76 -8.51 -9.43 -13.38 -9.61 -10.04 -11.53 

380 -6.60 -4.58 -3.67 -4.82 -5.74 -8.46 -9.48 -13.16 -9.55 -10.08 -11.28 

370 -6.51 -4.56 -3.66 -4.75 -5.71 -8.39 -9.53 -12.94 -9.50 -10.11 -11.04 

360 -6.42 -4.53 -3.66 -4.69 -5.70 -8.35 -9.59 -12.75 -9.45 -10.16 -10.79 

350 -6.33 -4.50 -3.66 -4.62 -5.41 -7.89 -9.11 -12.13 -9.26 -9.92 -10.55 

340 -6.80 -5.03 -4.20 -5.10 -5.49 -7.71 -8.81 -11.74 -9.50 -9.97 -10.88 

330 -6.76 -5.06 -4.24 -5.09 -5.58 -7.78 -9.01 -11.67 -9.54 -10.13 -10.70 

320 -6.73 -5.09 -4.29 -5.08 -5.67 -7.85 -9.21 -11.60 -9.59 -10.31 -10.53 

310 -6.71 -5.13 -4.35 -5.08 -5.76 -7.93 -9.40 -11.54 -9.64 -10.49 -10.36 

300 -6.68 -5.17 -4.41 -5.09 -5.85 -8.00 -9.60 -11.48 -9.69 -10.68 -10.19 

290 -6.66 -5.21 -4.47 -5.09 -5.94 -8.08 -9.80 -11.42 -9.75 -10.87 -10.04 

280 -6.64 -5.25 -4.53 -5.10 -6.03 -8.15 -9.99 -11.36 -9.82 -11.08 -9.89 

270 -6.62 -5.30 -4.60 -5.12 -6.13 -8.23 -10.19 -11.31 -9.89 -11.29 -9.74 

260 -6.61 -5.36 -4.68 -5.15 -6.22 -8.31 -10.38 -11.26 -9.97 -11.52 -9.59 

            



140 
 

Table J.1: Continued. 

 

Table J.2: Log activity of Zn species in cooling model Ib. 

 

 

 

 

 

 

 

 

250 -6.98 -5.79 -5.14 -5.56 -6.33 -8.21 -10.22 -11.04 -10.23 -11.74 -9.83 

240 -7.55 -6.43 -5.80 -6.17 -6.44 -8.03 -9.87 -10.72 -10.60 -11.98 -10.27 

230 -8.14 -7.08 -6.47 -6.79 -6.56 -7.84 -9.52 -10.41 -10.98 -12.22 -10.72 

220 -8.72 -7.73 -7.15 -7.42 -6.68 -7.67 -9.19 -10.11 -11.35 -12.47 -11.17 

210 -9.28 -8.36 -7.80 -8.02 -6.81 -7.53 -8.90 -9.84 -11.72 -12.73 -11.59 

200 -9.81 -8.96 -8.42 -8.60 -6.96 -7.44 -8.69 -9.59 -12.06 -12.98 -11.98 

Model Ib: Activity of Zn Species with Cooling 

T ◦C ZnCl+           ZnCl2
0          ZnCl3

-          ZnCl4
2-         ZnHS2

0        ZnHS3
-        ZnHS4

2-       ZnOH+           Zn2+            

400 -6.78 -4.64 -3.68 -4.97 -6.76 -10.05 -11.34 -10.21 -11.77 

390 -6.69 -4.61 -3.67 -4.89 -6.78 -10.05 -11.48 -10.17 -11.53 

380 -6.60 -4.58 -3.67 -4.82 -6.79 -10.04 -11.60 -10.14 -11.28 

370 -6.51 -4.55 -3.66 -4.75 -6.69 -9.85 -11.47 -10.03 -11.04 

360 -6.42 -4.53 -3.66 -4.68 -6.24 -9.16 -10.68 -9.73 -10.80 

350 -6.33 -4.50 -3.66 -4.62 -6.22 -9.12 -10.75 -9.68 -10.55 

340 -6.25 -4.49 -3.66 -4.56 -6.25 -9.11 -10.86 -9.67 -10.33 

330 -6.17 -4.47 -3.66 -4.50 -6.27 -9.11 -10.98 -9.66 -10.11 

320 -6.10 -4.46 -3.66 -4.45 -6.29 -9.10 -11.08 -9.65 -9.89 

310 -6.02 -4.44 -3.66 -4.39 -6.30 -9.09 -11.18 -9.63 -9.67 
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Table J.2:Continued. 

 

 

 

 

 

 

Table J.3: Log activity of Zn species in cooling model Ic. 

 

 

 

 

300 -5.94 -4.43 -3.66 -4.34 -6.30 -9.06 -11.27 -9.62 -9.45 

290 -5.86 -4.41 -3.67 -4.29 -6.32 -9.05 -11.36 -9.61 -9.24 

280 -5.78 -4.40 -3.68 -4.25 -6.33 -9.03 -11.44 -9.61 -9.03 

270 -5.81 -4.49 -3.79 -4.31 -6.08 -8.57 -10.91 -9.51 -8.92 

260 -6.20 -4.95 -4.27 -4.74 -6.22 -8.51 -10.79 -9.77 -9.19 

250 -6.71 -5.53 -4.87 -5.29 -6.34 -8.36 -10.51 -10.10 -9.56 

240 -7.32 -6.20 -5.57 -5.93 -6.45 -8.16 -10.12 -10.48 -10.04 

230 -7.39 -6.34 -5.73 -6.05 -6.55 -8.21 -10.26 -10.61 -9.97 

220 -7.48 -6.49 -5.90 -6.17 -6.66 -8.26 -10.38 -10.74 -9.92 

210 -7.57 -6.65 -6.09 -6.31 -6.76 -8.31 -10.51 -10.89 -9.88 

200 -7.68 -6.83 -6.29 -6.47 -6.86 -8.36 -10.63 -11.04 -9.85 

Model Ic: Activity of Zn Species with Cooling 

T ◦C ZnCl+           ZnCl2
0          ZnCl3

-          ZnCl4
2-         ZnHS2

0        ZnHS3
-        ZnHS4

2-       Zn(HS)2(OH)-    ZnOH+           ZnO0            

400 -7.91 -5.76 -4.81 -6.09 -4.86 -6.62 -6.40 -11.72 -9.85 -9.25 

390 -7.96 -5.87 -4.93 -6.14 -4.94 -6.65 -6.52 -11.59 -9.91 -9.38 

380 -8.00 -5.98 -5.06 -6.21 -5.02 -6.67 -6.63 -11.46 -9.98 -9.51 

370 -8.06 -6.09 -5.20 -6.28 -5.10 -6.70 -6.75 -11.33 -10.05 -9.65 

360 -8.11 -6.22 -5.34 -6.36 -5.18 -6.72 -6.86 -11.20 -10.12 -9.80 
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Table J.3: Continued. 

 

 

 

 

 

 

 

 

Table J.4: Log activity of Zn species in cooling model Id. 

  

 

 

350 -8.18 -6.35 -5.50 -6.46 -5.26 -6.75 -6.97 -11.08 -10.20 -9.96 

340 -8.23 -6.46 -5.63 -6.53 -5.35 -6.77 -7.08 -10.95 -10.29 -10.11 

330 -8.29 -6.58 -5.76 -6.60 -5.43 -6.80 -7.19 -10.84 -10.37 -10.28 

320 -8.35 -6.71 -5.90 -6.69 -5.52 -6.83 -7.30 -10.72 -10.47 -10.45 

310 -8.73 -7.15 -6.37 -7.10 -5.64 -6.74 -7.14 -10.46 -10.71 -10.61 

300 -9.19 -7.67 -6.91 -7.59 -5.78 -6.65 -6.96 -10.19 -10.98 -10.75 

290 -9.25 -7.81 -7.06 -7.68 -5.87 -6.67 -7.06 -10.08 -11.09 -10.94 

280 -9.33 -7.94 -7.22 -7.79 -5.96 -6.70 -7.16 -9.98 -11.20 -11.15 

270 -9.41 -8.09 -7.39 -7.91 -6.06 -6.73 -7.26 -9.88 -11.32 -11.36 

260 -9.49 -8.24 -7.56 -8.03 -6.15 -6.76 -7.35 -9.78 -11.45 -11.59 

250 -9.59 -8.40 -7.75 -8.16 -6.25 -6.79 -7.45 -9.69 -11.58 -11.82 

240 -9.69 -8.57 -7.94 -8.31 -6.35 -6.82 -7.54 -9.60 -11.72 -12.07 

230 -9.80 -8.75 -8.14 -8.46 -6.45 -6.85 -7.64 -9.52 -11.87 -12.33 

220 -9.92 -8.93 -8.35 -8.62 -6.55 -6.88 -7.73 -9.44 -12.02 -12.60 

210 -10.05 -9.13 -8.57 -8.80 -6.66 -6.92 -7.82 -9.37 -12.18 -12.88 

200 -10.19 -9.33 -8.80 -8.98 -6.76 -6.95 -7.91 -9.31 -12.35 -13.18 

Model Id: Activity of Zn Species with Cooling 

T ◦C ZnCl+           ZnCl2
0          ZnCl3

-          ZnCl4
2-         ZnHS2

0        ZnHS3
-        ZnOH+           Zn2+            

400 -6.79 -4.64 -3.68 -4.96 -6.69 -9.93 -10.29 -11.78 

390 -6.70 -4.61 -3.67 -4.88 -6.73 -9.97 -10.27 -11.54 
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Table J.4: Continued. 

 
380 -6.61 -4.59 -3.66 -4.81 -6.76 -9.99 -10.25 -11.30 

370 -6.52 -4.56 -3.66 -4.74 -6.79 -10.00 -10.22 -11.05 

360 -6.43 -4.53 -3.66 -4.68 -6.81 -10.01 -10.19 -10.81 

350 -6.34 -4.51 -3.66 -4.61 -6.83 -10.02 -10.16 -10.56 

340 -6.26 -4.49 -3.65 -4.55 -6.88 -10.05 -10.16 -10.34 

330 -6.18 -4.47 -3.65 -4.50 -6.92 -10.08 -10.16 -10.12 

320 -6.10 -4.46 -3.66 -4.44 -6.96 -10.11 -10.15 -9.90 

310 -6.02 -4.44 -3.66 -4.39 -6.99 -10.12 -10.15 -9.68 

300 -5.94 -4.43 -3.66 -4.34 -7.02 -10.14 -10.15 -9.46 

290 -5.86 -4.41 -3.67 -4.29 -7.06 -10.16 -10.16 -9.25 

280 -5.78 -4.40 -3.68 -4.24 -7.09 -10.16 -10.16 -9.04 

270 -5.70 -4.38 -3.68 -4.20 -7.10 -10.14 -10.16 -8.82 

260 -5.62 -4.37 -3.69 -4.16 -7.09 -10.10 -10.15 -8.61 

250 -5.54 -4.36 -3.70 -4.11 -7.06 -10.03 -10.13 -8.40 
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APPENDIX K 

LOG ACTIVITY OF FE COMPLEXES IN MODEL I FLUIDS 

Table K.1: Log activity of Fe species in cooling model Ia. 

 

 

 

Model Ia: Activity of Fe Species with Cooling 

T ◦C FeCl+          FeCl2
0          HFeO2

0          HFeO2
-          FeOH+           FeO0            FeO2

-           Fe2+            

400 -7.09 -4.58 -10.25 -10.59 -8.63 -8.78 -10.14 -9.52 

390 -7.13 -4.80 -10.48 -10.97 -8.76 -9.07 -10.49 -9.49 

380 -7.18 -5.03 -10.71 -11.36 -8.89 -9.37 -10.85 -9.46 

370 -7.24 -5.26 -10.95 -11.75 -9.04 -9.68 -11.22 -9.44 

360 -7.29 -5.49 -11.19 -12.16 -9.18 -10.00 -11.60 -9.41 

350 -7.55 -5.93 -11.39 -12.34 -9.38 -10.23 -11.80 -9.59 

340 -7.94 -6.50 -11.47 -12.22 -9.58 -10.31 -11.73 -9.90 

330 -7.98 -6.73 -11.75 -12.69 -9.73 -10.65 -12.17 -9.87 

320 -8.02 -6.97 -12.04 -13.16 -9.89 -11.01 -12.63 -9.83 

310 -8.07 -7.22 -12.34 -13.64 -10.06 -11.38 -13.10 -9.81 

300 -8.13 -7.47 -12.65 -14.14 -10.24 -11.75 -13.58 -9.79 

290 -8.19 -7.75 -12.97 -14.64 -10.42 -12.13 -14.07 -9.78 

280 -8.27 -8.03 -13.30 -15.15 -10.61 -12.53 -14.58 -9.77 

270 -8.34 -8.32 -13.65 -15.67 -10.82 -12.93 -15.10 -9.78 

260 -8.43 -8.63 -14.01 -16.21 -11.03 -13.34 -15.64 -9.79 

250 -8.79 -9.22 -14.31 -16.45 -11.33 -13.65 -15.93 -10.08 

240 -9.31 -9.97 -14.61 -16.55 -11.68 -13.92 -16.11 -10.53 

230 -9.84 -10.74 -14.91 -16.66 -12.05 -14.20 -16.31 -10.99 

220 -10.36 -11.51 -15.22 -16.78 -12.41 -14.49 -16.51 -11.44 

210 -10.86 -12.26 -15.54 -16.90 -12.77 -14.77 -16.73 -11.87 

200 -11.33 -12.99 -15.85 -17.05 -13.10 -15.05 -16.96 -12.28 
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Table K.2: Log activity of Fe species in cooling model Ib. 

 

Table K.3: Log activity of Fe species in cooling model Ic. 

Model Ib: Activity of Fe Species with Cooling 

T ◦C FeCl+          FeCl2
0          HFeO2

0          FeOH+           FeO0            FeO2
-           Fe2+            

400 -6.31 -3.80 -10.47 -8.40 -9.10 -10.90 -8.74 

390 -6.32 -3.99 -10.70 -8.52 -9.40 -11.28 -8.68 

380 -6.35 -4.19 -10.93 -8.65 -9.71 -11.65 -8.63 

370 -6.47 -4.49 -11.12 -8.79 -9.96 -11.92 -8.66 

360 -6.83 -5.03 -11.24 -8.99 -10.09 -11.92 -8.95 

350 -6.88 -5.27 -11.50 -9.14 -10.41 -12.32 -8.93 

340 -6.94 -5.50 -11.76 -9.30 -10.74 -12.74 -8.90 

330 -6.99 -5.75 -12.04 -9.45 -11.09 -13.17 -8.88 

320 -7.05 -6.00 -12.32 -9.62 -11.44 -13.61 -8.86 

310 -7.12 -6.26 -12.62 -9.79 -11.79 -14.06 -8.85 

300 -7.19 -6.54 -12.92 -9.97 -12.16 -14.53 -8.85 

290 -7.28 -6.83 -13.24 -10.16 -12.54 -15.01 -8.86 

280 -7.37 -7.13 -13.57 -10.36 -12.92 -15.50 -8.88 

270 -7.73 -7.71 -13.81 -10.63 -13.17 -15.69 -9.16 

260 -8.07 -8.27 -14.03 -10.87 -13.39 -15.87 -9.43 

250 -8.53 -8.95 -14.30 -11.19 -13.64 -16.04 -9.82 

240 -9.07 -9.73 -14.58 -11.55 -13.90 -16.20 -10.29 

230 -9.23 -10.13 -14.98 -11.81 -14.34 -16.75 -10.38 

220 -9.40 -10.54 -15.40 -12.08 -14.79 -17.32 -10.48 

210 -9.58 -10.98 -15.83 -12.37 -15.25 -17.90 -10.59 

200 -9.78 -11.44 -16.28 -12.67 -15.73 -18.51 -10.73 

Model Ic: Activity of Fe Species with Cooling 

T ◦C FeCl+          FeCl2
0          HFeO2

0          HFeO2
-          FeOH+           FeO0            FeO2

-           Fe2+            

400 -8.53 -6.02 -10.11 -9.20 -9.13 -8.33 -9.04 -10.97 

390 -8.60 -6.27 -10.33 -9.55 -9.27 -8.62 -9.37 -10.97 

380 -8.68 -6.52 -10.55 -9.91 -9.41 -8.91 -9.71 -10.96 
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Table K.3: Continued. 

 

Table K.4: Log activity of Fe species in cooling model Id. 

 

 

 

 

 

 

 

370 -8.77 -6.78 -10.79 -10.27 -9.56 -9.21 -10.05 -10.97 

360 -8.86 -7.05 -11.03 -10.64 -9.72 -9.51 -10.41 -10.98 

350 -8.95 -7.33 -11.28 -11.02 -9.88 -9.82 -10.77 -11.00 

340 -9.05 -7.62 -11.53 -11.41 -10.05 -10.14 -11.15 -11.02 

330 -9.16 -7.91 -11.80 -11.80 -10.23 -10.46 -11.53 -11.05 

320 -9.27 -8.22 -12.08 -12.21 -10.41 -10.79 -11.93 -11.09 

310 -9.59 -8.74 -12.26 -12.30 -10.63 -10.99 -12.07 -11.33 

300 -9.94 -9.28 -12.41 -12.29 -10.83 -11.13 -12.12 -11.60 

290 -10.07 -9.63 -12.71 -12.72 -11.04 -11.49 -12.55 -11.66 

280 -10.22 -9.98 -13.03 -13.16 -11.25 -11.85 -13.00 -11.73 

270 -10.37 -10.35 -13.37 -13.62 -11.48 -12.23 -13.46 -11.80 

260 -10.53 -10.73 -13.72 -14.08 -11.72 -12.62 -13.94 -11.89 

250 -10.70 -11.12 -14.08 -14.55 -11.96 -13.02 -14.43 -11.99 

240 -10.87 -11.53 -14.46 -15.04 -12.22 -13.44 -14.94 -12.09 

230 -11.06 -11.96 -14.85 -15.54 -12.49 -13.86 -15.46 -12.21 

220 -11.26 -12.40 -15.26 -16.06 -12.77 -14.30 -16.01 -12.34 

210 -11.46 -12.86 -15.69 -16.58 -13.06 -14.76 -16.57 -12.48 

200 -11.68 -13.34 -16.14 -17.13 -13.37 -15.23 -17.16 -12.63 

Model Id: Activity of Fe Species with Cooling 

T ◦C FeCl+          FeCl2
0          HFeO2

0          FeOH+           FeO0            FeO2
-           Fe2+            

400 -5.69 -3.18 -10.36 -7.87 -8.64 -10.86 -8.14 

390 -5.59 -3.25 -10.53 -7.87 -8.84 -11.19 -7.95 

380 -5.46 -3.30 -10.70 -7.86 -9.01 -11.52 -7.74 

370 -5.32 -3.33 -10.86 -7.82 -9.17 -11.84 -7.52 

360 -5.17 -3.37 -11.03 -7.79 -9.33 -12.16 -7.30 

350 -5.03 -3.41 -11.20 -7.76 -9.49 -12.50 -7.08 

340 -4.89 -3.45 -11.39 -7.73 -9.66 -12.84 -6.86 
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Table K.4: Continued. 

 

 

 

 

 

  

 

 

 

 

 

330 -4.75 -3.51 -11.58 -7.71 -9.83 -13.20 -6.65 

320 -4.63 -3.57 -11.78 -7.70 -10.01 -13.57 -6.44 

310 -4.51 -3.65 -11.99 -7.70 -10.21 -13.95 -6.25 

300 -4.40 -3.74 -12.22 -7.71 -10.41 -14.34 -6.06 

290 -4.30 -3.86 -12.45 -7.73 -10.63 -14.75 -5.89 

280 -4.22 -3.99 -12.71 -7.76 -10.86 -15.17 -5.74 

270 -4.16 -4.14 -12.97 -7.82 -11.11 -15.60 -5.60 

260 -4.12 -4.32 -13.25 -7.88 -11.36 -16.04 -5.49 

250 -4.10 -4.52 -13.53 -7.96 -11.61 -16.48 -5.39 

240 -4.09 -4.75 -13.84 -8.04 -11.87 -16.93 -5.31 

230 -4.09 -4.99 -14.15 -8.14 -12.14 -17.38 -5.24 

220 -4.11 -5.26 -14.47 -8.25 -12.41 -17.85 -5.20 

210 -4.14 -5.54 -14.82 -8.37 -12.69 -18.32 -5.16 

200 -4.19 -5.85 -15.17 -8.49 -12.97 -18.81 -5.13 
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APPENDIX L 

LOG ACTIVITY OF AU COMPLEXES IN MODEL II FLUIDS 

Figure L.1: Log activity of Au species in isothermal pH titration model IIa. 

 

 

 

 

 

 

 

 

Figure L.2: Log activity of Au species in isothermal pH titration model IIb. 

 

 

 

 

Model IIa: Activity of Au Species with Changing pH 

pH AuCl0 AuCl2
-        AuCl3

2-         AuHS0           AuHS2
-        AuOH0         Au+              

2.00 -7.02 -7.78 -7.33 -18.11 -7.66 -5.11 -6.86 

2.50 -6.61 -8.35 -7.40 -17.68 -8.24 -5.18 -7.44 

3.00 -6.11 -8.91 -7.46 -17.24 -8.80 -5.22 -8.00 

3.50 -5.71 -9.49 -7.55 -16.83 -9.38 -5.31 -8.59 

4.00 -5.33 -10.10 -7.66 -16.44 -9.99 -5.42 -9.19 

4.51 -4.95 -10.71 -7.76 -16.03 -10.59 -5.53 -9.80 

4.99 -4.87 -11.58 -8.14 -15.93 -11.46 -5.93 -10.67 

5.49 -4.86 -12.52 -8.59 -15.88 -12.41 -6.39 -11.61 

6.01 -4.85 -13.50 -9.05 -15.82 -13.39 -6.88 -12.60 

6.51 -4.85 -14.17 -9.22 -15.49 -14.07 -7.22 -13.27 

7.00 -4.85 -14.58 -9.12 -14.90 -14.47 -7.42 -13.67 

Model IIb: Activity of Au Species with Changing pH 

pH AuCl0 AuCl2
- AuCl3

2- AuHS0 AuHS2
- AuOH0 Au+ 

2.00 -7.68 -6.77 -7.56 -5.09 -7.10 -7.24 -12.10 

2.50 -8.27 -7.36 -8.16 -5.17 -6.67 -7.31 -12.68 

3.00 -8.85 -7.95 -8.75 -5.26 -6.26 -7.39 -13.26 

3.50 -9.43 -8.52 -9.32 -5.31 -5.79 -7.48 -13.85 

4.00 -10.04 -9.13 -9.93 -5.43 -5.41 -7.59 -14.46 

4.51 -10.67 -9.76 -10.55 -5.57 -5.06 -7.72 -15.08 
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Figure L.2: Continued. 

 

  

 

 

 

Figure L.3: Log activity of Au species in isothermal pH titration model IIc. 

 

 

 

 

 

 

 

 

Model IIc: Activity of Au Species with Changing pH 

pH AuCl0 AuCl2
- AuCl3

2- AuHS0 AuHS2
- AuOH0 Au+ 

2.00 -10.41 -8.99 -10.01 -5.20 -6.21 -9.02 -15.48 

2.50 -11.00 -9.58 -10.60 -5.31 -5.85 -9.12 -16.07 

3.00 -11.62 -10.19 -11.22 -5.44 -5.48 -9.23 -16.69 

3.50 -12.24 -10.82 -11.84 -5.57 -5.11 -9.35 -17.31 

4.00 -12.88 -11.45 -12.48 -5.70 -4.74 -9.48 -17.95 

4.51 -13.82 -12.40 -13.42 -6.17 -4.72 -9.94 -18.90 

4.99 -14.77 -13.35 -14.37 -6.64 -4.72 -10.38 -19.84 

5.49 -15.81 -14.39 -15.41 -7.16 -4.72 -10.92 -20.88 

6.01 -16.50 -15.08 -16.10 -7.50 -4.71 -11.10 -21.57 

6.51 -16.89 -15.48 -16.50 -7.70 -4.71 -11.01 -21.97 

7.00 -17.08 -15.66 -16.68 -7.79 -4.71 -10.69 -22.15 

4.99 -11.46 -10.55 -11.34 -5.87 -4.87 -8.01 -15.88 

5.49 -12.39 -11.48 -12.28 -6.33 -4.86 -8.45 -16.81 

6.01 -13.36 -12.45 -13.25 -6.81 -4.85 -8.91 -17.77 

6.51 -14.04 -13.14 -13.93 -7.15 -4.85 -9.09 -18.45 

7.00 -14.44 -13.54 -14.34 -7.35 -4.85 -8.99 -18.85 



150 
 

 

APPENDIX M 

LOG ACTIVITY OF CU COMPLEXES IN MODEL II FLUIDS 

 Table M.1: Log activity of Cu species in isothermal pH titration model IIa. 

 

 

 

 

 

Model IIa: Activity of Cu Species with Changing pH 

pH CuCl0           CuCl2
-        CuCl3

2-       CuCl4
3-         CuCl+            CuCl2

0           CuCl3
-           CuHS0           CuHS2

-        CuOH Cu+             

2.00 -3.19 -2.53 -5.66 -6.72 -8.43 -7.67 -9.21 -4.28 -10.04 -8.90 -6.31 

2.50 -3.16 -2.51 -5.65 -6.71 -8.91 -8.16 -9.71 -3.80 -9.13 -8.35 -6.27 

3.00 -3.37 -2.72 -5.85 -6.90 -9.64 -8.88 -10.43 -3.77 -8.85 -8.06 -6.49 

3.50 -3.80 -3.14 -6.26 -7.31 -10.60 -9.83 -11.37 -3.88 -8.63 -8.00 -6.92 

4.00 -4.35 -3.69 -6.81 -7.86 -11.70 -10.94 -12.47 -3.96 -8.24 -8.06 -7.47 

4.51 -4.95 -4.28 -7.40 -8.44 -12.90 -12.13 -13.66 -4.09 -7.90 -8.15 -8.08 

4.99 -5.55 -4.88 -7.99 -9.03 -14.10 -13.33 -14.86 -4.21 -7.54 -8.26 -8.68 

5.49 -6.17 -5.50 -8.62 -9.65 -15.35 -14.58 -16.11 -4.34 -7.17 -8.38 -9.30 

6.01 -6.79 -6.12 -9.23 -10.27 -16.59 -15.81 -17.34 -4.48 -6.84 -8.51 -9.92 

6.51 -7.43 -6.75 -9.87 -10.91 -17.86 -17.08 -18.61 -4.65 -6.54 -8.63 -10.56 

7.00 -8.03 -7.37 -10.50 -11.54 -19.05 -18.29 -19.83 -4.63 -5.91 -8.73 -11.15 
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Table M.2: Log activity of Cu species in isothermal pH titration model IIb. 

 

Table M.3: Log activity of Cu species in isothermal pH titration model IIc. 

 

 

 

Model IIb: Activity of Cu Species with Changing pH 

pH CuCl0           CuCl2
-        CuCl3

2-       CuCl4
3-         CuCl+            CuCl2

0           CuCl3
-           CuHS0           CuHS2

-        CuOH Cu+             

2.00 -4.12 -3.22 -5.64 -7.44 -9.29 -9.23 -10.88 -4.45 -9.69 -10.73 -7.12 

2.50 -4.56 -3.66 -6.09 -7.89 -10.31 -10.26 -11.91 -4.38 -9.12 -10.65 -7.55 

3.00 -4.97 -4.08 -6.51 -8.32 -11.30 -11.25 -12.91 -4.30 -8.54 -10.57 -7.97 

3.50 -5.48 -4.58 -7.00 -8.81 -12.40 -12.34 -13.99 -4.28 -7.99 -10.58 -8.48 

4.00 -6.00 -5.10 -7.52 -9.33 -13.53 -13.47 -15.13 -4.30 -7.52 -10.60 -9.00 

4.51 -6.52 -5.62 -8.04 -9.84 -14.67 -14.61 -16.26 -4.34 -7.07 -10.62 -9.52 

4.99 -7.04 -6.14 -8.56 -10.36 -15.82 -15.76 -17.41 -4.37 -6.61 -10.64 -10.04 

5.49 -7.55 -6.65 -9.07 -10.87 -16.95 -16.89 -18.54 -4.41 -6.17 -10.66 -10.55 

6.01 -8.09 -7.20 -9.62 -11.42 -18.11 -18.05 -19.70 -4.46 -5.75 -10.70 -11.09 

6.51 -8.71 -7.81 -10.24 -12.04 -19.33 -19.28 -20.93 -4.73 -5.68 -10.80 -11.71 

7.00 -9.29 -8.39 -10.82 -12.63 -20.49 -20.43 -22.09 -5.11 -5.86 -10.89 -12.28 

Model IIc: Activity of Cu Species with Changing pH 

pH CuCl0           CuCl2
-        CuCl3

2-       CuCl4
3-         CuHS0           CuHS2

-        CuOH Cu+             

2.00 -6.90 -5.83 -7.63 -10.14 -5.88 -10.06 -14.77 -9.99 
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Table M.3: Continued. 

 

 

 

 

 

  

 

 

 

 

 

 

2.50 -7.28 -6.21 -8.01 -10.52 -5.78 -9.49 -14.66 -10.37 

3.00 -7.66 -6.59 -8.39 -10.90 -5.67 -8.88 -14.54 -10.75 

3.50 -8.03 -6.96 -8.76 -11.27 -5.54 -8.26 -14.41 -11.12 

4.00 -8.41 -7.34 -9.14 -11.65 -5.42 -7.63 -14.28 -11.51 

4.51 -8.77 -7.70 -9.50 -12.01 -5.30 -7.03 -14.15 -11.87 

4.99 -9.12 -8.06 -9.86 -12.36 -5.18 -6.44 -14.01 -12.22 

5.49 -9.61 -8.54 -10.34 -12.85 -5.14 -5.88 -13.99 -12.70 

6.01 -10.07 -9.01 -10.81 -13.32 -5.26 -5.65 -13.95 -13.16 

6.51 -10.47 -9.40 -11.20 -13.71 -5.45 -5.65 -13.85 -13.56 

7.00 -10.82 -9.75 -11.55 -14.07 -5.71 -5.82 -13.70 -13.91 
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APPENDIX N 

LOG ACTIVITY OF AG COMPLEXES IN MODEL II FLUIDS 

Table N.1: Log activity of Ag species in isothermal pH titration model IIa. 

 

 

 

 

 

 

 

 

Table N.2: Log activity of Ag species in isothermal pH titration model IIb. 

 

 

 

 

 

 

Model IIa: Activity of Ag Species with Changing pH 

pH AgCl0           AgCl2
-          AgCl3

2-         AgCl4
3-         AgHS0         AgHS2

-       Ag+             

2.00 -6.68 -4.91 -6.04 -8.83 -9.66 -11.96 -8.49 

2.50 -6.65 -4.88 -6.02 -8.82 -9.19 -11.06 -8.44 

3.00 -6.64 -4.86 -6.00 -8.79 -8.93 -10.55 -8.44 

3.50 -6.63 -4.85 -5.98 -8.76 -8.60 -9.89 -8.44 

4.00 -6.63 -4.84 -5.97 -8.75 -8.13 -8.95 -8.43 

4.51 -6.64 -4.85 -5.97 -8.75 -7.68 -8.02 -8.45 

4.99 -6.65 -4.85 -5.98 -8.75 -7.20 -7.07 -8.46 

5.49 -6.65 -4.86 -5.98 -8.75 -6.71 -6.08 -8.47 

6.01 -7.03 -5.23 -6.35 -9.12 -6.62 -5.51 -8.84 

6.51 -7.52 -5.73 -6.85 -9.62 -6.64 -5.06 -9.33 

7.00 -8.08 -6.30 -7.43 -10.21 -6.58 -4.39 -9.88 

Model IIb: Activity of Ag Species with Changing pH 

pH AgCl0           AgCl2
-          AgCl3

2-         AgCl4
3-         AgHS0         AgHS2

-       Ag+             

2.00 -6.05 -4.29 -5.38 -8.00 -7.49 -10.17 -7.96 

2.50 -6.04 -4.28 -5.38 -8.00 -6.97 -9.15 -7.94 

3.00 -6.04 -4.28 -5.38 -8.00 -6.47 -8.15 -7.93 

3.50 -6.23 -4.47 -5.56 -8.18 -6.14 -7.29 -8.13 

4.00 -6.73 -4.96 -6.06 -8.68 -6.14 -6.80 -8.63 

4.51 -7.22 -5.45 -6.55 -9.16 -6.15 -6.32 -9.12 
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Table N.2: Continued. 

4.99 -7.72 -5.95 -7.05 -9.66 -6.15 -5.83 -9.62 

5.49 -8.20 -6.44 -7.53 -10.14 -6.16 -5.37 -10.10 

6.01 -8.70 -6.93 -8.03 -10.64 -6.17 -4.90 -10.60 

6.51 -9.12 -7.36 -8.46 -11.07 -6.25 -4.64 -11.02 

7.00 -9.47 -7.71 -8.81 -11.43 -6.40 -4.58 -11.36 

 

 

Table N.3: Log activity of Ag species in isothermal pH titration model IIc. 

 

 

 

 

Model IIc: Activity of Ag Species with Changing pH 

pH AgCl0           AgCl2
-          AgCl3

2-         AgCl4
3-         AgHS0         AgHS2

-       Ag+             

2.00 -6.78 -5.03 -6.15 -8.60 -6.01 -8.54 -8.96 

2.50 -7.26 -5.51 -6.64 -9.09 -6.02 -8.07 -9.44 

3.00 -7.76 -6.01 -7.13 -9.58 -6.02 -7.58 -9.94 

3.50 -8.26 -6.51 -7.63 -10.07 -6.03 -7.09 -10.44 

4.00 -8.76 -7.01 -8.14 -10.58 -6.03 -6.59 -10.95 

4.51 -9.25 -7.50 -8.62 -11.07 -6.03 -6.11 -11.43 

4.99 -9.74 -7.99 -9.11 -11.55 -6.04 -5.65 -11.92 

5.49 -10.25 -8.50 -9.62 -12.07 -6.03 -5.12 -12.43 

6.01 -10.67 -8.93 -10.05 -12.50 -6.12 -4.86 -12.85 

6.51 -11.02 -9.27 -10.40 -12.85 -6.26 -4.80 -13.20 

7.00 -11.32 -9.57 -10.70 -13.14 -6.47 -4.92 -13.50 
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APPENDIX O 

LOG ACTIVITY OF PB COMPLEXES IN MODEL II FLUIDS 

Table O.1: Log activity of Pb species in isothermal pH titration model IIa. 

 

 

 

 

 

 

 

 

 

 

Model IIa: Activity of Pb Species with Changing pH 

pH PbCl+           PbCl2
0         PbCl3

-          PbCl4
2-         PbHS2        PbHS3

-      Pb2+            PbO0            

2.00 -4.69 -2.93 -3.18 -4.61 -8.29 -13.00 -8.34 -13.74 

2.50 -4.66 -2.91 -3.17 -4.61 -7.39 -11.67 -8.30 -12.69 

3.00 -4.66 -2.91 -3.16 -4.59 -6.90 -10.93 -8.31 -11.68 

3.50 -4.67 -2.91 -3.16 -4.58 -6.25 -9.95 -8.32 -10.70 

4.00 -4.67 -2.91 -3.15 -4.57 -5.32 -8.55 -8.32 -9.72 

4.51 -5.24 -3.47 -3.71 -5.12 -4.94 -7.70 -8.90 -9.28 

4.99 -6.20 -4.44 -4.67 -6.08 -4.96 -7.23 -9.87 -9.26 

5.49 -7.21 -5.44 -5.67 -7.09 -4.96 -6.74 -10.87 -9.26 

6.01 -8.18 -6.41 -6.64 -8.05 -4.98 -6.29 -11.84 -9.24 

6.51 -9.16 -7.39 -7.63 -9.04 -5.03 -5.86 -12.82 -9.19 

7.00 -10.26 -8.51 -8.75 -10.18 -4.91 -5.13 -13.92 -9.31 
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Table O.2: Log activity of Pb species in isothermal pH titration model IIb. 

 

 

 

 

 

 

 

 

 

Table O.3: Log activity of Pb species in isothermal pH titration model IIc. 

  

 

 

Model IIb: Activity of Pb Species with Changing pH 

pH PbCl+           PbCl2
0         PbCl3

-          PbCl4
2-         PbHS2        PbHS3

-      Pb2+            PbO0            

2.00 -4.07 -2.73 -2.98 -4.06 -7.23 -11.98 -7.01 -13.17 

2.50 -4.06 -2.72 -2.97 -4.06 -6.20 -10.45 -6.99 -12.13 

3.00 -4.06 -2.72 -2.97 -4.07 -5.21 -8.97 -6.99 -11.13 

3.50 -5.04 -3.70 -3.95 -5.04 -5.14 -8.37 -7.98 -11.13 

4.00 -6.04 -4.70 -4.95 -6.04 -5.15 -7.88 -8.98 -11.13 

4.51 -7.03 -5.68 -5.93 -7.02 -5.16 -7.40 -9.96 -11.11 

4.99 -8.03 -6.68 -6.93 -8.01 -5.17 -6.92 -10.96 -11.10 

5.49 -8.99 -7.64 -7.89 -8.98 -5.20 -6.47 -11.93 -11.08 

6.01 -9.98 -8.63 -8.88 -9.97 -5.21 -6.01 -12.91 -11.06 

6.51 -10.83 -9.48 -9.74 -10.83 -5.38 -5.83 -13.76 -10.90 

7.00 -11.52 -10.18 -10.43 -11.52 -5.67 -5.92 -14.45 -10.61 

Model IIc: Activity of Pb Species with Changing pH 

pH PbCl+           PbCl2
0         PbCl3

-          PbCl4
2-         PbHS2        PbHS3

-      Pb2+            

2.00 -4.12 -3.12 -3.44 -4.29 -5.61 -10.03 -6.40 
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Table O.3: Continued. 

 

 

 

 

 

 

 

 

 

 

 

 

2.50 -5.09 -4.09 -4.41 -5.27 -5.62 -9.56 -7.37 

3.00 -6.09 -5.09 -5.40 -6.26 -5.64 -9.08 -8.37 

3.50 -7.09 -6.08 -6.40 -7.25 -5.64 -8.60 -9.36 

4.00 -8.10 -7.10 -7.41 -8.27 -5.64 -8.09 -10.38 

4.51 -9.07 -8.07 -8.38 -9.24 -5.65 -7.62 -11.35 

4.99 -10.04 -9.04 -9.35 -10.21 -5.68 -7.17 -12.32 

5.49 -11.07 -10.07 -10.38 -11.23 -5.66 -6.63 -13.34 

6.01 -11.92 -10.92 -11.23 -12.09 -5.82 -6.45 -14.19 

6.51 -12.61 -11.61 -11.93 -12.78 -6.11 -6.54 -14.89 

7.00 -13.20 -12.21 -12.52 -13.38 -6.52 -6.86 -15.48 
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APPENDIX P 

LOG ACTIVITY OF ZN COMPLEXES IN MODEL II FLUIDS 

Table P.1: Log activity of Zn species in isothermal pH titration model IIa. 

 

 

 

 

 

 

 

 

 

 

 

Model IIa: Activity of Zn Species with Changing pH 

pH ZnCl+           ZnCl2
0          ZnCl3

-          ZnCl4
2-         ZnHS2

0        ZnHS3
-        ZnHS4

2-       ZnO0            

2.00 -6.79 -4.66 -3.72 -5.02 -10.91 -16.27 -19.64 -16.38 

2.50 -6.76 -4.63 -3.70 -5.01 -10.01 -14.93 -17.87 -15.32 

3.00 -6.76 -4.63 -3.69 -4.99 -9.51 -14.19 -16.88 -14.31 

3.50 -6.77 -4.63 -3.68 -4.98 -8.87 -13.21 -15.57 -13.33 

4.00 -6.76 -4.63 -3.68 -4.97 -7.93 -11.81 -13.70 -12.35 

4.51 -6.78 -4.64 -3.68 -4.97 -7.00 -10.41 -11.83 -11.36 

4.99 -6.78 -4.64 -3.69 -4.97 -6.05 -8.98 -9.92 -10.38 

5.49 -6.79 -4.64 -3.69 -4.97 -5.06 -7.49 -7.92 -9.37 

6.01 -7.59 -5.45 -4.49 -5.77 -4.92 -6.87 -6.84 -9.19 

6.51 -8.58 -6.43 -5.47 -6.76 -4.96 -6.45 -5.95 -9.14 

7.00 -9.90 -7.77 -6.83 -8.12 -5.06 -5.94 -4.83 -9.49 
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Table P.2: Log activity of Zn species in isothermal pH titration model IIb. 

  

 

 

 

 

 

 

 

 

Table P.3: Log activity of Zn species in isothermal pH titration model IIc. 

 

 

 

Model IIb: Activity of Zn Species with Changing pH 

pH ZnCl+           ZnCl2
0          ZnCl3

-          ZnCl4
2-         ZnHS2

0        ZnHS3
-        ZnHS4

2-       Zn(HS)2(OH)-    Zn2+            

2.00 -5.94 -4.43 -3.67 -4.35 -10.09 -14.73 -18.82 -18.25 -9.46 

2.50 -5.93 -4.42 -3.66 -4.34 -9.06 -13.20 -16.78 -16.71 -9.43 

3.00 -5.92 -4.41 -3.66 -4.34 -8.06 -11.71 -14.80 -15.22 -9.43 

3.50 -5.93 -4.42 -3.66 -4.34 -7.02 -10.14 -12.70 -13.68 -9.44 

4.00 -5.94 -4.43 -3.66 -4.34 -6.03 -8.65 -10.72 -12.19 -9.45 

4.51 -6.67 -5.16 -4.40 -5.07 -5.79 -7.93 -9.50 -11.45 -10.18 

4.99 -7.67 -6.16 -5.39 -6.07 -5.80 -7.44 -8.53 -10.96 -11.18 

5.49 -8.63 -7.12 -6.36 -7.04 -5.83 -6.99 -7.61 -10.49 -12.15 

6.01 -9.62 -8.11 -7.35 -8.03 -5.84 -6.53 -6.66 -10.00 -13.13 

6.51 -10.47 -8.96 -8.20 -8.88 -6.01 -6.35 -6.14 -9.66 -13.98 

7.00 -11.16 -9.65 -8.90 -9.58 -6.30 -6.45 -6.04 -9.47 -14.67 

Model IIc: Activity of Zn Species with Changing pH 

pH ZnCl+           ZnCl2
0          ZnCl3

-          ZnCl4
2-         ZnHS2

0        ZnHS3
-        ZnHS4

2-       Zn(HS)2(OH)-    Zn2+            

2.00 -5.13 -4.28 -3.74 -3.93 -8.34 -11.84 -16.12 -14.13 -7.30 
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Table P.3: Continued. 

 

 

 

 

 

 

 

 

 

 

 

 

2.50 -5.13 -4.28 -3.74 -3.93 -7.38 -10.41 -14.21 -12.68 -7.30 

3.00 -5.59 -4.74 -4.20 -4.38 -6.85 -9.39 -12.70 -11.65 -7.76 

3.50 -6.59 -5.73 -5.20 -5.38 -6.86 -8.90 -11.71 -11.16 -8.76 

4.00 -7.61 -6.75 -6.21 -6.39 -6.86 -8.40 -10.70 -10.65 -9.77 

4.51 -8.57 -7.72 -7.18 -7.36 -6.87 -7.92 -9.75 -10.17 -10.74 

4.99 -9.55 -8.69 -8.15 -8.34 -6.89 -7.47 -8.82 -9.69 -11.71 

5.49 -10.57 -9.71 -9.18 -9.36 -6.87 -6.93 -7.76 -9.17 -12.74 

6.01 -11.42 -10.57 -10.03 -10.21 -7.04 -6.75 -7.24 -8.83 -13.59 

6.51 -12.12 -11.26 -10.73 -10.91 -7.33 -6.85 -7.13 -8.63 -14.28 

7.00 -12.71 -11.85 -11.32 -11.50 -7.74 -7.17 -7.36 -8.54 -14.87 
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APPENDIX Q 

LOG ACTIVITY OF FE COMPLEXES IN MODEL II FLUIDS 

Table Q.1: Log activity of Fe species in isothermal pH titration model IIa. 

 

 

 

 

 

 

 

 

 

Model IIa: Activity of Fe Species with Changing pH 

pH FeCl+          FeCl2
0          FeCl2

+           FeCl3
0           HFeO2

0          FeOH+           FeO0            FeO+             FeO2
-           Fe2+            

2.00 -3.38 -0.89 -8.10 -8.58 -12.59 -8.11 -11.45 -11.35 -15.66 -5.81 

2.50 -3.49 -1.01 -8.73 -9.22 -11.67 -7.70 -10.53 -10.95 -14.24 -5.91 

3.00 -3.96 -1.48 -9.72 -10.19 -11.15 -7.67 -9.99 -10.93 -13.20 -6.39 

3.50 -4.55 -2.06 -10.83 -11.30 -10.78 -7.77 -9.60 -11.06 -12.34 -6.98 

4.00 -5.36 -2.87 -12.19 -12.66 -10.67 -8.09 -9.42 -11.44 -11.74 -7.79 

4.51 -6.12 -3.62 -13.54 -14.00 -10.51 -8.34 -9.17 -11.79 -11.07 -8.56 

4.99 -6.85 -4.35 -14.88 -15.34 -10.38 -8.59 -8.92 -12.14 -10.44 -9.29 

5.49 -7.61 -5.11 -16.26 -16.72 -10.24 -8.84 -8.67 -12.52 -9.81 -10.05 

6.01 -8.31 -5.81 -17.58 -18.04 -10.08 -9.05 -8.38 -12.84 -9.14 -10.75 

6.51 -9.01 -6.50 -18.91 -19.37 -9.86 -9.23 -8.05 -13.15 -8.42 -11.45 

7.00 -10.02 -7.53 -20.53 -21.00 -10.01 -9.75 -8.08 -13.77 -8.08 -12.45 
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Table Q.2: Log activity of Fe species in isothermal pH titration model IIb. 

  

 

 

 

 

 

 

 

 

 

Table Q.3: Log activity of Fe species in isothermal pH titration model IIc.  

 

 

 

 

 

 

Model IIb: Activity of Fe Species with Changing pH 

pH FeCl+          FeCl2
0          FeCl2

+           FeOH+           Fe2+            

2.00 -4.06337 -3.40982 -9.88809 -8.71285 -5.72289 

2.50 -4.93781 -4.28923 -11.3495 -9.0687 -6.59235 

3.00 -5.76614 -5.11968 -12.7569 -9.39866 -7.41857 

3.50 -6.63993 -5.98871 -14.2123 -9.78233 -8.29711 

4.00 -7.40433 -6.75249 -15.5909 -10.0459 -9.06213 

4.51 -8.13741 -7.48385 -16.9428 -10.2798 -9.79693 

4.99 -8.87809 -8.22431 -18.3109 -10.5165 -10.5378 

5.49 -9.57942 -8.92601 -19.6271 -10.7233 -11.2388 

6.01 -10.3151 -9.66323 -20.9827 -10.9561 -11.973 

6.51 -10.7862 -10.1364 -22.067 -10.9202 -12.4419 

7.00 -11.0113 -10.3639 -22.8708 -10.6535 -12.6647 

Model IIc: Activity of Fe Species with Changing pH 

pH FeCl+          FeCl2
0          Fe2+            

2.00 -6.68877 -8.35165 -7.63349 

2.50 -7.45424 -9.11672 -8.39935 

3.00 -8.21104 -9.87215 -9.15752 

3.50 -8.95965 -10.6201 -9.90676 
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Table Q.3: Continued. 

 

 

 

 

 

 

4.00 -9.7204 -11.3808 -10.6675 

4.51 -10.4404 -12.1008 -11.3875 

4.99 -11.1473 -12.8079 -12.0943 

5.49 -11.9586 -13.6198 -12.9051 

6.01 -12.4322 -14.094 -13.3779 

6.51 -12.6574 -14.32 -13.6024 

7.00 -12.6907 -14.3537 -13.6352 
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Figure R.1: Figure 1 and 2 from Alford et al. (2020) use permission page 1. 
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Figure R.2: Figure 1 and 2 from Alford et al. (2020) use permission page 2. 
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Figure R.3: Figure 1 and 2 from Alford et al. (2020) use permission page 3. 
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Figure R.4: Figure 1 and 2 from Alford et al. (2020) use permission page 4. 
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Figure R.5: Figure 1 and 2 from Alford et al. (2020) use permission page 5. 
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Figure R.6: Figure 1 and 2 from Alford et al. (2020) use permission page 6. 
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Figure R.7: Figure 1 and 2 from Alford et al. (2020) use permission page 7. 
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Figure R.8: Figure 1 and 2 from Alford et al. (2020) use permission page 8. 


