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ABSTRACT_______________________________________________________ 

 

The Kalgoorlie gold camp in the Yilgarn craton of Western Australia comprises the supergiant 

Golden Mile and the smaller Mt. Charlotte, Mt. Percy, and Hidden Secret gold deposits. Since 

the camp’s discovery in 1893, ~1950 t of Au have been produced from a total estimated 

endowment of ~2300 t. The camp is located within Neoarchean rocks of the Kalgoorlie terrane, 

within the Eastern Goldfields superterrane of the eastern Yilgarn craton. Gold mineralization is 

distributed along an 8 km by 2 km, NNW-trending corridor which corresponds to the Boulder 

Lefroy-Golden Mile fault system. The host stratigraphic sequence, dated at ca. 2710-2660 Ma, 

comprises lower ultramafic and mafic lava flow rocks, and upper felsic to intermediate 

volcanoclastic, epiclastic, and lava flow rocks intruded by highly-differentiated dolerite sills such 

as the ca. 2685 Ma Golden Mile Dolerite. Multiple sets of NNW-trending, steeply-dipping 

porphyry dikes intruded this sequence at ca. 2675 Ma. From ca. 2685 to 2640 Ma rocks of the 

Kalgoorlie gold camp were subjected to multiple deformation increments and metamorphism. 

Early D1 deformation from ca. 2685 to 2680 Ma generated the Golden Mile fault and F1 folds. 

Prolonged sinistral transpression from ca. 2680 to 2655 Ma produced NNW-trending sets of D2 

folds and faults. The last deformation stage (D3; ca. 2650-2640 Ma) is recorded by N- to NNE-

trending, ~1-5 m-wide, brittle faults which dextrally offset the earlier D1-D2 architecture.  

The main mineralization type in the Golden Mile comprises Fimiston lodes: steeply-

dipping, WNW- to NNW-striking, gold- and telluride-bearing carbonate-quartz veins with 

banded, colloform, and crustiform textures surrounded by sericite-carbonate-quartz-pyrite-

telluride alteration zones. Previous models suggest that the Fimiston lodes were emplaced during 

the earlier stages of regional sinistral transpression (D2) as Riedel-type structures in a sinistral 

transcurrent simple shear system. During a later stage of regional sinistral transpression (D2), 

high-grade Oroya-type mineralization developed as shallowly-plunging ore shoots with ‘Green 

Leader’ quartz-sericite-carbonate-pyrite-telluride alteration typified by vanadium-bearing 

muscovite. In the Hidden Secret orebody, ~3 km NNW of the Golden Mile, lode mineralization 

is a silver-rich variety characterized by increased abundance of hessite and petzite and decreased 

abundance of calaverite. At the adjacent Mt. Charlotte deposit, the gold-, silver-, and telluride-

bearing lodes become subordinate to the Mt. Charlotte-type stockwork veins. The stockwork 
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veins occur as planar, 2-50 cm thick, auriferous quartz-carbonate-sulfide veins that define steeply 

NW- to SE-dipping and shallowly N-dipping sets broadly coeval with D3 deformation. 

The Golden Mile fault zone correlates to a NW-striking, steeply-dipping zone of 

strongly-deformed Lower Black Flag Group sedimentary rocks and porphyry dikes. The fault 

zone is a key controlling structure to the gold endowment of the Kalgoorlie gold camp. The 

earliest structures in the fault are F1 folds that developed during D1, recumbent-fold and thrust 

deformation (ca. 2685-2680 Ma). These F1 folds are overprinted by a pervasive, NW- to NNW-

striking S2 cleavage related to sinistral shearing beginning with ca. 2680 Ma D2a sinistral strike-

slip and culminating with ca. 2660 Ma D2c sinistral-reverse movement. The majority of 

deformation in the fault zone correlates to ca. 2675 Ma D2b sinistral-normal deformation. Late, 

ca. 2650 Ma D3 dextral-reverse deformation overprints the earlier D2 structures. Pyrrhotite-

chalcopyrite-pyrite-sphalerite-galena assemblages were emplaced throughout the D2 event within 

NE-trending D2a tensile fractures, NW- to NNW-striking D2b normal faults and associated 

breccias, and NW- to NNW-striking D2c low-angle veins, with the latter D2b and D2c structures 

correlating to the Fimiston and Oroya mineralization types, respectively. All D2a, D2b, and D2c 

related sulfides in the Golden Mile fault zone show similarly restricted δ34S (~1.0‰ to 4.5‰) 

and elevated Δ33S (~2.0‰ to 3.0‰) values reflecting strong local sulfur contribution from shales 

of the Lower Black Flag Group and host-rock buffering of hydrothermal fluids related to the 

Fimiston and Oroya mineralization events. This host-rock buffering decreased fluid fO2, favoring 

the development of pyrrhotite-pyrite stable sulfide assemblages, and causing respective increases 

and decreases in fluid Au-Te and Pb-Bi-Sb concentrations.  

At the camp scale the Golden Mile fault zone exerted a primary control on the 

distribution of porphyry dikes and gold deposits, but magma and hydrothermal fluid circulation 

was favored in adjacent, higher-order structural sites due to the fault zone’s incompetent 

rheology and tendency for ductile deformation and diffuse fluid flow. Other Archean examples 

such as Au deposits of the Larder Lake-Cadillac deformation zone in the Superior craton 

illustrate that this type of diffuse fluid flow in large-scale crustal fault zones can result in 

disseminated economic mineralization. However, this study highlights that host-rock effects on 

fluid chemistry in large-scale crustal fault zones exercise a strong control on a fluid’s propensity 

to form ore. The results of this study emphasize that both the rheology and chemistry of rocks 
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within and adjacent to large-scale deformation zones act as important controls on the formation 

gold ore in Archean terranes. 

The sinistral transcurrent simple Riedel shear model previously proposed for the main 

Fimiston gold mineralization event at the Golden Mile contrasts to the archetypal compressional 

vein meshes associated with orogenic gold deposits globally. The integration of novel, 

GeoCoreX10 X-ray computed tomography-based strain characterization with geospatial and 

field-based structural analysis reveals extensional structures and prolate strain not explained by a 

sinistral transcurrent simple shear model; rather, they are vestigial structures of a previously 

unidentified D2b sinistral transtensional architecture that remained cryptic due to overprinting 

deformation. This transtensional architecture controlled the main stage of gold endowment, and 

favored increased fracture dilation and fluid flux relative to the compressional structural 

environments typical of orogenic gold deposits. The transtensional architecture of the Golden 

Mile illustrates that overprinted transtensional zones in compressional orogenic settings may be 

cryptic in nature, but the recognition of such zones is key to delineating metal endowment and 

ancestral hydrothermal fluid flow in Archean orogens.  

Both the Fimiston and Hidden Secret lodes were emplaced in post-peak-metamorphic, 

ca. 2675Ma D2b transtensional settings as releasing bends developed along the Golden Mile and 

Towns faults, respectively, and are related to the ingress of a H2O-CO2-Au-Te-As-S-K-Rb-Ba 

fluid concomitant with the intrusion of andesitic dikes. In the Hidden Secret orebody, this 

magmatic-hydrothermal fluid evolved from an early, As-enriched, greenstone-buffered fluid 

during the formation of disseminated pyrite mineralization (δ34S pyrite=3.42‰ to 3.85‰; 

Δ33Spyrite=0.25‰ to 0.43‰), to an Ag-Cu-Pb-Sb-Te-Tl-V-Zn enriched fluid during the 

development of banded quartz-carbonate-sericite-pyrite veins (δ34S pyrite=-10.74‰ to -0.17‰; 

Δ33Spyrite=0.06‰ to 0.19‰). Oroya gold-telluride lode mineralization formed during later, ca. 

2665 Ma D2c contraction from an inherently V-S-Au-Ag-Hg-Te-enriched, oxidized magmatic-

hydrothermal fluid represented by δ34S pyrite=-11.56‰ to -4.96 and Δ33Spyrite=0.08‰ to 0.17‰. 

The Fimiston/Hidden Secret and Oroya mineralization events record inherently oxidized 

magmatic-hydrothermal fluids represented by δ34S pyrite ≤0‰ and Δ33S pyrite~0.0‰ to 0.2‰. These 

oxidized magmatic-hydrothermal fluids interacted with surrounding wall rock, which lowered 

fluid fO2, and buffered δ34S pyrite/Δ33S pyrite values to δ34S pyrite=~1‰ to 5‰/Δ33S pyrite=~0.2‰ to 



v 
 

0.7‰ in greenstone rock environments and to δ34S pyrite=~1‰ to 5‰/Δ33S pyrite=~≤0.3‰, ≥0.7‰ 

in shale environments. Anomalous Δ33S values in ore-stage sulfides formed locally due to the 

incorporation of sulfur during wall-rock buffering. The early, magmatic-hydrothermal 

Fimiston/Hidden Secret and Oroya gold-telluride lodes differ texturally, geochemically, and 

mineralogically from the D3 Mt. Charlotte stockwork veins, which formed from ca. 2650-2640 

Ma and better adhere to a late-stage metamorphic devolatilization model.  

The integration of U-Pb and Sm-Nd geochronological studies of zircon, apatite, and 

titanite from pre-Fimiston/Hidden Secret dacitic dikes and syn-Fimiston/Hidden Secret andesitic 

dikes provides additional evidence for the punctuated nature of gold mineralization in the camp 

from ca. 2.675-2.640 Ma. Interpreted crystallization ages from U-Pb SHRIMP analysis are 

similar for both the pre-ore dikes (n=10) and syn-ore dikes (n=7) at ca. 2675 Ma. An inferred 

crystallization age of ca. 2675 Ma for the syn-Fimiston/Hidden Secret andesitic dikes is 

supported by a Sm-Nd isochron age from apatite in the dikes of 2678 ± 15 Ma and by a U-Pb 

titanite age of 2679 ± 9 Ma. The results of CA-ID-TIMS U-Pb zircon analysis from the dacitic 

and andesitic dikes provide a maximum age constraint for Fimiston/Hidden Secret mineralization 

at 2678 ± 2 Ma and a minimum age at 2669 ± 2 Ma. Zircons from an altered quartz-sericite-

ankerite dike within a D2c contractional structure related to Oroya mineralization constrain the 

age of the Oroya mineralization event at 2665 ± 1 Ma.  

 Pre-ore dacitic dike Suites 1 and 2 (ca. 2680-2675 Ma) are TTG-like in affinity, with 

mantle-like zircon εHf values, zircon δ18O values, and apatite εnd values consistent with felsic 

melt derivation via the partial melting of basaltic lower crust. Whole-rock geochemistry and field 

relationships indicate consanguinity between syn-ore dike Suite 3 (ca. 2675 Ma) and ca. 2680-

2660 Ma sanukitoids and lamprophyres from the broader Kalgoorlie and Kurnalpi terranes. For 

these latter rock types, whole-rock enrichments in Fe2O3t, P2O5, TiO2, CaO, MgO, Cr, Ni, V, and 

LREE, negative Nb-Ta-Ti anomalies, and mantle-like zircon εHf values, zircon δ18O values, and 

apatite εnd values represent the low-degree partial melting of metasomatized lithospheric mantle. 

The syn-ore Suite 3 dikes fingerprint the influx of low-degree partial melts of metasomatized 

lithospheric mantle in a continental margin subduction zone setting attendant with ca. 2675 Ma 

Au-Te mineralization. These data suggest that the subduction-driven metasomatic processes 

facilitated the enrichment of lithospheric mantle which, was the primary source reservoir for 
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fluid flux and Au-Te metals during the main stage of Au endowment in the Kalgoorlie gold 

camp. 

Magmatic apatite in both pre- and syn-ore dikes is enriched in Si, Mg, Mn, Na, Fe, Zr, Sr, 

Cu, Rb, W, Ba, As, V, Th, LREE ± Hf ± Y relative to later hydrothermal apatite overgrowths 

and displays S concentrations similar to apatite derived from S-enriched melts in Phanerozoic 

porphyry Cu ± Mo ± Au deposits. Zircon geochemistry in both pre- and syn-ore dikes shows 

elevated Eu/Eu*>0.4 and is consistent with hornblende, titanite, and apatite fractionation with 

suppressed plagioclase crystallization in hydrous melts (>~6 wt. % H2O). Elevated zircon 

Eu/Eu*>0.4 distinguishes both pre- and syn-ore dikes from regional barren granitic rocks. Trends 

of melt reduction during differentiation are evident in both the pre- and syn-ore dikes and the 

highest zircon Eu/Eu* values reflect reduced melt conditions in the pre-ore dikes (ΔFMQ< -

1).These trends emphasize that Eu/Eu* and ΔFMQ zircon fertility indicators are subject to 

extreme modification via magmatic differentiation processes and that elevated Eu/Eu* may not 

record oxidized melt conditions. The syn-ore dikes are characterized by magmatic redox states 

optimal for gold solubility in mantle-derived silicate melts (ΔFMQ ~ 0 to +1.5). However, zircon 

trace-element data records similar optimal melt ΔFMQ conditions in pre-ore dikes and a 

significant proportion of regional barren granitic rocks. Positive magmatic Au fertility 

indicators—such as elevated S in apatite, Eu/Eu*>0.4 in zircon, and optimal ΔFMQ in zircon—

in both pre- and syn-ore dikes emphasizes the inability of such fertility indicators to directly 

fingerprint intrusions genetically related to Au mineralization. Alternatively, the zircon- and 

apatite-based fertility indicators are better suited to craton-scale exploration targeting and the 

delineation of favorable crustal zones above fertile melt source regions. 
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Chapter 1: Introduction 1 

Background 2 

With an estimated 2,300 t Au endowment, the Kalgoorlie gold camp of the Yilgarn craton is one 3 

of the largest Archean gold camps globally. Located ~500 km east-northeast of Perth, the 4 

discovery of the camp in 1893 began with the first gold find by prospectors Paddy Hannan and 5 

Tom Flanagan near the Mt. Charlotte mine and the subsequent discovery of the Golden Mile by 6 

Sam Pearce and William Brookman (Noble, 2017). The camp’s discovery is considered one of 7 

the greatest prospecting achievements of all time (Noble, 2017). Since 1893, ~1,780 t have been 8 

produced from the Golden Mile with lesser production from the Mt. Charlotte (~155 t Au) and 9 

Mt. Percy deposits (~8t Au; Mueller, 2015, 2020; McDivitt et al., 2020). Gold deposits of the 10 

Kalgoorlie gold camp are considered type examples of orogenic gold deposits (Groves et al., 11 

1998; Hagemann and Cassidy, 2000; Groves et al., 2018; Gaboury, 2019). Despite this, there has 12 

been much controversy regarding critical aspects of ore formation such as fluid and metal 13 

sources (i.e., magmatic vs. metamorphic) and the timing of gold mineralization (i.e., a singular, 14 

late-stage event or multiple events). Early interpretations of gold-bearing hydrothermal fluids 15 

sourced from granitic batholiths and related co-spatial porphyry dikes were made by Larcombe 16 

(1912), Gustafson and Miller (1937), and Travis et al. (1971). Later volcanogenic/syngenetic 17 

gold mineralization models were proposed by Tomich (1974, 1976). In the late 1980s competing 18 

epigenetic models for gold mineralization included metamorphic-hydrothermal (Phillips, 1986) 19 

and magmatic-hydrothermal, epithermal-like models (Mueller et al., 1988; Clout, 1989). 20 

Bateman and Hagemann (2004) proposed a protracted model for mineralization which invoked 21 

multiple mineralization events from ca. 2680-2630 Ma with contributions from multiple fluid 22 

sources. This model was further corroborated by Gauthier et al. (2004). A similar protracted, 23 

multistage model for gold mineralization was emphasized by Robert et al. (2005) during their 24 

review of the gold metallogeny of the Yilgarn and Superior cratons. Vielreicher et al. (2010) 25 

contest the aforementioned protracted, multistage model for gold mineralization in their detailed 26 

geochronology study where they conclude gold mineralization formed broadly synchronously at 27 

ca. 2640 Ma in adherence to metamorphic-hydrothermal fluid models. More recently, Mueller 28 

and Mulhing (2013), Mueller (2015), Mueller (2020), and Mueller et al. (2020) emphasize 29 

magmatic-hydrothermal fluid models for all mineralization styles at the Golden Mile, and 30 
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advocate for a protracted, multistage mineralization history from ca. 2660-2650 Ma. Although 31 

the prodigious gold endowment of the camp has resulted in a long history of academic research, 32 

competing timing and genetic models for gold mineralization preclude a holistic and agreed-33 

upon model for ore formation that may be used as the basis for metallogenic and exploration 34 

models.   35 

Thesis Objectives and Approach 36 

This thesis targets key issues in the Kalgoorlie gold camp which are outlined by the 37 

controversies discussed above; namely: (1) competing timing models for gold mineralization; 38 

and (2) competing genetic models for gold mineralization. These issues are targeted by 39 

generating a holistic, 4D (i.e., time-integrated) framework for the geologic and metallogenic 40 

evolution of the camp using the following approach and methods: 41 

(A) Deposit- to micro-scale structural analysis using conventional structural methods, computer-42 

based geospatial analysis, and the GeoCoreX10 x-ray computed tomography strain 43 

characterization method. This work builds a structural and spatial framework for the camp within 44 

which all samples and analytical data of the study are constrained. Additionally, this work aids in 45 

delineating the presence of multiple gold mineralization events through cross-cutting 46 

relationships and characteristic vein/lode kinematics and geometries. Furthermore, this structural 47 

framework provides the component of relative time to the study via the documentation of cross-48 

cutting and overprinting relationships.  49 

(B)  Sulfide chemistry including LA-ICP-MS trace element analysis and SIMS sulfur isotope 50 

analysis to geochemically fingerprint the trace-metal and isotopic signatures of different gold 51 

mineralization types in different host rock environments. This is done in corroboration with 52 

alteration mass balance. This approach aids in the delineation of single vs. multiple gold events. 53 

Additionally, the sulfur isotope data provides information on intensive fluid properties and sulfur 54 

sources that assist in constraining genetic models. 55 

(C) The evaluation of metamorphic fabrics integrated within the structural framework via 56 

mineral chemistry and chlorite thermometry to constrain the timing and nature of metamorphism. 57 

 58 
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(D) Geochronological (U-Pb, Sm-Nd) studies of zircon, apatite, and titanite accessory minerals 59 

from dikes constrained with the structural and relative time framework. This approach provides 60 

the context of absolute time to the study. Geochronological data from pre- and syn-ore dikes 61 

provides absolute ages that constrain the timing of gold mineralization. 62 

(E) Isotopic (Lu-Hf, Sm-Nd, O), petrographic, and trace element studies of zircon and apatite 63 

accessory minerals from pre- to syn-ore dikes. These data constrain intrusion source components 64 

and evaluate magmatic fertility. Overall this approach allows for the assessment of a magmatic-65 

hydrothermal model for gold mineralization and provides constraints on magma and metal 66 

source components.  67 

When integrated, these different approaches and methods yield a refined structural, magmatic, 68 

metamorphic, and hydrothermal framework for the Kalgoorlie gold camp that constrains timing 69 

and genetic models for gold mineralization. 70 

Sampling and Analytical Methods 71 

Samples were collected on site in Kalgoorlie, Western Australia under the supervision of 72 

KCGM. Samples were sourced from the Golden Mile Super Pit, the underground Mt. Charlotte 73 

and Hidden Secret deposits, the Mt. Percy Mystery open pit, and from various diamond drill 74 

holes. 75 

Analytical methods include: 76 

 Collection of structural data from open pit and underground exposures as well as oriented 77 

drill core (Chapters 3, 4, 5, 6, 7, 8) 78 

 Whole rock geochemical analysis (Chapters 3, 5, 7, 8) 79 

 Orexplore GeoCoreX10 x-ray computed tomography strain characterization (Chapter 4) 80 

 Mineral chemistry via EPMA of sulfides, apatite, chlorite, actinolite, and ilmenite 81 

(Chapter 3, 6, 9) 82 

 Sulfur isotope analysis via SIMS (Chapters 3, 5) 83 

 Trace element in sulfide analysis via LA-ICP-MS (Chapters 3, 5) 84 

 U-Pb SHRIMP zircon geochronology (Chapters 3, 7) 85 

 U-Pb TIMS zircon geochronology (Chapter 7) 86 
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 U-Pb LA-ICP-MS titanite and apatite geochronology (Chapter 7) 87 

 Sm-Nd LA-ICP-MS apatite geochronology (Chapter 7) 88 

 Trace element in zircon analysis via LA-ICP-MS (Chapters 7, 9) 89 

 Trace element in apatite analysis via LA-ICP-MS (Chapter 9) 90 

 Lu-Hf LA-ICP-MS zircon analysis (Chapter 7) 91 

 O isotope analysis in zircon (Chapter 7) 92 

The methodologies for these various techniques are described in the appendices. 93 

Organization of Thesis 94 

This thesis comprises a series of manuscripts that have been prepared for publication. Each 95 

manuscript consists of one chapter. Each chapter has a transition page which includes a brief 96 

overview of the chapter’s content. There are a total of 8 manuscripts prepared for publication 97 

with the candidate as a first author; these comprise: 98 

Chapter 2, manuscript 1: Geologic Setting and Gold Mineralization of the Kalgoorlie Gold Camp 99 

Chapter 3, manuscript 2: Deformation, Magmatism, and Sulfide Mineralization in the Archean 100 

Golden Mile Fault Zone, Kalgoorlie Gold Camp, Western Australia 101 

Chapter 4, manuscript 3: The Cryptic Transtensional Architecture to Gold-Telluride 102 

Mineralization at the Super-Giant Golden Mile (Yilgarn Craton, Western Australia) 103 

Chapter 5, manuscript 4: Constraints on the Structural Setting, Relative Timing, and 104 

Geochemistry of the Fimiston, Hidden Secret, and Oroya Gold-Telluride Lode Types, Kalgoorlie 105 

Gold Camp, Western Australia 106 

Chapter 6, manuscript 5: Constraints on the Nature of Metamorphism in the Kalgoorlie Gold 107 

Camp (Yilgarn Craton, Western Australia) and Implications for Genetic Models of Gold 108 

Mineralization 109 

Chapter 7, manuscript 6: Punctuated and Hybridized Nature of Orogenic Gold Mineralization 110 

Emphasized by U-Pb and Sm-Nd Studies of Zircon, Apatite, and Titanite in Dikes of the 111 

Kalgoorlie Gold Camp (Yilgarn Craton, Western Australia) 112 
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Chapter 8, manuscript 7: Constraints on the Magmatic Evolution and a Metasomatized 113 

Lithospheric Mantle Source to Au-Te Mineralization in the Kalgoorlie Gold Camp (Yilgarn 114 

Craton)  115 

Chapter 9, manuscript 7: Evaluation of Magmatic Gold Fertility Indicators Using the 116 

Geochemistry of Zircon and Apatite Dike Accessory Phases (Kalgoorlie Gold Camp, Yilgarn 117 

Craton) 118 

The following table illustrates how the chapters of the thesis address the thesis objectives as 119 

outlined above: 120 

Chapter Objective(s) 

Chapter 2 Review of literature and historic work 

Chapter 3 Objectives A, B, D 

Chapter 4 Objective A 

Chapter 5 Objectives A, B 

Chapter 6 Objective C 

Chapter 7 Objective A, D 

Chapter 8 Objective A, E 

Chapter 9 Objective E 

 121 

 122 

 123 

 124 

 125 

 126 

 127 

 128 
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Published Work 129 

The PhD candidate has published five manuscripts during his PhD studies based on thesis 130 

Chapters 2, 3, 5, 6, and 7: 131 

McDivitt, J.A., Hagemann, S.G., Baggott, M.S., and Perazzo, S., 2020, Geologic Setting and 132 

Gold Mineralization of the Kalgoorlie Gold Camp, Yilgarn Craton, Western Australia, in 133 

Sillitoe, R.H., Goldfarb, R.J., Robert, F., and Simmons, S.F (Eds.), Geology of the 134 

World’s Major Gold Deposits and Provinces: Society of Economic Geologists Special 135 

Publication, no. 23, pp. 251-274. 136 

McDivitt, J.A., Hagemann, S.G., Thébaud, N., Martin, L.A.J., and Rankenbug, K., 2021, 137 

Deformation, Magmatism, and Sulfide Mineralization in the Archean Golden Mile Fault 138 

Zone, Kalgoorlie Gold Camp, Western Australia: Economic Geology, v. 115, no. 6, pp. 139 

1285-1308. 140 

McDivitt, J.A., Hagemann, S.G., Thébaud, N., and Roberts, M.P., 2021, Constraints on the 141 

nature of metamorphism in the Kalgoorlie gold camp (Yilgarn Craton, Western Autralia) 142 

and implications for genetic models of gold mineralization: Australian Journal of Earth 143 

Sciences, https://doi.org/10.1080/08120099.2021.1905061 144 

McDivitt, J.A., Hagemann, S.G., Kemp, A.I.S., Thébaud, N., Fisher, C.M., and Rankenbug, K., 145 

In Press, U-Pb and Sm-Nd Evidence for Episodic Orogenic Gold Mineralization in the 146 

Kalgoorlie Gold Camp, Yilgarn Craton, Western Australia: Economic Geology 147 

McDivitt, J.A., Hagemann, S.G., Thébaud, N., Martin, L.A.J., and Rankenbug, K., In Press, 148 

Constraints on the Structural Setting, Relative Timing, and Geochemistry of the Fimiston, 149 

Hidden Secret, and Oroya Gold-Telluride Lode Types, Kalgoorlie Gold Camp, Western 150 

Australia: Mineralium Deposita 151 

Thesis Declaration 152 

I, Jordan Alexander McDivitt, declare that I am responsible for all portions and contents of this 153 

thesis except for collaborative work outlined in the Authorship Declaration. I have not presented 154 

any material that is the subject of this thesis for a graduate degree at this or any other university. 155 
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Introduction to Chapter 2: “Geologic Setting and Gold Mineralization of the 

Kalgoorlie Gold Camp” 

This chapter summarizes the geologic setting and gold mineralization of the Kalgoorlie gold 

camp as well as previous timing and genetic models. It acts as a literature review and 

introduction to the thesis in the sense that it attempts to synthesize all research prior to the thesis 

in a review paper.  

The candidate carried out all literature review, data compilation, and interpretation. All writing 

was completed by the candidate, with editing and revisions of the text provided by S. Hagemann, 

M. Baggott, and S.Perazzo. Drafting of Figures 8 and 9 were completed by S. Perazzo; the 

remaining figures were drafted by the candidate. 

A modified version of this manuscript has been accepted for publication in Economic Geology 

with the following reference: 

McDivitt, J.A., Hagemann, S.G., Baggott, M.S., and Perazzo, S., 2021, Geologic Setting and 

Gold Mineralization of the Kalgoorlie Gold Camp, Yilgarn Craton, Western Australia, in 

Sillitoe, R.H., Goldfarb, R.J., Robert, F., and Simmons, S.F (Eds.), Geology of the World’s 

Major Gold Deposits and Provinces: Society of Economic Geologists Special Publication, no. 

23, pp. 251-274. 
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Abstract 10 

The Kalgoorlie gold camp in the Yilgarn craton of Western Australia comprises the 11 

supergiant Golden Mile and the smaller Mt. Charlotte, Mt. Percy, and Hidden Secret deposits. 12 

Since the camp’s discovery in 1893, ~1,950 metric tons (t) of Au have been produced from a 13 

total estimated endowment of ~2,300 t. The camp is located within Neoarchean rocks of the 14 

Kalgoorlie terrane, within the Eastern Goldfields superterrane of the eastern Yilgarn craton. Gold 15 

mineralization is distributed along an 8- × 2-km, NNW-trending corridor, which corresponds to 16 

the Boulder Lefroy-Golden Mile fault system. The host stratigraphic sequence, dated at ca. 2710 17 

to 2660 Ma, comprises lower ultramafic and mafic lava flow rocks, and upper felsic to 18 

intermediate volcaniclastic, epiclastic, and lava flow rocks intruded by highly differentiated 19 

dolerite sills such as the ca. 2685 Ma Golden Mile Dolerite. Multiple sets of NNW-trending, 20 

steeply dipping porphyry dikes intruded this sequence from ca. 2675 to 2640 Ma. From ca. 2685 21 

to 2640 Ma, rocks of the Kalgoorlie gold camp were subjected to multiple deformation 22 

increments and metamorphism. Early D1 deformation from ca. 2685 to 2675 Ma generated the 23 

Golden Mile fault and F1 folds. Prolonged sinistral transpression from ca. 2675 to 2655 Ma 24 

produced overprinting, NNW-trending sets of D2-D3 folds and faults. The last deformation stage 25 

(D3; < ca. 2650 Ma) is recorded by N- to NNE-trending, dextral faults which offset earlier 26 

structures. 27 

The main mineralization type in the Golden Mile comprises Fimiston lodes: steeply 28 

dipping, WNW- to NNW-striking, gold- and telluride-bearing carbonate-quartz veins with 29 
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banded, colloform, and crustiform textures surrounded by sericite-carbonate-quartz-pyrite-30 

telluride alteration zones. These lodes were emplaced during the earlier stages of regional 31 

sinistral transpression (D2) as Riedel shear-type structures. During a later stage of regional 32 

sinistral transpression (D3), exceptionally high grade Oroya-type mineralization developed as 33 

shallowly plunging ore shoots with “Green Leader” quartz-sericite-carbonate-pyrite-telluride 34 

alteration typified by vanadium-bearing muscovite. In the Hidden Secret orebody, ~3 km north-35 

northwest of the Golden Mile, lode mineralization is a silver-rich variety characterized by 36 

increased abundance of hessite and petzite and decreased abundance of calaverite. At the 37 

adjacent Mt. Charlotte deposit, the gold-, silver-, and telluride-bearing lodes become subordinate 38 

to the Mt. Charlotte-type stockwork veins. The stockwork veins occur as planar, 2- to 50-cm 39 

thick, auriferous quartz-carbonate-sulfide veins that define steeply NW- to SE-dipping and shal-40 

lowly N-dipping sets broadly coeval with D3 deformation. 41 

Despite extensive research, there is no consensus on critical features of ore formation in 42 

the camp. Models suggest either (1) distinct periods of mineralization over a protracted, ca. 2.68 43 

to 2.64 Ga orogenic history; or (2) broadly synchronous formation of the different types of 44 

mineralization at ca. 2.64 Ga. The nature of fluids, metal sources, and mineralizing processes 45 

remain debated, with both metamorphic and magmatic models proposed. There is strong 46 

evidence for multiple gold mineralization events over the course of the ca. 2.68 to 2.64 orogenic 47 

window, differing in genesis and contributions from either magmatic or metamorphic ore-form-48 

ing processes. However, reconciling these models with field relationships and available 49 

geochemical and geochronological constraints remains difficult and is the subject of ongoing 50 

research. 51 

Introduction 52 

The Kalgoorlie gold camp is located in the Yilgarn craton of Western Australia, ~550 km 53 

east-northeast of Perth (Fig. 1A). Within the Kalgoorlie terrane of the Eastern Goldfields 54 

superterrane, ~1,950 metric tons (t) of Au have been produced from an 8- × 2-km area that 55 

represents one of the most Au-endowed camps of the Earth’s explored crust (Mueller, 2015, 56 

2020a). Since the discovery of gold in 1893, continuous gold production via open-pit and 57 

underground mining (Fig. 2) culminated with the formation of Kalgoorlie Consolidated Gold 58 

Mines in 1989 as a joint venture between Homestake Gold of Australia and Normandy Mining. 59 
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The birth of Kalgoorlie Consolidated Gold Mines coincided with the development of the Super 60 

Pit to optimize production from the main zone of gold endowment in the camp. It is from this 61 

“Golden Mile” that ~1,780 t of gold has been produced, with lesser production from the Mt. 62 

Charlotte (~155 t) and Mt. Percy orebodies (~8 t), as well as additional satellite occurrences (~10 63 

t; Mueller, 2020a). From 2001 to 2019, Kalgoorlie Consolidated Gold Mines operated as a 50/50 64 

joint venture between Barrick Gold Corporation and Newmont Mining Corporation and poured 65 

its 20 millionth ounce (Moz) of gold in 2017 (https://www.superpit.com.au/wp-66 

content/uploads/2017/07/CR_MER170630_20Moz-Milestone-for-KCGM.pdf).  In November 67 

2019, Saracen Mineral Holdings purchased Barrick’s 50% stake in Kalgoorlie Consolidated Gold 68 

Mines, and in January 2020 they became joint operators with Northern Star Resources after the 69 

latter acquired Newmont’s 50% stake in Kalgoorlie Consolidated Gold Mines. Current 70 

production is up to ~24.9 t of gold per year, with the majority being sourced from the Super Pit. 71 

The underground Mt. Charlotte mine (~2 t Au/year production) and newly discovered lower 72 

Hidden Secret orebody (~1.4 t Au resource) contribute to the remaining gold reserve in the camp 73 

of ~227.5 t and a mine life forecast to 2035. 74 

Within the Kalgoorlie-Kambalda area (Fig. 1B) gold deposits are spatially distributed 75 

along the ~100-km-long, NNW-striking Boulder Lefroy-Golden Mile fault system—a long-lived 76 

deformational corridor responsible for localizing magmas, fluids, and metals over the course of a 77 

ca. 40-m.y. orogenic window (Swager, 1989; Bateman and Hagemann, 2004; Weinberg et al., 78 

2005; Mueller et al., 2020). Neoarchean rocks in the area record a complex history characterized 79 

by early, rift-related ultramafic and mafic volcanism represented by ca. 2710 to 2690 Ma 80 

komatiitic and basaltic rocks of the Kambalda Sequence (Redman and Keays 1985; Bateman et 81 

al., 2001a; Mueller et al., 2020). These ultramafic and mafic rocks are overlain by volcanogenic 82 

and epiclastic graywacke, turbidites, conglomerates, volcanic breccias, and lava flow rocks of the 83 

Kalgoorlie Sequence (ca. 2690–2665 Ma; Krapež and Hand, 2008; Mueller et al., 2020). The 84 

Kalgoorlie Sequence is in turn overlain by conglomerate, quartz-rich arkose, and graywacke of 85 

the Kurrawang and Merougil Sequences, which are constrained by maximum depositional U-Pb 86 

detrital zircon weighted mean age estimates of 2657 ± 4 Ma (Fletcher et al., 2001) and 2664 ± 6 87 

Ma (Krapež et al., 2000), respectively. Differentiated dolerite sills are the main hosts to gold 88 

mineralization and intruded the volcano-sedimentary pile from ca. 2695 to 2685 Ma (Fletcher et 89 

al., 2001; Tripp, 2013). Multiple phases of deformation occurred from ca. 2685 to 2640 Ma and 90 
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coincided with intrusion of granodiorite-granite and monzodiorite-tonalite intrusive suites and 91 

multiple phases of dynamothermal and contact metamorphism (Bateman and Hagemann, 2004; 92 

Goscombe et al., 2009; Mueller et al., 2020). It was within this dynamic orogenic environment 93 

that the flux of auriferous hydrothermal fluids formed the world-class gold camp of Kalgoorlie. 94 

In this manuscript we provide an up-to-date description of the geology and gold mineralization 95 

types of the Kalgoorlie gold camp, including the newly discovered lower Hidden Secret orebody. 96 

In addition, we consider different genetic and timing models for ore formation in the context of 97 

their supporting data. Despite over a century of gold production and academic research, the ore-98 

forming processes responsible for the exceptional gold endowment of the Kalgoorlie gold camp 99 

remain debated, as does the absolute timing of mineralization. 100 

Geologic Setting of the Kalgoorlie Gold Camp 101 

The Kalgoorlie gold camp includes the Golden Mile, Mt. Charlotte, Hidden Secret, and 102 

Mt. Percy deposits. These deposits are aligned along a 8-km, north-northwest trend where 103 

ultramafic and mafic rocks of the lower Kambalda Sequence are exposed in an elliptical, folded 104 

and faulted window through the higher levels of the stratigraphy (Fig. 3A).  105 

Volcano-sedimentary framework 106 

Volcanic and sedimentary rocks in the Kalgoorlie gold camp formed from ca. 2705 to 107 

2660 Ma. Komatiites and basalts of the Kambalda Sequence (Krapež and Hand, 2008), with 108 

minor seams of interflow sedimentary rock (Eaton, 1986), were generated from ca. 2705 to 2690 109 

Ma (Fig. 3B). These volcanic rocks were overlain by ca. 2690 to 2660 Ma volcaniclastic, epi-110 

clastic, and lava flows of the Black Flag Group after a transition from mafic plain-style 111 

volcanism to intermediate and felsic stratovolcano-type volcanism, which resulted in the 112 

formation of the Kalgoorlie Sequence (Krapež and Hand, 2008).  113 

Hannan’s Lake Serpentinite: The Hannan’s Lake Serpentinite occurs as an Mg-rich basal unit in 114 

the stratigraphic sequence and consists of picritic- to peridotitic-komatiite flows with thin 115 

interbeds of black sulfidic mudstone (Fig. 4A, D-F; Clout et al., 1990). The serpentinite is 300 to 116 

900 m thick (Woodall, 1965; Eaton, 1986; Bateman et al., 2001a), and is exposed to the south of 117 

the Golden Mile and in the Mt. Percy area in the northern portion of the camp (Fig. 3A). Tex-118 

turally, the serpentinite ranges from massive and fine-grained to cumulate or spinifex textured 119 
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and is dominated mineralogically by serpentine (after olivine), chlorite, and remnant interstitial 120 

pyroxene (Woodall, 1965; Travis et al., 1971; Sund et al., 1984; Eaton, 1986). An emplacement 121 

age of 2708 ± 7 Ma is inferred for the serpentinite from U-Pb SHRIMP zircon geochronology of 122 

felsic volcanic interbeds within the regionally equivalent Kambalda komatiite (Nelson, 1997).  123 

Devon Consols Basalt: The Devon Consols Basalt overlies the Hannan’s Lake Serpentinite and 124 

the two units are locally gradational via olivine basaltic flows (Travis et al., 1971; Sund et al., 125 

1984; Eaton; 1986; Clout et al., 1990). The Devon Consols Basalt is 60 to 100 m thick and can 126 

be massive or pillowed, commonly displaying ocellar and variolitic textures (Fig. 4B, D-F; 127 

Woodall, 1965; Bateman et al., 2001a). The basalt belongs to a regional suite of siliceous, high 128 

Mg basalts that are characterized by features indicating rapid cooling of a high-temperature lava, 129 

such as pseudomorphed skeletal olivine and pyroxene phenocrysts (to chlorite, amphibole, and 130 

plagioclase) in a fine-grained plagioclase groundmass (Redman and Keays, 1985).  131 

Kapai Slate: The Kapai Slate is an interflow sedimentary rock horizon at the contact between the 132 

Devon Consols Basalt and overlying Paringa Basalt (Travis et al., 1971; Clout et al., 1990). The 133 

Kapai Slate is a 1- to 8-m-thick zone of variably carbonaceous, graphitic, and siliceous shales 134 

and slates with nodular pyrite (Travis et al., 1971; Eaton, 1986). The Kapai Slate is a continuous 135 

feature of the upper contact of the Devon Consols Basalt in the camp and persists along strike for 136 

~100 km to the south through the Kambalda area (Claoué-Long et al., 1988). Zircons within the 137 

Kapai Slate, interpreted to have been deposited from air-fall tuffs, constrain the maximum age of 138 

the slate and minimum age of the underlying Devon Consols Basalt at 2692 ± 4 Ma (U-Pb 139 

SHRIMP; Claoué-Long et al., 1988). 140 

Paringa Basalt: The Paringa Basalt overlies the Kapai Slate and occurs as the uppermost unit of 141 

the Kambalda Sequence (Woodall, 1965; Clout et al., 1990; Krapež and Hand, 2008). The 142 

Paringa Basalt is the most voluminous basaltic unit in the camp and varies in thickness from 143 

~300 to 900 m (Woodall, 1965; Eaton, 1986). The Paringa Basalt shares a number of features 144 

with the Devon Consols Basalt, such as siliceous, high Mg affinity (Redman and Keays, 1985), 145 

pillow structures, ocelli, phenocrysts, variolitic textures, and skeletal and acicular components 146 

interpreted to record rapid cooling and crystallization (Eaton, 1986). However, the Paringa 147 

Basalt is less variolitic, more commonly pillowed, and generally plagioclase-phyric as opposed 148 

to pyroxene-phyric (Eaton, 1986; Bateman et al., 2001a). Mineralogically, the Paringa Basalt is 149 
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characterized by fine-grained actinolite-tremolite (often skeletal), feldspar, quartz, and skeletal 150 

leucoxene (Eaton, 1986; Said and Kerrich, 2009). The Paringa Basalt is geochemically stratified 151 

with a lower Mg-Cr-Ni-enriched zone distinguished by relict olivine phenocrysts and spinifex, 152 

and an upper 50- to 100-m zone of Fe-rich tholeiite (Fig. 4D-F; Bateman et al., 2001a; Said and 153 

Kerrich, 2009). 154 

Oroya Shale: In addition to the Kapai Slate, other interflow sedimentary rock units occur as thin 155 

horizons within the Devon Consols and Paringa Basalts (Clout et al. 1990). One such unit, the 156 

Oroya Shale, is exposed in the Super Pit as a thin band at the upper contact of the Paringa Basalt 157 

with the base of the Golden Mile Dolerite.  158 

Black Flag Group: The Black Flag Group at the camp scale correlates to the regional Kalgoorlie 159 

Sequence, which is characterized by a dominance of volcanic and volcanogenic sedimentary 160 

rocks, and lesser epiclastic turbidites and carbonaceous shale (Krapež et al., 2000; Krapež and 161 

Hand, 2008). Black Flag rocks are widespread in the camp, have a thickness of ~1,000 m, and 162 

flank the mineralized corridor of the Kambalda Sequence rocks along its western and eastern 163 

margins (Fig. 3A, B). The lower section of the Black Flag Group is separated from an upper 164 

section by the regional Gidji Lake Unconformity (Fig. 3A; Tripp, 2013). Lower Black Flag 165 

Group rocks (ca. 2690–2680 Ma) are distinguished by volcanic sandstone, siltstone, and sulfide-166 

rich shale (Fig. 4C; Mueller et al., 2020). Locally, Black Flag rocks comprise a basal section of 167 

pillowed and massive tholeiitic basalts (Fig. 4D-F), which are interleaved with minor black 168 

mudstone and shale that are conformable with the underlying Paringa Basalt (Clout et al., 1990; 169 

Bateman et al., 2001a; Mueller et al., 2020). The upper section of the Black Flag Group consists 170 

of turbiditic mudstones, siltstones, and sandstones in addition to tuff, agglomerate, and 171 

intermediate to felsic volcanic flow rocks (Woodall 1965; Eaton, 1986; Clout et al., 1990). 172 

Intrusive rocks 173 

From ca. 2695 Ma to perhaps as late as ca. 2640 Ma, multiple periods of intrusive activity 174 

occurred within the Kalgoorlie gold camp (Fig. 5A). This intrusive activity commenced with the 175 

emplacement of ultramafic to mafic dolerite sills from ca. 2695 to 2685 Ma. These sills intruded 176 

along and are highly concordant with stratigraphic contacts, and inflated the thickness of the 177 

stratigraphic pile by up to 1,300 m (Fig. 3B), and are highly differentiated in nature. From ca. 178 
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2675 Ma to possibly as late as ca. 2640 Ma, the intrusive compositions transitioned from early 179 

quartz-feldspar phyric dacites to late hornblende-phyric andesites and lamprophyres. 180 

Williamstown Dolerite: The Williamstown Dolerite is a 150- to 300-m-thick, differentiated sill 181 

that intruded the contact between the Kapai Slate and the Paringa Basalt (Fig. 6A; Woodall, 182 

1965; Sund et al., 1984; Eaton, 1986; Bateman et al., 2001a). The sill lacks chilled margins and 183 

comprises a lower ultramafic unit that grades upward into a mafic unit of approximately equal 184 

thickness (Eaton, 1986; Bateman et al., 2001a). The lower ultramafic portion of the sill is a 185 

medium-grained cumulate of anhedral talc-carbonate pseudomorphs of olivine surrounded by a 186 

matrix of chlorite, plagioclase, leucoxene, and pseudomorphed pyroxene (Eaton, 1986; Bateman 187 

et al., 2001a). The cumulate grades upward to a pyroxenite and further to a coarse-grained, 188 

locally granophyric quartz-pyroxene gabbro that was dated at 2696 ± 5 Ma (SHRIMP U-Pb 189 

zircon; Eaton, 1986; Bateman et al., 2001a; Fletcher et al., 2001). 190 

Eureka and Federal Dolerites: The Eureka and Federal Dolerites are defined, respectively, as 191 

50- to 220- and 85- to 100-m-thick sills within the Paringa Basalt (Clout, 1989; Clout et al., 192 

1990). The Eureka Dolerite has chilled margins and fine- to medium-grained gabbroic units that 193 

bound a discontinuous, weakly granophyric quartz gabbro in the upper third of the sill (Clout, 194 

1989). The Federal Dolerite also has chilled margins and transitions from gabbro to granophyric 195 

quartz gabbro; however, in the Federal Dolerite the granophyric quartz gabbro accounts for 196 

~60% of the intrusion (Clout, 1989). Originally considered as distinct stratigraphic units (Clout, 197 

1989; Clout et al., 1990), the Eureka and Federal dolerites are now interpreted to be related due 198 

to petrographic and geochemical similarities, as well as their small thicknesses and comparable 199 

stratigraphic positions (Bateman et al., 2001a).  200 

Golden Mile Dolerite: The Golden Mile Dolerite is a highly differentiated, gabbroic and 201 

tholeiitic sill that occurs at the Paringa Basalt-Black Flag Group contact (Fig. 6B, C, G; Travis et 202 

al., 1971; Clout et al., 1990). It is continuous along strike and stratigraphic position for over 20 203 

km, has a thickness from 600 to 800 m, and is the most voluminous dolerite in the camp (Travis 204 

et al., 1971; Eaton, 1986; Clout et al., 1990; Bateman et al., 2001a). The dolerite sill has been 205 

subdivided on the basis of geochemistry, texture, and mineralogy into ten persistent units (Travis 206 

et al., 1971; Bateman et al., 2001a; O’Connor-Parsons and Stanley, 2007). The basal unit (Unit 207 

1) is a chilled margin with a variolitic texture that grades into an ultramafic cumulate horizon 208 
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(Unit 2) of coarse platy actinolite-chlorite pseudomorphs of pyroxene surrounded by a 209 

groundmass of albite, zoisite, and interstitial leucoxene. Unit 3 is a cumulate horizon 210 

distinguished from Unit 2 by the presence of phenocrystic, tabular actinolite pseudomorphs of 211 

pyroxene in a groundmass of fine-grained saussuritized plagioclase and interstitial leucoxene. 212 

Unit 4 is a medium-grained porphyritic horizon of amphibolitic pseudomorphs of pyroxene and 213 

fine-grained plagioclase with distinct aggregates of skeletal leucoxene. A medium-grained 214 

subophitic texture and blades of saussuritized plagioclase demarcate Unit 5. Unit 6 is medium-215 

grained, subophitic, and delineated by coarse-grained magnetite that defines a sharp contact with 216 

Unit 7, which is defined by an abundance of fine-grained euhedral magnetite and pegmatitic 217 

mafic dikes. Albite-quartz intergrowths define a granophyric texture that is common in Unit 8, 218 

which is the thickest unit (100–350 m). Other distinguishing features of Unit 8 include its quartz-219 

rich nature, medium to coarse grain size, ophitic textures, medium-grained leucoxene, and an 220 

abundance of fine-grained subhedral magnetite (Fig. 6C). Unit 9 (Fig. 6B) displays a textural and 221 

mineralogical sequence that approximates a condensed and inverted section of Units 2 to 7. Unit 222 

10 defines the upper termination of the Golden Mile Dolerite at the Black Flag Group and is a 223 

chilled margin similar to Unit 1. The favored origin of the Golden Mile Dolerite is as an intrusive 224 

sill (Eaton, 1986), with the compositional variation that defines the ten units reflecting magmatic 225 

differentiation processes within a tholeiitic magma chamber (Phillips, 1986; O’Connor-Parsons 226 

and Stanley, 2007). The age of the Golden Mile Dolerite is constrained by zirconalite from 227 

quartz-rich granophyre of Unit 8 (2680 ± 9 Ma, U-Pb SHRIMP; Rasmussen et al., 2009), and by 228 

zircons from a magnetite-bearing, sericite-chlorite-carbonate-leucoxene-altered portion of the 229 

dolerite (2685 ± 4 Ma, U-Pb SHRIMP; Tripp, 2013).  230 

Aberdare Dolerite: The Aberdare Dolerite is a 600- to 700-m-thick gabbroic sill that consists of a 231 

very thin granophyric center surrounded by thin quartz gabbro horizons that transition to thick 232 

units of pyroxenitic gabbro bounded by chilled margins (Clout, 1989). The Aberdare Dolerite is 233 

distinguished from the Golden Mile Dolerite by its weakly differentiated nature, lack of a lower 234 

cumulate layer, widespread coarse, tabular pyroxene, and a discordant relationship to the 235 

overlying Black Flag Group (Clout, 1989; Clout et al., 1990). Although these features distinguish 236 

the Aberdare Dolerite from the Golden Mile Dolerite, the two dolerites are located in the same 237 

stratigraphic position, share some geochemical and physical characteristics, and may be 238 

equivalent sills (Bateman et al., 2001a). 239 
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Leucocratic porphyries: Leucocratic porphyry includes dikes that have been variably designated 240 

as quartz and/or feldspar porphyries (cf. Gauthier et al., 2004a, b), quartz and/or albite 241 

porphyries (Travis et al., 1971; Clout, 1989), keratophyre, and acid porphyry (Sund et al., 1984). 242 

The distinguishing features of this porphyry class are fine-grained leucocratic matrices, quartz 243 

and/or feldspar phenocrysts, and paucity of hornblende phenocrysts (<5 vol % of the 244 

phenocrystic proportion; Fig. 6D). The leucocratic porphyries are the most common type of 245 

porphyry and crosscut the Golden Mile Dolerite and overlying Black Flag Group in the Super Pit 246 

and Mt. Charlotte underground mine. They also occur in the Hidden Secret and Mt. Percy mines, 247 

where they intrude the Devon Consols Basalt/Williamstown Dolerite and Hannan’s Lake 248 

Serpentinite, respectively. The leucocratic porphyry dikes average 5 m thick but range from thin, 249 

decimeter-scale slivers to thicker, 10- to 30-m-wide bodies (Kalgoorlie Consolidated Gold Mines 250 

drill core database). The leucocratic porphyries are distinguished by feldspar (albite and K-251 

feldspar)- and quartz-dominated phenocrysts that are highly variable in modal proportion (i.e. 252 

~10–65 vol %; Woods, 1997). The phenocrysts range from anhedral to subhedal, ~0.1 to 8 mm 253 

in size, and are set in a groundmass of fine-grained quartz and feldspar with minor magnetite 254 

(Clout, 1989; Woods, 1997). Primary igneous mineralogy is variably modified to an alteration 255 

assemblage of carbonate-sericite-chlorite and epidote (Woods, 1997; Smail, 2016). 256 

Geochemically, the leucocratic porphyries are predominantly dacitic/granodioritic in 257 

composition (based on Zr/TiO2 vs. Nb/Y), and of calc-alkaline affinity (Fig. 6G-I). Age 258 

constraints on leucocratic porphyry dikes are shown in Figure 5. They have been dated by U-Pb 259 

zircon at 2679 ± 3 Ma (SHRIMP; Woods, 1997) and 2676 ± 3 Ma (TIMS; Gauthier et al., 2004b) 260 

at the Golden Mile. At Mt. Charlotte, a foliated porphyry in the Black Flag Group yielded an age 261 

of 2673 ± 3 Ma (U-Pb SHRIMP zircon; Yeats et al., 1999), and a porphyry at the Unit 8-Unit 9 262 

contact of the Golden Mile Dolerite returned an age of 2674 ± 6 Ma (U-Pb SHRIMP zircon; 263 

Kent and McDougall, 1995). In the Mt. Percy mine, a carbonate-altered, feldspar-quartz 264 

porphyry was dated at 2669 ± 6 Ma (U-Pb SHRIMP zircon; Vielreicher et al., 2010). 265 

Mesocratic porphyries: Mesocratic porphyry dikes include hornblende porphyries (Clout, 1989; 266 

Gauthier et al., 2004a, b), hornblende-albite, hornblende-plagioclase, and hornblende-feldspar 267 

porphyries, and historically termed basic porphyry and porphyrite. The defining features of this 268 

porphyry class are fine-grained mesocratic matrices and prominent hornblende phenocrysts 269 

(altered to chlorite-carbonate) that represent >5 vol % (although typically much more) of the 270 
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phenocrystic proportion (Fig. 6E). Like the leucocratic porphyries, the mesocratic porphyries 271 

occur at the Golden Mile, Mt. Charlotte, Hidden Secret, and Mt. Percy deposits; however, the 272 

mesocratic porphyries are less common and on average are thinner (i.e. <5 m), with the thicker 273 

varieties approximating 10 m in width (Kalgoorlie Consolidated Gold Mines DCDB). Two 274 

groups of mesocratic porphyry are defined by albite- versus hornblende-dominant phenocryst 275 

populations (Woods, 1997). The former contain 20 to 50 vol % phenocrysts dominated by albite 276 

(≤90 vol % albite) in a fine-grained quartzo-feldspathic groundmass, and the latter contain ≤50 277 

vol % phenocrysts of up to 85 vol % hornblende in a fine-grained quartzo-feldspathic 278 

groundmass, with both varieties variably altered to carbonate-sericite-chlorite and epidote 279 

(Woods, 1997; Smail, 2016). Compositionally, the mesocratic porphyries are predominantly 280 

andesitic/dioritic (based on Zr/TiO2 vs. Nb/Y) and of calc-alkaline affinity (Fig. 6G, H). They 281 

range from subalkalic to alkalic (Fig. 6I) and are distinguished geochemically from the 282 

leucocratic porphyries by lower Si and higher Ca, Fe, Mg, P, V, and Ni contents. Although 283 

crosscutting relationships between the mesocratic porphyries and leucocratic porphyries are rare, 284 

the mesocratic porphyries are generally considered to be younger (e.g., Gauthier et al., 2004b), 285 

with few noted exceptions (e.g., Eaton, 1986). A younger age for the mesocratic porphyries is 286 

inferred from U-Pb zircon analysis (Fig. 5A) of carbonate-sericite-altered albite-hornblende and 287 

hornblende-albite porphyries in the Golden Mile deposit (2663 +11/–9 Ma (TIMS) and 2650 ± 6 288 

Ma (SHRIMP); Gauthier et al., 2004b; Vielreicher et al., 2010) and Mt. Percy deposit (2646 ± 13 289 

Ma (SHRIMP); Vielreicher et al., 2010). The 2650 ± 6 and 2646 ± 13 Ma ages reported by 290 

Vielreicher et al. (2010) are each calculated from three zircons isolated from larger zircon 291 

populations in the intrusions and are associated with low MSWD values (0.3 and 0.16, 292 

respectively). Recalculated ages from these intrusions of 2675 ± 3 Ma (n = 30; MSWD = 1.5) 293 

and 2667 ± 11 Ma (n = 12; MSWD = 2.0) are similar to those obtained from the leucocratic 294 

porphyries. 295 

Melanocratic porphyries: Melanocratic porphyry dikes comprise kersantitic lamprophyres (Fig. 296 

6F; Mueller et al., 1988; Woods, 1997; Sully, 2010; Mueller, 2020a; Mueller and Muhling, 297 

2020). They are the rarest type of porphyry dike in the camp and occur at the Golden Mile 298 

(Mueller et al., 1988; Mueller, 2020a) and at the Mt. Percy deposit (Woods, 1997; Sully, 2010). 299 

The melanocratic porphyry dikes are small in size, and the few well-documented examples have 300 

thicknesses ranging from 0.3 to 2 m. They are predominantly biotite-phyric (up to 90 vol % of 301 
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the phenocrystic portion), with lesser phenocrysts of albite and apatite (Mueller et al., 1988; 302 

Woods, 1997; Mueller, 2020a). The phenocrysts form the majority of the rock (≥70 vol %) and 303 

occur in a fine-grained groundmass of albite and biotite (Woods, 1997). Both the phenocrysts 304 

and the groundmass are commonly overprinted by chlorite-carbonate-quartz alteration (Mueller 305 

et al., 1988; Mueller, 2020a). Geochemically, the melanocratic porphyries are similar to the 306 

mesocratic porphyries and plot as andesitic/dioritic (based on Zr/TiO2 vs. Nb/Y), with 307 

enrichments in Ca, Fe, Mg, Mn, P, V, and Ni (Fig. 6H; Mueller et al., 1988; Woods, 1997; 308 

Mueller, 2020a). Whereas the mesocratic porphyries range from subalkalic to alkalic, the 309 

melanocratic porphyries are restricted to the alkalic field (Fig. 6I). A SHRIMP U-Pb zircon age 310 

of 2642 ± 6 Ma has been obtained from a chlorite-carbonate-altered dike in the Oroya area 311 

(McNaughton et al., 2005, Mueller, 2020a). 312 

Metamorphism 313 

Rocks of the Kalgoorlie gold camp have been metamorphosed to sub- and lower-314 

greenschist facies metamorphic assemblages characterized by actinolite/tremolite-chlorite-albite-315 

zoisite-epidote-white mica-carbonate mineralogy in mafic rocks and white mica-albite-chlorite-316 

tremolite-epidote mineralogy in quartz-feldspathic rocks (Travis et al., 1971; Phillips, 1986; Gos-317 

combe et al., 2009). Igneous textures are typically preserved during metamorphic overprinting 318 

(Phillips, 1986; Clout et al., 1990; Travis et al., 1971; Mueller, 2020a). In the Golden Mile 319 

Dolerite, augite is replaced by an assemblage of uralite-tschermakite-actinolite-chlorite, and 320 

plagioclase is saussuritized to albite, zoisite, and epidote (Mueller, 2020a). Basaltic units contain 321 

felted albite laths, acicular actinolite, and interstitial zoisite, epidote, and albite (Phillips, 1986; 322 

Mueller, 2020a). It is likely that these metamorphic mineral assemblages record the effects of 323 

multiple metamorphic events defined in the region (cf. Goscombe et al. 2009; Mueller et al., 324 

2020). In addition to near-surface seafloor alteration and alteration related to gold mineralization 325 

(which may be considered varieties of hydrothermal metamorphism), Goscombe et al. (2009) 326 

inferred the presence of the following regional metamorphic events in the camp: (M1) ca. 2685 327 

to 2665 Ma, low-P, moderate-T (ca. 30º–40ºC/km gradient), pervasive regional metamorphism 328 

characterized by clockwise P-T paths reflecting moderate crustal thickening, and decompression 329 

during the metamorphic peak related to the intrusion of high Ca granitoids; and (M2) ca. 2665 to 330 

2650 Ma, low-P, high-T metamorphism (ca. 40º–50ºC/km gradient) associated with 331 
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anticlockwise P-T paths and localized extension related to the development of late, postvolcanic 332 

turbiditic basins (e.g., the Kurrawang and Merougil Sequences; Fig. 1B) and mantle-derived 333 

alkaline intrusions. Mueller et al. (2020) suggested the timing of the M1 event may be further 334 

refined locally to ca. 2680 Ma by the inferred pre-M1 timing of the 2685 ± 4 Ma Golden Mile 335 

Dolerite and post-M1 timing of the leucocratic porphyries (ca. 2675 Ma). 336 

Widespread hydrothermal alteration 337 

The effects of hydrothermal alteration are recorded by widespread chlorite-calcite and chloritoid-338 

bearing alteration zones that transition to inner ankerite-siderite and sericite alteration zones, 339 

respectively (Philips, 1986; Mueller et al., 1988; Clout et al., 1990; Mueller, 2020a). Chlorite-340 

calcite alteration defines a camp-scale alteration zone of CO2 metasomatism (Travis et al, 1971; 341 

Phillips, 1986; Mueller, 2015). In the Golden Mile, the chlorite-calcite alteration (with lesser 342 

quartz, albite, ankerite, sericite, epidote, and magnetite) overprints the metamorphic actinolite-343 

albite assemblage in the Golden Mile Dolerite and extends northeast, through the Paringa Basalt 344 

into the Eureka Dolerite (Philips, 1986; Clout et al. 1990; Mueller, 2020a). Inner, pale ankerite-345 

siderite alteration zones are gradational with the chlorite-calcite alteration and are best developed 346 

in coarser, granophyric portions of the Golden Mile Dolerite (Philips, 1986; Clout et al., 1990). 347 

Ankerite-siderite replaces the chlorite-calcite assemblage and is accompanied by a greater 348 

abundance of quartz and sericite, and the presence of tourmaline, pyrite, paragonite, and 349 

chalcopyrite (Phillips, 1986). The widespread chlorite-calcite alteration has been interpreted to 350 

reflect mild carbonation resulting from diffuse interaction (i.e. low fluid/rock ratio) with a CO2-, 351 

S-, K-, and Rb-bearing aqueous fluid, with the ankerite-siderite alteration zones representing 352 

more localized alteration effects and a higher degree of interaction (i.e., high fluid/rock ratio) 353 

with the same fluid system, especially in rocks with high Fe/Mg ratios (Phillips, 1986). The 354 

chlorite-calcite alteration has been considered by some authors as propylitic in nature on the 355 

basis of albite abundance and stability in the alteration zones (Mueller, 2020b). 356 

Chloritoid-bearing alteration zones are documented in a ~1.5-km2 area in the southeast portion 357 

of the Super Pit and Golden Mile underground mine that includes the Trafalgar fault (Fig. 3A; 358 

Mueller, 2020a). The alteration type is defined by chloritoid aggregates in schist containing a 359 

variable assemblage of paragonite, ankerite, quartz, albite, chlorite, pyrite, magnetite, and 360 

tourmaline (Mueller, 2020a). To the north of the Trafalgar fault, the chloritoid-bearing alteration 361 
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merges with a 150-m-wide zone of bleached, sericite-ankerite-quartz-muscovite-paragonite-362 

altered Paringa Basalt at its contact with the Golden Mile Dolerite (Mueller, 2020a). These 363 

chloritoid-bearing alteration zones are interpreted by Mueller (2020b) to record peripheral zones 364 

of anomalously high temperature (405°–425°C) within the lower temperature (310°–340°C), 365 

camp-scale chlorite-calcite alteration zone. Alternatively, the chloritoid-bearing schist zones may 366 

depict metamorphosed synvolcanic alteration zones, similar to those found in some Archean 367 

VMS deposit settings.  368 

Structures and deformation history 369 

The stratigraphic package in the Kalgoorlie gold camp documents a ca. 40-m.y. history of 370 

contractional and transcurrent deformation that is represented by folds, faults, and steep 371 

cleavages. A record of such structures and their interpreted chronologies is summarized in Figure 372 

7A in a D1 to D3 schema. The earliest structures in the camp are the D1 Kalgoorlie anticline and 373 

the Golden Mile fault (Figs. 3A; 8A, B). In the Golden Mile, the Kalgoorlie anticline as well as 374 

the parasitic Paringa anticline and Brownhill syncline are NNW-trending, upright folds that 375 

plunge shallowly (~20°) to the south-southeast (Woodall, 1965; Eaton, 1986; Mueller et al., 376 

1988; Mueller, 2015). An early S1 cleavage is axial planar to these folds and is defined by albite 377 

laths and interlath aggregates of chlorite in the Golden Mile Dolerite (Mueller et al., 1988). The 378 

Golden Mile fault is a NNW- to WNW-trending, subvertical fault along the western limb of the 379 

Kalgoorlie anticline. The fault juxtaposes Hannan’s Lake Serpentinite against Golden Mile 380 

Dolerite in the north, and Golden Mile Dolerite against a thin band of lower Black Flag Group in 381 

the south (Fig. 8A, B). The band of Black Flag Group marks the boundary between E-younging 382 

units to the west and W-younging units to the east that define the core of the Kalgoorlie syncline, 383 

also part of this set of early D1 folds (Fig. 8A, B; Clout et al., 1990; Mueller, 2015). 384 

Along trend northward from the Golden Mile, the Kalgoorlie anticline plunges north-northwest 385 

(Travis et al., 1971) and is folded along with the Golden Mile fault around the regional-scale, D2 386 

or D3 stage Boomerang anticline (Figs. 3A, 7A). The Boomerang anticline is NNW-trending, 387 

steeply NNW-plunging (>60°), and trends obliquely to the regional Boulder-Lefroy fault (Clout 388 

et al., 1990; Bateman and Hagemann, 2004). This oblique relationship has led to the inter-389 

pretation of the Boomerang anticline as a large-scale drag fold generated during D3 sinistral 390 

movement along the Boulder-Lefroy fault (Swager, 1989; Bateman and Hagemann, 2004). The 391 
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regional WNW- to NNW-trending Boulder-Lefroy fault separates Black Flag Group in the 392 

southwest from rocks of the Kambalda Sequence in the northeast and parallels shallowly 393 

plunging regional folds such as the D2 Celebration anticline (Fig. 3A; Bateman and Hagemann, 394 

2004; Weinberg et al., 2005). The Boulder-Lefroy fault has been interpreted to be a northeast 395 

over southwest, D2 reverse or thrust fault that was later reactivated as a D3 sinistral-transcurrent 396 

fault (Bateman and Hagemann, 2004; Weinberg et al., 2005). The formation of a widespread, 397 

regional NNW-trending cleavage (S2 or S3) is variably attributed to the D2 thrust/reverse stage 398 

(Weinberg et al., 2005) or the D3 sinistral strike-slip stage (Swager, 1989; Fig. 7A). Cleavage 399 

measurements from the Kalgoorlie Consolidated Gold Mines-oriented drill core database (Fig. 400 

3A) illustrate that the highest density contour is slightly clockwise-oblique to the Boulder-Lefroy 401 

fault and transverse to the Boomerang anticline. These geometries favor significant cleavage 402 

formation in association with sinistral movement along the Boulder-Lefroy fault, and suggest 403 

that the formation of the Boomerang anticline predated the main phase of cleavage development 404 

in the camp.  405 

In the Golden Mile (Fig. 8A), mineralized lode structures are considered to have formed 406 

during a D2 sinistral shearing event (Mueller et al., 1988; Mueller, 2015, 2020a), and are locally 407 

offset by NNW-trending, steeply NE-dipping D3 reverse faults with minor oblique-sinistral 408 

movement (i.e., the Australia East, Kalgurli, and A Lode faults; Figs. 7A, 8B; Mueller, 1988; 409 

Swager, 1989; Bateman and Hageman, 2004; Mueller, 2020a). The NE-dipping faults are, in 410 

turn, offset by NNW-trending D3 thrust faults that dip moderately to the southwest, such as the 411 

Oroya fault (Fig. 8C; Mueller, 2020a). The SW-dipping thrust faults are the dominant structures 412 

in a conjugate set and are potentially coeval with the NE-dipping reverse faults (Swager, 1989; 413 

Mueller et al., 1988; Mueller, 2020a). These reverse and thrust faults record a late-stage of D3 414 

contractional deformation that occurred in association with sinistral shearing (Swager, 1989; 415 

Mueller, 2020a), and are the youngest records of the ENE-WSW-shortening conditions that 416 

prevailed throughout the regional orogeny. These faults further emphasize that distinct phases of 417 

sinistral-transcurrent dominant and contractional-reverse/thrust dominant deformation occurred 418 

during regional east-northeast-west-southwest shortening, and that this D2-D3 period was likely a 419 

prolonged episode of sinistral transpression.  420 

In the Mt. Charlotte underground mine, SW-dipping D3 thrust faults are represented by 421 
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the Flanagan, Neptune, and Shea faults. These faults are offset by N-striking, subvertical D3 422 

dextral faults such as the Reward, Maritana, and Mt. Charlotte faults (Figs. 7A, 9A, B; Clout et 423 

al., 1990; Bateman and Hagemann, 2004; Mueller, 2015). The D3 faults occur as ~1- to 5-m-424 

wide zones of mylonite, cataclasite, and breccia (Ridley and Mengler, 2000; Mueller, 2015), and 425 

record a late phase of D3 dextral shearing that was widespread throughout the camp. 426 

Ages of intrusions in the camp and the broader district provide absolute timing 427 

constraints on the deformation events (Fig. 7B). In the Golden Mile, a maximum age of D1 428 

deformation is provided by the 2685 ± 4 Ma Golden Mile Dolerite (Tripp, 2013), folded and 429 

faulted during the development of the Kalgoorlie anticline and Golden Mile fault. A minimum 430 

age of 2676 ± 3 Ma comes from leucocratic porphyry dikes, intruding both limbs of the 431 

Kalgoorlie anticline-syncline fold pair, and postdating the early D1 fold event (Gauthier et al., 432 

2004a, b). A mesocratic porphyry, dated at 2663 +11/-9 Ma, is overprinted by the regional north-433 

northwest cleavage and constrains the D2-D3 period (Gauthier et al., 2004a, b). Regionally in the 434 

Boulder-Jubilee open pit (Fig. 1), a 2676 ± 7 Ma, boudinaged quartz-feldspar porphyry dike 435 

intruded the Boulder-Lefroy fault and is interpreted to have been emplaced during sinistral 436 

shearing (D2-D3; Mueller et al., 2020). The Kanowna Belle porphyry complex (21 km NNE of 437 

the Golden Mile), dated at 2663 ± 7 and 2655 ± 6 Ma, intruded the SE-dipping Fitzroy reverse 438 

fault and is overprinted by the regional NNW-trending cleavage, and provides a further 439 

constraint on the D2-D3 period (Ross et al., 2004; Mueller et al., 2020). In the Mt. Shea-Hannan’s 440 

South area (Fig. 1), NW-striking reverse faults similar to the SW- and NE-dipping D3 441 

thrust/reverse faults in the Golden Mile control Cu-Au skarn mineralization that replaces 2658 ± 442 

3 Ma and 2662 ± 3 Ma porphyries (Krapež et al., 2000; Fletcher et al., 2001; Mueller, 2007; 443 

Mueller et al., 2016). Finally, the 2648 ± 6 Ma Liberty granodiorite pluton (40 km NW), which is 444 

crosscut by the N- to NNE-trending, dextral Black Flag fault, provides a maximum age for D3 445 

(Mueller et al., 2020). These timing constraints (Fig. 7B) indicate that the earliest D1 stage of 446 

folding and faulting in the camp occurred from ca. 2685 to 2675 Ma. From ca. 2675 to 2655 Ma, 447 

conditions of east-northeast-west-southwest regional shortening prevailed, generating major 448 

structures such as the Boulder-Lefroy fault and Boomerang anticline, as well as the north-449 

northwest cleavage during a period of prolonged D2-D3 sinistral transpression. The late, dextral 450 

D3 faults formed subsequent to ca. 2650 Ma and record the youngest phase of significant 451 

deformation in the camp. 452 
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Gold Mineralization 453 

Fimiston-type lode mineralization 454 

Fimiston-type lode mineralization is the primary type of mineralization in the Golden 455 

Mile, where vertically extensive lode networks (~1 km; Bateman and Hagemann, 2004; Mueller, 456 

2020a) define the eastern and western lode systems on either side of the Golden Mile fault (Fig. 457 

8A). Lode mineralization is preferentially developed within the Golden Mile Dolerite in the 458 

eastern and western lode systems, and to a lesser degree within the Paringa Basalt in the eastern 459 

lode system (Travis et al., 1971). The lodes occur as carbonate-quartz (±anhydrite) vein zones 460 

commonly characterized by a banded or brecciated nature, colloform-crustiform textures (Fig. 461 

10A), with sulfides (dominantly pyrite with lesser chalcopyrite and sphalerite), sulfosalts 462 

(tennantite-tetrahedrite ± enargite), magnetite, hematite, telluride minerals, and native gold 463 

(Clout et al., 1990; Mueller, 2007; Godefroy-Rodríguez et al., 2020). The vein zones are 464 

surrounded by proximal sericite-ankerite-siderite-quartz-hematite-pyrite-telluride alteration (1 465 

ppm to bonanza-grade Au) and distal ankerite-sericite-quartz-pyrite alteration (0.1–3 ppm Au; 466 

Clout et al., 1990; Bateman and Hagemann, 2004). Vertical zonation associated with the lodes 467 

occurs on scales ranging from ~30 to 1,000 m and is characterized by upper, low-grade ankerite-468 

quartz-ephesite-pyrite alteration underlain by high-grade ankerite-quartz-vanadian sericite-pyrite 469 

alteration that transitions downward to ankerite-quartz-sericite-pyrite alteration of variable gold 470 

grade (Fig. 11; Clout, 1989). Fimiston lodes generally have strike lengths of 1 to 2 km (Bateman 471 

and Hagemann, 2004) and range in thickness from 0.2 to 16 m (avg 2.4 m; Kalgoorlie 472 

Consolidated Gold Mines DCDB), although economic zones up to 50 m wide occur in areas of 473 

high lode density (Eaton, 1986). The lodes are typically steeply dipping (60°–90° SW; Fig. 8B), 474 

and are subdivided on the basis of their strike/dip (Fig. 10I; Travis et al., 1971; Mueller, 2020a) 475 

into Main lodes (140/60–75; 150/90), Caunter lodes (120/70–60; 104/80–60), and Cross lodes 476 

(026/90). High-grade ore shoots plunge 50° to 60° to the southeast (Phillips, 1986; Mueller et al., 477 

1988; Mueller, 2020a). Gold concentrations in the lodes typically range from 0.2 to 12 ppm, with 478 

the highest grade intercepts having values from 20 to 222 ppm (Table 1). The lodes are 479 

distinguished by their Te- and Hg-rich nature (Fig. 10K, L), with locally elevated Mo (Fig. 480 

10M).  481 

Oroya-type lode mineralization 482 
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Oroya-type mineralization is exceptionally high grade (up to ~1,244 ppm Au) and 483 

distinguished by the presence of Green Leader alteration, which is a distinct deep-green, quartz- 484 

sericite-carbonate-pyrite-telluride-nolanite-titanium vanadate alteration assemblage colorized by 485 

vanadium-bearing muscovite (Fig. 10C). Oroya-type mineralization occurs as a series of 486 

shallowly plunging ore shoots at the folded Oroya Shale interface between the Golden Mile 487 

Dolerite and Paringa Basalt (Figs. 8C, 10H; Eaton, 1986; Muller and Muhling, 2019). The Oroya 488 

shoot is the most significant occurrence of this type of mineralization (>62 t Au produced); it is 489 

located on the eastern limb of the Brown Hill syncline as a 1.5-km-long brecciated ore pipe 490 

plunging 15o to 30o SSE and bound by two NNW-striking, SW-dipping thrust faults—the Oroya 491 

hanging wall and footwall shear zones (Fig. 10H; Lungan, 1986; Mueller et al., 1988; Mueller 492 

and Muhling, 2020).  493 

Hidden Secret-type lode mineralization  494 

Hidden Secret-type lode mineralization comprises an Ag-rich subtype of Te-bearing 495 

mineralization that is distinguished from the Fimiston-type lode mineralization by an increased 496 

abundance of the Ag tellurides hessite and petzite, and a decreased abundance of calaverite 497 

(Mueller and Muhling, 2013; Fitzgerald and Nixon, 2016; Sellman, 2016). Hidden Secret-type 498 

lode mineralization becomes dominant to the north-northwest of the Super Pit along the Golden 499 

Mile fault in the Mt. Charlotte and Mt. Percy areas (Fig. 3A), where ~10 t of gold has been 500 

produced from the historic Golden Dream and Hannan’s North Ag-rich lodes (Mueller and 501 

Muhling, 2013; Mueller, 2015). In an area ~400 m to the east of Mt. Charlotte, mineralization 502 

occurs in folded stratigraphy on the western limb of the Kalgoorlie anticline, where the NNW-503 

trending, steeply dipping (50º–75°) Towns fault bends locally to a west-northwest trend 504 

(Fitzgerald and Nixon, 2016). The currently producing lower Hidden Secret orebody is located 505 

where the Towns fault transects the lower contact of Williamstown Dolerite with the Devon 506 

Consols Basalt (Fig. 8D). The historically mined upper Hidden Secret orebody (~1 t Au 507 

produced; Mueller, 2020a) is located ~300 m to the south-southeast and updip along the Towns 508 

fault at the upper contact of the Williamstown Dolerite with the Paringa Basalt (Fitzgerald and 509 

Nixon, 2016). The upper Hidden Secret orebody is hosted in the upper, granophyric portion of 510 

the Williamstown Dolerite and the lower Paringa Basalt intercalated with shale; the lower 511 

Hidden Secret orebody is predominantly hosted within the lower, ultramafic portion of the 512 
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Williamstown Dolerite (Fitzgerald, and Nixon, 2016). The Hidden Secret-type lodes occur as 513 

banded carbonate-quartz-sericite-pyrite veins with lesser sulfides (chalcopyrite, galena, 514 

sphalerite, pentlandite), sulfosalts, tellurides, and gold (Fig. 10B; Sellman, 2016). Associated 515 

alteration zones in the dolerite consist of a carbonate-sericite-fuchsite-pyrite assemblage. The 516 

lodes strike northwest, dip steeply to moderately southweat (Fig. 10F), and range from 0.2 to 5 m 517 

in thickness (avg 2.1 m; Kalgoorlie Consolidated Gold Mines DCDB). Gold concentrations in 518 

the lodes generally vary from 0.1 to 6 ppm, with the highest grade intercepts having values from 519 

11 to 1,640 ppm (Table 1). Like the Fimiston lodes, the Hidden Secret lodes are distinguished 520 

geochemically by their Te- and Hg-rich nature (Fig. 10K, L; Table 1), Au-Te/Au-Hg 521 

correlations, and locally elevated Mo (Fig. 10M). They differ from the Fimiston lodes by a 522 

higher Ag enrichment and Au-Ag correlation (Fig. 10J). 523 

Mt. Charlotte-type stockwork veins  524 

Mt. Charlotte-type stockwork veins define the Charlotte, Reward, Maritana, and Northern 525 

orebodies of the Mt. Charlotte underground mine (Fig. 9A). These orebodies occur as 50- × 150-526 

m ore shoots that plunge steeply northwest for >800 m, where the N-trending Charlotte, Reward, 527 

and Maritana faults segment the NNW-trending Neptune and Flanagan faults, thereby creating 528 

fault-bounded blocks of Golden Mile Dolerite (Fig. 9A, B; Clout et al., 1990; Ridley and Men-529 

gler, 2000; Mueller, 2015). Other significant stockwork-type vein mineralization occurs as the 530 

Golden Pike and Drysdale stockworks in the western lode system of the Golden Mile (Fig. 8A), 531 

at a bifurcation in the N- to NNW-trending Golden Pike fault. At Mt. Percy (Fig. 9C, D), gold 532 

has been produced from a combination of stockwork- and lode-type mineralization (Clout et al., 533 

1990; Bateman and Hagemann, 2004; Sully, 2010; Mueller, 2015, 2020a). In the lower Hidden 534 

Secret orebody, deformed lode mineralization is crosscut by Au-bearing stockwork-type veins 535 

(Fig. 10B), which are preferentially hosted by Devon Consols Basalt and leucocratic porphyry in 536 

a shallowly SSE-plunging anticlinal hinge zone (Figs. 8D, 10G; Fitzgerald and Nixon, 2016).  537 

 538 

The stockwork type of mineralization is defined by planar quartz (~90%)-carbonate-539 

sericite-albite-scheelite-sulfide-gold veins that are typically 2 to 50 cm thick (Fig. 10D) and in 540 

some cases continuous along strike for >50 m, with a spacing from 1 to >2 m in the orebodies 541 
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(Clark, 1980; Clout et al., 1990; Ridley and Mengler, 2000; Mueller, 2015). The veins 542 

predominantly occur as two contemporaneous sets: (1) steeply NW- or SE-dipping, and (2) 543 

shallowly to moderately N-dipping (Fig. 10E). Both vein sets are characterized texturally by 544 

buck quartz (dominant), fibrous quartz, and crack-seal laminations (Clark, 1980; Clout et al., 545 

1990; Ridley and Mengler, 2000). The veins are surrounded by symmetrical alteration halos that 546 

extend 0.05 to 1.0 m from the vein and overprint the regional chlorite-calcite alteration in Unit 8 547 

of the Golden Mile Dolerite, which is the primary host for stockwork-type mineralization at Mt. 548 

Charlotte, Drysdale, and Golden Pike (Clark, 1980; Clout et al., 1990; Bateman and Hagemann, 549 

2004). There is vertical zoning at the Mt. Charlotte mine (Clark, 1980; Bateman and Hagemann, 550 

2004; Mueller, 2015): In the upper 450 m, the vein alteration halos comprise an inner, 551 

mineralized (6–12 ppm Au), bleached selvage of ankerite-sericite-albite-pyrite-siderite-rutile, 552 

and an outer, barren halo of albite-chlorite-magnetite-pyrite. From 600 to 800 m in depth the 553 

abundance of albite increases from 20 to 30 vol % in the inner bleached alteration zone at the 554 

expense of muscovite, and pyrrhotite becomes dominant over pyrite in the outer albite-chlorite-555 

magnetite-pyrite alteration zone. At depths of >800 m, pyrrhotite becomes dominant over pyrite 556 

in both the inner and outer alteration zones, and albite increases to 40 vol % of the inner 557 

bleached zone. Gold grades in the Mt. Charlotte-type stockwork veins generally vary from 0.02 558 

to 2 ppm, with the highest grade intercepts having values from 3 to 19 ppm (Table 1). The veins 559 

are geochemically distinct from the Fimiston- and Hidden Secret-type lodes as they lack the 560 

typical Au-Hg correlation and Te/Mo enrichment (Fig. 10K-M; Table 1). 561 

Timing of mineralization  562 

Structural studies constrain the timing of mineralization relative to the development of 563 

faults, folds, cleavages, and the emplacement of intrusions (Mueller et al., 1988; Swager et al., 564 

1989; Bateman and Hagemann, 2004; Gauthier et al., 2004a, b; Weinberg et al., 2005; Mueller, 565 

2015, 2020a). Despite variations in deformation schemas and the interpreted structural timing of 566 

mineralization events (cf. Fig. 7A), shared conclusions include the following: (1) the Fimiston 567 

lodes are the structurally earliest mineralization event; (2) the Oroya shoot formed after the 568 

emplacement of the Fimiston lodes; and (3) the Mt. Charlotte stockwork-type mineralization is 569 

the youngest mineralization event, developed within fault-bounded blocks related to the D3 570 

deformation event. These conclusions are supported by the fact that the regional, NNW-trending 571 
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cleavage deforms and overprints the Fimiston lodes (Fig. 7C); in contrast, the Mt. Charlotte 572 

stockwork veins are typically undeformed (e.g., Fig. 10D). Additionally, in the Golden Pike, 573 

Drysdale, and Hidden Secret areas, the stockwork mineralization is observed to crosscut the lode 574 

mineralization (e.g., Fig. 10B). Although Bateman and Hagemann (2004) suggested that the 575 

Fimiston lodes formed during the development of early structures such as the Golden Mile fault 576 

and Kalgoorlie anticline, most workers consider the Fimiston lodes to have formed 577 

synchronously with later sinistral deformation (i.e., D2-D3, Fig. 7A) in Riedel shear-type 578 

structures that correspond to the different lode orientations (i.e., Main, Caunter, Cross; Fig. 10I; 579 

Mueller et al., 1988; Swager, 1989; Mueller, 2015, 2020a). The Oroya shoot is interpreted to be a 580 

later stage of Te-rich mineralization than the Fimiston lodes because its bounding structures—the 581 

Oroya hanging-wall and footwall shear zones—crosscut and offset earlier lode structures (Fig. 582 

8C; Bateman and Hagemann, 2004; Mueller, 2020a). Southwest-dipping thrust faults similar to 583 

the Oroya shear zones, such as the Cadiz and Salamanca faults, crosscut Ag-rich lodes in the 584 

lower Hidden Secret orebody (Fitzgerald and Nixon, 2016), suggesting that Hidden Secret 585 

mineralization also predates Oroya mineralization. These structural relationships, combined with 586 

local and regional U-Pb zircon constraints (Fig. 7B), place the formation of the Fimiston-, 587 

Hidden Secret-, and Oroya-type lodes within the D2-D3 time period (ca. 2675–2655 Ma), with 588 

the formation of the Fimiston lodes and the Oroya shoot early and late, respectively, within this 589 

interval. The overprinting Mt. Charlotte-type stockwork mineralization must have formed 590 

subsequent to 2648 ± 6 Ma, when the Liberty Granodiorite was affected by the late, D3 dextral 591 

faulting event (Fig. 5B). 592 

Direct dating of ore- and alteration-stage monazite, xenotime, and sericite from Fimiston 593 

and Oroya mineralized zones yields age ranges that are younger than the structurally inferred 594 

minimum age for Te-rich mineralization of ca. 2655 Ma, and conflict with the observed 595 

overprinting relationships (Fig. 5B). SHRIMP U-Pb monazite ages and 40Ar/39Ar sericite ages 596 

from the Fimiston-type lodes overlap in a time interval from 2655 to 2620 Ma, with SHRIMP U-597 

Pb zircon (2642 ± 6 Ma) and monazite (2637 ± 20 Ma) ages from an altered, synmineralization 598 

lamprophyre dike in the Oroya hanging-wall shear zone (Kent and McDougall, 1995; 599 

McNaughton et al., 2005; Vielreicher et al., 2010). An even younger age for the Fimiston gold 600 

event of 2610 ± 4 Ma has been inferred from 40Ar/39Ar sericite geochronology (Heath, 2003). 601 

SHRIMP U-Pb xenotime ages from the Mt. Charlotte stockwork-type mineralization define an 602 
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age range from 2670 to 2630 Ma (Rasmussen et al., 2009; Vielreicher et al., 2010; Mueller, 603 

2020a). This age range largely overlaps with the monazite-defined age range for the Fimiston- 604 

and Oroya-type mineralization; however, the maximum age of the xenotime-defined range for 605 

the stockwork mineralization is 12 m.y. older. A second cluster of xenotime and sericite ages 606 

delineate a younger age range from ca. 2620 to 2585 Ma for the stockwork mineralization 607 

(Phillips and Miller, 2006; Vielreicher et al., 2010). These geochronologic results have been 608 

interpreted by Vielreicher et al. (2010, 2015) to indicate a broadly synchronous timing of 609 

formation for the Fimiston, Oroya, and Mt. Charlotte types of mineralization at ca. 2.64 Ga (Fig. 610 

5B). This model of a single mineralization episode conflicts with the outcomes of the structural 611 

studies and field observations, which support multiple, distinct mineralization events over the 612 

course of ca. 20 to 50 m.y. (cf. Bateman and Hagemann, 2004; Robert et al., 2005; Weinberg et 613 

al., 2005; Bateman and Jones, 2015; Mueller, 2020a). One possibility to consider, but difficult to 614 

assess, is that the young ages from phosphate minerals and sericite actually reflect complete or 615 

partial resetting by subsequent thermal or hydrothermal events. Clearly, further work is required 616 

to better constrain the timing of mineralization in the camp. 617 

Genetic Considerations 618 

Numerous genetic models have been proposed for the origin of gold mineralization in the 619 

camp. Early syngenetic models have been discarded in favor of epigenetic ones (cf. Clout, 1989), 620 

which remain debated, in particular concerning the derivation of ore fluids from magmatic 621 

(Clout, 1989; Bateman and Hagemann, 2004; Mueller and Muhling, 2013; Mueller 2007, 2015) 622 

or metamorphic processes (Golding and Wilson, 1983; Phillips, 1986; Phillips et al., 1987; 623 

Vielreicher et al., 2010, 2016). A summary of different interpretations for epigenetic 624 

mineralization is presented in Figure 12, grouped into the following categories: (1) a model that 625 

favors predominantly metamorphic fluids and a single hydrothermal episode for all ore types in 626 

the camp (Phillips, 1986; Phillips et al., 1987; Vielreicher et al., 2010, 2016 ); (2) a model that 627 

recognizes multiple mineralization events and suggests that both early and late mineralization 628 

formed by similar magmatic-hydrothermal processes associated with high Mg, monzodiorite-629 

tonalite intrusions (Mueller, 2007, 2015, 2020a; Mueller and Muhling, 2013); and (3) a model 630 

that identifies multiple mineralization events and favors a magmatic-hydrothermal ± surficial 631 

fluid model for the early, Te-rich Fimiston and Oroya mineralization, but recognizes the late Mt. 632 
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Charlotte mineralization as typical mesozonal orogenic mineralization (Clout, 1989; Bateman 633 

and Hagemann, 2004), which may be the product of metamorphic fluids.  634 

Textural, mineralogical, and geochemical characteristics of mineralization and inferred P-T 635 

conditions  636 

Principal differences among genetic models relate to different interpretations of the types 637 

of mineralization in terms of single or multiple hydrothermal events/genetic mechanisms. 638 

Additional characteristics and constraints are considered here to further assess these different 639 

interpretations, as summarized in Table 1 and presented in the Electronic Appendix. There are 640 

clear textural differences between the Te-rich Fimiston, Hidden Secret, and Oroya mineralization 641 

types and the Te-poor Mt. Charlotte stockwork veins. The former often display colloform-642 

crustiform textures and/or are banded or brecciated in nature, and the latter are typically 643 

characterized by planar buck quartz infill (e.g., Fig. 10A-D). Mineralogically, the Fimiston lodes 644 

are distinguished by telluride minerals, sulfosalts, tourmaline, and mineral species such as 645 

hematite, magnetite, and anhydrite, reflecting oxidized conditions (Clout, 1989; Clout et al., 646 

1990; Mueller, 2007). In contrast, the Mt. Charlotte stockwork veins display a more reduced 647 

mineral assemblage, locally including pyrrhotite, and are distinguished by the presence of 648 

scheelite (Clark, 1980; Mueller, 2015). The bivariate elemental plots (Fig. 10J-M) illustrate that 649 

the Fimiston and Hidden Secret lode mineralization types show distinct Te-Hg-Mo enrichment 650 

and Au-Hg/Au-Mo correlation in comparison to the Mt. Charlotte stockwork veins. 651 

Quartz and carbonate oxygen isotope data from Fimiston lodes and Mt. Charlotte veins 652 

show significant overlap (Table 1; Fig. A1B, C, E), but δ18O values from the Fimiston samples 653 

tend to be higher than those from Mt. Charlotte, which may indicate formation from an 654 

isotopically heavier fluid or, alternatively, at a lower temperature. Evidence for surficial fluid 655 

involvement is equivocal as δ18OQuartz-δ18OH2O and δDSericite- δDH2O fractionation is temperature 656 

dependent. On the basis of δ18OQuartz and δ18OCarbonate values, a surficial fluid component could be 657 

invoked in both Fimiston and Mt. Charlotte mineralization types over a 200° to 300°C 658 

temperature range. Using the δD values of sericite in the Fimiston lodes, the calculated δDH2O 659 

fluid values over a 300º to 400°C temperature range are permissible with surficial fluid 660 

infiltration, as a number of the fluid values fall within the δD range of –20 to 0‰. Fluid 661 

inclusion studies of Fimiston and Mt. Charlotte mineralization document similar fluid inclusion 662 
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types and compositions (Table 1; Figs. A2–4, 6). In both cases, the parental ore-forming fluid is 663 

considered a low-salinity, H2O-CO2 fluid. Fluid inclusions in Fimiston lodes are generally 664 

devoid of CH4, whereas those in the lower level of the Mt. Charlotte mine have a carbonic 665 

component of variable XCH4 from 0 to 1. In both mineralization types, two-phase liquid-vapor 666 

H2O inclusions of variable salinity coexist with carbonic inclusions, interpreted in some 667 

instances to record phase immiscibility. Low-salinity varieties of H2O inclusions in Fimiston 668 

mineralization have been interpreted to record the influx of a surficial fluid (Clout, 1989). The 669 

carbon isotope signature differs between the Fimiston and Mt. Charlotte mineralization types 670 

(Fig. A1E). Fimiston samples tend to have higher δ13C values than the majority of Mt. Charlotte 671 

samples (Table 1). As δ13C fractionation is affected by intensive fluid properties such as T, fO2, 672 

and pH, these contrasting carbon isotope signatures may record differences in hydrothermal fluid 673 

chemistry between the Fimiston and Mt. Charlotte systems. Alternatively, the difference in δ13C 674 

carbonate values may be attributable to different carbon source reservoirs. 675 

There are significant ranges in the δ34S pyrite data from the Fimiston, Oroya, and Mt. 676 

Charlotte mineralization types (Table 1; Fig. A1F). However, the majority of Fimiston δ34S 677 

pyrite values and a large number of Oroya δ34S pyrite values are significantly <0‰. In contrast, 678 

the vast majority of the Mt. Charlotte δ34S pyrite values are >0‰. The majority of Δ33S values 679 

for Fimiston and Mt. Charlotte mineralization overlap from 0 to 0.5‰ (Fig. A1G). The Oroya 680 

samples are the most distinct in their Δ33S values and display a large range from ~–1.1 to +1.1‰. 681 

These values have been interpreted as predominantly juvenile S (Δ33S = 0 ± 0.2‰), mixed with 682 

lesser supracrustal S characterized by a mass independent fractionation signature (Δ33S≠0 ± 683 

0.2‰) sourced from local country rocks (Godefroy-Rodríguez et al., 2020). The range of δ34S 684 

pyrite values in the Fimiston samples is suggested to record a variety of processes (Phillips et al., 685 

1986; Clout, 1989; Bateman and Hagemann, 2004; Godefroy-Rodríguez et al., 2020), including: 686 

(1) the phase separation of ore fluids, (2) variance in fluid oxidation state, and (3) mixing of S 687 

from isotopically distinct sources. The prevalence of negative δ34S values in Fimiston pyrite is 688 

typically attributed to oxidized fluid conditions. The nature of the oxidized fluid for the Fimiston 689 

event is debatable, and suggestions include: (1) an initially oxidized fluid of likely magmatic 690 

origin (Clout, 1989; Bateman and Hagemann, 2004), (2) mixing of a reduced fluid with a 691 

surficial fluid (Clout, 1989; Bateman and Hagemann, 2004), and (3) interaction of a reduced 692 

fluid with magnetite-bearing portions of the Golden Mile Dolerite (Phillips et al., 1986; Evans et 693 
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al., 2006). Godefroy-Rodríguez et al. (2020) documented negative δ34S values in the earlier 694 

paragenetic stages of Fimiston mineralization and δ34S values in a late stage of the event that are 695 

generally near 0‰ and higher. This supports the presence of an oxidized fluid during the early 696 

stages of the Fimiston mineralization event. Deuterium and oxygen isotope data indicate that 697 

fluid oxidation related to surficial fluid infiltration is plausible. Because Mt. Charlotte 698 

mineralization is primarily hosted within magnetite-bearing portions of the Golden Mile Dolerite 699 

and does not display the same hematite-magnetite-sulfate mineralogy and prevalent negative δ34S 700 

values, it is difficult to invoke wall-rock interaction as a fluid oxidation mechanism. 701 

Pressure-temperature estimates for mineralization have been made using fluid inclusion-, 702 

mineral equilibria-, and stable isotope-based methods (Clark, 1980; Golding and Wilson, 1983; 703 

Ho, 1986; Clout, 1989; Bateman et al., 2001b; Heath, 2003; Mernagh et al., 2004; Mueller, 2015, 704 

2020b). Estimates for the Fimiston, Oroya, and Mt. Charlotte mineralization types generally 705 

overlap in a P range from 300 to 100 MPa and T range from 400° to 200°C (Table 1; Fig. A5), 706 

suggesting that the various types of mineralization may have formed in broadly similar P-T 707 

environments. Evidence for phase immiscibility infers pressure cycling and the P range from 300 708 

to 100 MPa may record transitions from lithostatic to hydrostatic pressures. One notable outlier 709 

in the P-T estimate dataset is that of Clout (1989), wherein it is suggested that Fimiston 710 

mineralization may have formed in a near-surface environment (i.e., ≤1-km depth), with fluid 711 

temperatures ranging from ~100° to 250°C. These conditions are not supported by the P-T 712 

inferences cited above. However, high-level textures, the indication of a surficial fluid 713 

component, and vertical zonation of the Fimiston lode alteration, together with the documented 714 

presence of low-temperature minerals such as realgar, are supportive of a shallow level of 715 

emplacement for Fimiston mineralization (Clout, 1989). Therefore, it remains difficult to 716 

reconcile the textural, mineralogical, and geochemical differences between the Fimiston and Mt. 717 

Charlotte mineralization types in the context of the foregoing P-T considerations. 718 

Metamorphism and metamorphic fluid models  719 

These models favor a single mineralizing fluid generated by the metamorphism of mafic-720 

volcanic and/or sedimentary rocks, with the formation of the different mineralization types 721 

contemporaneously or penecontemporaneously at ca. 2.64 Ga. Devolatilization during the 722 

greenschist to amphibolite transition is invoked in the production of low-salinity, H2O-CO2 (~0.2 723 
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XCO2) ore fluids, with gold deposition in greenschist-facies metavolcanic rocks at the brittle-724 

ductile transition, with a broadly syn- to postpeak metamorphic timing (cf. Goldfarb and Groves, 725 

2015, and references therein). Peak greenschist-facies metamorphic conditions in the gold camp 726 

are defined by actinolite/tremolite-chlorite-albite-zoisite-epidote-white mica-carbonate 727 

assemblage in mafic rocks. Because the axial planar cleavage to the Kalgoorlie anticline is 728 

defined by an actinolite-chlorite-albite assemblage, greenschist-facies metamorphism is 729 

considered to have been coeval with the development of D1 structures (e.g., Phillips, 1986; 730 

Mueller, 2020a). The widespread chlorite-calcite alteration overprints the greenschist-facies 731 

mineralogy and is considered to be related to the Fimiston lodes (Phillips, 1986), which are 732 

inferred to occupy post-D1 structures (Swager, 1989; Mueller, 2020a); this suggests a postpeak 733 

metamorphic timing for the Fimiston gold event (Phillips, 1986; Mueller, 2020a). A similar 734 

timing relative to peak metamorphism is suggested for the Mt. Charlotte stockwork-type 735 

mineralization, as the alteration halos of these veins overprint the regional chlorite-calcite 736 

alteration (Clark, 1980; Clout et al., 1990; Bateman and Hagemann, 2004). Therefore, a 737 

metamorphic fluid model is permissive given the nature of metamorphism and the relative timing 738 

relationships between the mineralization events and peak metamorphism. In addition, fluid 739 

inclusion studies suggest that the main ore fluids associated with both the Fimiston and Mt. 740 

Charlotte mineralization types are comparable low-salinity, H2O-CO2 fluids, which may be 741 

considered as further supporting evidence for a metamorphic fluid model and a single 742 

mineralizing episode in the camp (Phillips, 1986; Phillips et al., 1987; Vielreicher et al., 2010, 743 

2016). 744 

Magmatism and magmatic fluid models  745 

A critical difference among the proposed magmatic-hydrothermal models is the nature of 746 

magmatism invoked in the mineralizing process: Clout (1989) and Bateman and Hagemann 747 

(2004) considered the dacitic, subalkaline, leucocratic porphyries to be subvolcanic feeders to the 748 

Black Flag Group that may have represented the volcanic edifice developed cotemporally with 749 

Fimiston-type mineralization. In contrast, Mueller and Muhling (2013) and Mueller (2015) 750 

considered the andesitic, alkaline, mesocratic porphyries to be critical in the mineralization 751 

process, largely due to the similarities these intrusions share with the high Mg, monzodiorite-752 

tonalite suite in the Mt. Shea area to the south (i.e. Ca, Fe, Mg, P, V, Ni, Cr enrichments and 753 
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similar types of associated mineralization). Whereas the leucocratic porphyries are consistently 754 

crosscut by Fimiston mineralization, the mesocratic porphyries both crosscut and are crosscut by 755 

Fimiston mineralization, suggesting temporal overlap with Te-rich mineralization (Gauthier et 756 

al., 2004b; Mueller, 2020a). Both models consider the Te-rich and oxidized nature of the ore as 757 

an indication of magmatic affinity (Clout, 1989; Bateman and Hagemann, 2004; Mueller and 758 

Muhling, 2013). The km-scale lateral Au-Ag zonation in Te-rich lode mineralization from the 759 

Golden Mile to the Hidden Secret area is interpreted by Mueller and Muhling (2013) to be 760 

indicative of a magmatic-hydrothermal origin.  761 

Whereas Clout (1989) and Bateman and Hagemann (2004) considered the possibility of a 762 

distinct genesis for the Te-poor, Mt. Charlotte stockwork mineralization type, Mueller (2015) 763 

proposed a genetic connection between the Mt. Charlotte stockwork mineralization and the 764 

mesocratic porphyries. This is premised on inferred temporal overlap between the mesocratic 765 

porphyries and Mt. Charlotte mineralization based on U-Pb geochronology (Fig. 5). However, 766 

the large errors associated with these ages prevent any firm conclusion (i.e., 2651 ± 9 Ma age for 767 

Mt. Charlotte mineralization and 2663 +11/–9 Ma for the mesocratic porphyries; Mueller, 768 

2020a). Presently, no examples of mesocratic porphyries crosscutting stockwork veins have been 769 

documented, suggesting that the porphyries may have been emplaced prior to the Mt. Charlotte 770 

mineralization event. 771 

Concluding Remarks 772 

Gold mineralization in the Kalgoorlie gold camp can be broadly subdivided into structurally 773 

early, telluride-bearing lodes (Fimiston, Oroya, and Hidden Secret) and structurally late, 774 

telluride-poor quartz-carbonate vein sets (Mt. Charlotte). All mineralization types have a clear 775 

affinity for the competent, quartz-rich, granophyric Unit 8 of the Golden Mile Dolerite sill, 776 

which hosts the majority of mineralization in the Golden Mile Super Pit and the Mt. Charlotte 777 

deposit. To a lesser degree, basalts and ultramafic units—such as the Paringa Basalt in the 778 

eastern lode system, the Williamstown Dolerite at Hidden Secret, and the Hannan’s Lake 779 

Serpentinite at Mt. Percy—provide favorable hosts to mineralization, particularly where intruded 780 

by preore, quartz-feldspar-phyric, dacitic porphyries that also host mineralization. These 781 

porphyries occur in ore zones throughout the camp, including the Golden Mile Super Pit and the 782 

Mt. Charlotte deposit where they are accompanied by volumetrically minor hornblende-phyric 783 
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andesites and lamprophyre dikes that overlap temporally with the telluride-bearing 784 

mineralization. 785 

It remains difficult to define a precise geochronological framework for mineralization. 786 

From a structural point of view, it is likely that the early gold-telluride Fimiston, Hidden Secret, 787 

and Oroya lodes formed during regional D2-D3 sinistral transpression (ca. 2675–2655 Ma). Their 788 

maximum age is constrained by ca. 2675 Ma, preore quartz-feldspar porphyries and their 789 

minimum age is constrained by the crosscutting Mt. Charlotte stockwork-type veins, with the lat-790 

ter inferred to have formed during the transition to regional D3 dextral shearing, which affected 791 

the 2648 ± 6 Ma Liberty granodiorite pluton. Zircon U-Pb dating of the hornblende-phyric 792 

andesitic porphyries emplaced synchronously with the gold-telluride lodes has proved 793 

problematic, and conclusive crystallization ages remain elusive, in part due to the large errors 794 

associated with the reported ages, and also due to the interpretive nature of the calculated ages. 795 

Dating of the synore Oroya lamprophyre has proved to be similarly difficult, with the 2642 ± 6 796 

Ma age obtained from U-Pb zircon SHRIMP geochronology first considered to represent the age 797 

of lamprophyric magmatism and Oroya mineralization (McNaughton et al., 2005), and now 798 

considered to be a minimum age for those events (Mueller, 2020a; Mueller and Muhling, 2020). 799 

The age of the Mt. Charlotte gold mineralization event is less ambiguous and it is indicated to be 800 

ca. 2650 Ma by U-Pb SHRIMP geochronology of hydrothermal xenotime within Mt. Charlotte 801 

ore (Mueller et al., 2020), which agrees with the timeframe established for regional D3 802 

deformation.  803 

Gold mineralization in the Kalgoorlie gold camp may be considered orogenic in the sense 804 

that it formed contemporaneously with protracted magmatism, metamorphism, and deformation 805 

during a ca. 2685 to 2640 Ma period of orogeny. However, as noted by Robert et al. (2005) and 806 

further illustrated by Mueller et al. (2020), magmatism, metamorphism, and deformation overlap 807 

both spatially and temporally in this orogenic framework making it difficult to fingerprint the 808 

specific processes responsible for gold mineralization events. It is clear from structural, 809 

geochemical, mineralogical, and textural data that early, Au- and Te-rich, aqueous-carbonic 810 

hydrothermal fluids of an oxidized nature were responsible for the bulk of gold deposition in the 811 

Golden Mile and Hidden Secret deposits. Later aqueous-carbonic fluids of a Te-poor and 812 

reduced nature contributed to this earlier gold endowment by forming stockwork veins at Mt. 813 
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Charlotte, Drysdale, and Golden Pike. The evidence invokes temporally and geochemically 814 

distinct hydrothermal systems that differed in their gold and telluride endowment, and suggests 815 

that multiple genetic mechanisms contributed to the formation of ore in the Kalgoorlie gold camp 816 

with both magmatic and metamorphic ore-forming processes likely to be represented. Although 817 

mineralization is spread along the 8- × 2-km, NNW-trending corridor that defines the camp, the 818 

bulk of the estimated 2,300 t Au endowment is hosted in a much smaller area represented by the 819 

Golden Mile Super Pit. The majority of gold production from the Golden Mile is sourced from 820 

Fimiston-type gold telluride lodes, implying that the later overprinting Mt. Charlotte 821 

mineralization event was not a critical contributor to this exceptional endowment. Hence, the 822 

highly concentrated gold endowment within the Golden Mile is likely a reflection of numerous 823 

optimized factors related to host-rock preparation and ore formation (cf. Groves et al., 2016) that 824 

affected the circulation and focusing of Au- and Te-rich hydrothermal fluids during D2-D3 825 

regional sinistral transpression. Additionally, it is likely that the hydrothermal fluids responsible 826 

for gold endowment in the Kalgoorlie gold camp ultimately stem from anomalously enriched 827 

source regions, such as the fertile uppermantle proposed by Hronsky et al. (2012). 828 
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FIGURE AND TABLE CAPTIONS 1050 

Fig. 1. A. Location of the Kalgoorlie gold camp in the Yilgarn craton. B. Regional geologic 1051 

setting (adapted from Mueller et al., 2020) of the Kalgoorlie gold camp (Golden Mile, Mt. 1052 

Charlotte, Hidden Secret (not shown), and Mt. Percy deposits) in the Kalgoorlie-Kambalda area. 1053 

Other gold deposits are shown as yellow dots distributed along the Boulder Lefroy-Golden Mile 1054 

fault system. The syncline and anticline symbols on the figure represent both D1 and D3 folds, 1055 

which trend subparallel to one another. Type examples of D1 and D3 folds include the Kalgoorlie 1056 

Anticline and Kurrawang syncline, respectively. The latter D3 folds are expressed in late-stage, 1057 

sedimentary clastic deposits such as those of the Kurrawang and Merougil sequences. 1058 

Fig. 2. Cumulative gold production (t) since 1893 for the Golden Mile underground (GM UG) 1059 

and open-pit operations (GM OP) as well as the Mt. Charlotte open-pit and underground 1060 

workings (Mt. C OP and UG, respectively), and the Mt. Percy open pit (Mt. P OP). 1061 

Fig. 3. A. Camp-scale geologic map produced from Kalgoorlie Consolidated Gold Mines 1062 

mapping and compilation. The location of the Gidji Lake unconformity is from G.I. Tripp (pers. 1063 

commun., 2019). Gold deposits of the Kalgoorlie gold camp (Golden Mile, Mt. Charlotte, 1064 

Hidden Secret, and Mt. Percy deposits) as well as the Oroya shoot are shown as yellow dots. Ste-1065 

reonets (equal area) are from Kalgoorlie Consolidated Gold Mines drill core database and 1066 

display contoured poles (1% area; start = 2%; CI = 2%) of planar features. Upper left stereonet 1067 

shows poles to regional cleavage measurements and trends of camp-scale structures, namely the 1068 

Golden Mile fault (GMF), Boulder-Lefroy fault (BF), Boomerang anticline (BA), and late, N- to 1069 

NNE-trending dextral faults. The upper right stereonets display poles to bedding planes and 1070 

lithologic contacts. Map coordinates in UTM zone 51J, WGS84 datum. B. Scaled stratigraphic 1071 

column depicting the volcanic, sedimentary, and intrusive rocks of the Kalgoorlie gold camp in 1072 

the context of geochronological age constraints. See text for supporting references. 1073 

Fig. 4. Volcanic and sedimentary rocks of the Kalgoorlie gold camp. A. Representative spinifex-1074 

textured Hannan’s Lake Serpentinite (HLS) from the Mystery open pit at Mt. Percy. B. 1075 

Representative variolitic Devon Consols Basalt (DCB) from DDH TFUD0037 at 174.4 m. C. 1076 

Representative lower Black Flag (LBF) Group within the Golden Mile fault zone: finely 1077 

laminated carbonaceous shale, siltstone, and sandstone is host to nodular pyrite and crosscut by 1078 
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carbonate-quartz-sulfide veins; from DDH SCGD001 at 1068.59 m. D-F. Geochemical 1079 

characteristics of upper and lower Paringa Basalt (dark-green triangles and dots, respectively), 1080 

Devon Consols Basalt (light-green dots), and basalts of the lower Black Flag Group (yellow 1081 

dots) shown (D) in a Jensen cation plot and (E, F) MgO vs. Ni/ MgO vs. Cr bivariate plots. Data 1082 

from Morris et al. (1991), Bateman et al. (2001a), and Said and Kerrich (2009). 1083 

Fig. 5. Interpreted U-Pb zircon/zirconolite ages for intrusive rocks (dolerites and porphyries; A), 1084 

and U-Pb phosphate and 40Ar/39Ar sericite ages for hydrothermal minerals related to gold 1085 

mineralization (B). All reported ages for zircon, zirconalite, and phosphate minerals are 1086 

SHRIMP U-Pb ages with the exceptions of 8 and 11, which are TIMS U-Pb Zircon ages. Age 1087 

references are as follows: 1Fletcher et al. (2001), 2, 20Rasmussen et al. (2009), 3, 4Yeats et al. 1088 

(1999), 5Tripp (2013), 6, 18, 24Kent and McDougall (1995), 7Woods (1997), 8, 11Gauthier et al. 1089 

(2004b), 9, 10, 12, 13, 15, 16, 21, 22Vielreicher et al. (2010), 14, 19McNaughton et al. (2005),17Heath 1090 

(2003), 23Mueller et al. (2020), 25, 26Phillips and Miller (2006). This diagram illustrates the 1091 

contrasting interpretations of single (yellow bar) vs. multiple (red and blue bars) periods of 1092 

mineralization. See text for discussion. 1093 

Fig. 6. Intrusive rocks of the Kalgoorlie gold camp. A. Representative Williamstown Dolerite 1094 

(WTD) from the lower Hidden Secret orebody from DDH TFUD0036 at 348.30 m. B. 1095 

Representative Golden Mile Dolerite (GMD) Unit 9 with coarse leucoxene (Lx) from recent 1096 

extension drilling of the Golden Mile Super Pit from DDH OLGD001G at 1,310.20 m. C. Repre-1097 

sentative Golden Mile Dolerite Unit 8 with coarse magnetite (Mt) from the Super Pit. D. 1098 

Representative feldspar (Fsp)- and quartz (Qtz)-phyric leucocratic porphyry in the Hidden Secret 1099 

orebody from DDH UGHS140 at 45.35 m. E. Representative mesocratic porphyry with chlorite 1100 

pseudomorphed hornblende (Hbl) phenocrysts from the Super Pit. F. Representative 1101 

melanocratic porphyry from the Super Pit from DDH GTD25 at 171.50 m. G-I. Plots depicting 1102 

the geochemical characteristics of intrusions in the Kalgoorlie gold camp. G. Jensen cation plot 1103 

showing compositional divide between tholeiitic dolerites (Golden Mile = GMD, Aberdare = 1104 

AD, and Eureka = ED Dolerites) and calc-alkaline porphyry intrusions. H. A Winchester and 1105 

Floyd plot showing the dominantly andesitic composition of mesocratic and melanocratic 1106 

porphyries, and the dominantly dacitic composition of leucocratic porphyries. I. A total alkali 1107 

silica plot displaying the alkaline affinity of the mesocratic and melanocratic porphyries and the 1108 
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subalkaline affinity of the leucocratic porphyries. Whole-rock geochemical data are sourced from 1109 

Woods (1997), Sully (2010), Smail (2016), Mueller (2020a), Gauthier (unpub. data), and 1110 

McDivitt (unpub. data). 1111 

Fig. 7. Deformation events and associated structures in the Kalgoorlie gold camp and their 1112 

relationship to porphyry intrusions and mineralization. A. Chronologic chart depicting different 1113 

structural workers’ interpretations of folds, faults, cleavages, porphyry intrusions, and 1114 

mineralization types in a D1-D3 deformation schema. Each vertical line in the diagram 1115 

corresponds to a discrete structure, porphyry or mineralization type. Multiple points on a single 1116 

line emphasize discrepancy in structural timing: e.g., whereas Weinberg et al. (2005) considered 1117 

the Golden Mile fault (GmF) to be a D1 structure, Mueller (2020a) considered it to be a D2 1118 

structure. The structural legend is as follows: KA = Kalgoorlie anticline, BS = Brownhill 1119 

syncline, PA = Paringa anticline, GmF = Golden Mile fault, Sl = local cleavage, Sr = regional 1120 

cleavage, BA = Boomerang anticline, Bof = Boulder-Lefroy fault, CA = Celebration anticline, 1121 

LoF = Loongan fault, MhF = Mount Hunt fault, TeF = Telecom fault, OpF = Optus fault, AtF = 1122 

Abattoir East fault, TfF = Trafalgar fault, OrF = Oroya fault, FlF = Flanagan fault, NeF = 1123 

Neptune fault, ShF = Shea fault, AeF = Australia east fault, KaF = Kalgurli fault, AlF = A Lode 1124 

fault, MyF = Mystery fault, McF = Mt. Charlotte fault, ReF = Reward fault, MaF = Maritana 1125 

fault, HsF = Hannan’s Star fault, AbF = Aberdare fault, DrF = Drysdale fault. B. Absolute U-Pb 1126 

zircon age constraints on regional deformation events in the Kalgoorlie-Kambalda area: 12685 ± 1127 

4 Ma (SHRIMP) for the Golden Mile Dolerite (Tripp, 2013); 22676 ± 3 Ma (TIMS) for a 1128 

leucocratic porphyry at the Golden Mile (Gauthier et al., 2004b); 32676 ± 7 Ma (SHRIMP) for a 1129 

boudinaged porphyry in the Hampton Boulder-Jubilee pit (Mueller et al., 2020); 42663 +11/–9 1130 

Ma (TIMS) for a mesocratic porphyry at the Golden Mile (Gauthier et al., 2004b); 52663 ± 7 Ma 1131 

(SHRIMP) for the Kanowna Belle porphyry complex (Mueller et al., 2020); 62658 ± 3 Ma 1132 

(SHRIMP) and 72662 ± 3 Ma (SHRIMP) for porphyries in the Mt. Shea-Hannan’s South area 1133 

(Krapež et al., 2000; Fletcher et al., 2001; Mueller, 2007); 82655 ± 6 Ma (SHRIMP) for the 1134 

Kanowna Belle porphyry complex (Ross et al., 2004); 92648 ± 6 Ma (SHRIMP) for the Liberty 1135 

granodiorite pluton (Mueller et al., 2020). See text for discussion. C. Oriented plane-polarized 1136 

light photomicrograph, illustrating a carbonate-quartz-pyrite veinlet within a Caunter lode that is 1137 

folded axial planar to the NNW-trending regional cleavage (host rock is Paringa Basalt). 1138 

Specimen was collected from the Super Pit. Stereonet is equal area. 1139 
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Fig. 8. A. Geologic plan map of the Golden Mile adapted from Mueller (2020a). The locations of 1140 

cross sections in (B) and (C) are indicated by the thin black lines with triangular end points. B. 1141 

Geologic cross section through the Golden Mile deposit (adapted from Mueller, 2020a), 1142 

illustrating the western and eastern lode systems on either side of the Kalgoorlie syncline and 1143 

steeply dipping, gold-telluride lodes (thin red lines) that are offset by steeply NE-dipping reverse 1144 

faults (thick black lines) and conjugate thrust faults (thick blue lines). C. Geologic cross section 1145 

through the Golden Mile deposit (adapted from Mueller, 2020a) displaying gold-telluride lodes 1146 

(thick red lines) offset by steeply NE-dipping reverse faults of the Kalgurli fault zone (thick 1147 

black lines), and the moderately SW-dipping Oroya thrust fault (thick blue line). D. Geologic 1148 

cross section of the lower Hidden Secret orebody (adapted from Fitzgerald and Nixon, 2016) 1149 

where the Towns fault transects the folded contact between the Williamstown Dolerite and 1150 

Devon Consols Basalt at the Kapai Slate interflow sedimentary rock horizon. 1151 

Fig. 9. Geologic plan map (A) and longitudinal section (B) of the Mt. Charlotte deposit (adapted 1152 

from Ridley and Mengler, 2000, and Mueller, 2015), illustrating the distribution of stockwork 1153 

ore in the Charlotte (COB), Reward (ROB), Maritana (MOB), and Northern (NOB) orebodies. 1154 

The stockwork orebodies have a strong affinity for Unit 8 of the Golden Mile Dolerite, which is 1155 

segmented into fault-bounded blocks by SW-dipping thrusts such as the Neptune and Flanagan 1156 

faults as well as N-striking dextral faults such as the Charlotte, Reward, and Maritana faults. 1157 

Geologic plan map (C) and cross section (D) of the Mt. Percy deposit (adapted from Sully, 1158 

2010), illustrating two distinct settings where overlapping gold-telluride lodes and stockwork-1159 

type veins define orebodies: (1) in feldspar-quartz porphyries within the Hannan’s Lake 1160 

Serpentinite where small hornblende-albite porphyries and kersantites occur and (2) along the 1161 

contact between Williamstown Dolerite and Devon Consols Basalt in association with the Kapai 1162 

Slate. 1163 

Fig. 10. Gold mineralization types of the Kalgoorlie gold camp. A. Fimiston-type lode 1164 

mineralization comprising a banded, carbonate-quartz vein with a distinctive colloform texture 1165 

from the Golden Mile Super Pit; DDH OLGD001G at 1,330 m. B. Hidden Secret-type lode 1166 

mineralization as a large banded vein at the end of the Hidden Secret 310 South Footwall. Gray 1167 

and green fragments of Williamstown Dolerite are included in the vein, with the green fragments 1168 

reflecting carbonate-fuchsite alteration. A late, stockwork-type vein (SWV) cuts across the lode 1169 
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mineralization. C. Oroya-type mineralization from the 160-m level of the Oroya shoot. The 1170 

mineralization is banded in nature and of high sulfide content, with the deep-green coloration of 1171 

wall-rock fragments reflecting alteration assemblages that include V-bearing muscovite. D. Mt. 1172 

Charlotte stockwork-type veins in Unit 8 of the Golden Mile Dolerite. The veins are from the 1173 

1680 level of the underground Mt. Charlotte mine and display well-defined alteration halos 1174 

expressed by the tan-colored wall rock. E-G. Contoured poles (equal area stereonet; 1% area 1175 

contours; start = 2%; CI = 2%) to vein and bedding-plane measurements from Kalgoorlie 1176 

Consolidated Gold Mines drill core database. E. Stockwork veins from the Mt. Charlotte 1177 

underground mine; steeply NW- or SE-dipping, and shallowly to moderately N-dipping 1178 

orientations are dominant. F. Hidden Secret-type lodes in the lower Hidden Secret orebody. A 1179 

dominant NW-striking and steeply SW-dipping orientation is well defined. G. Kapai Slate 1180 

bedding in the lower Hidden Secret orebody. The π axis to a best-fit great circle defines a 1181 

shallowly SSE-plunging fold hinge, parasitic to the Kalgoorlie anticline. This hinge is a feature 1182 

that controls the distribution of stockwork-type mineralization in the orebody. H. Schematic 1183 

three-dimension diagram of the geologic setting and geometry of the Oroya shoot (adapted from 1184 

Lungan, 1986). Localized deformation at the Oroya Shale (OS) contact between the Golden Mile 1185 

Dolerite (GMD) and Paringa Basalt (PB) resulted in the nucleation of the bounding Oroya 1186 

hanging- and footwall shear zones (OHW and OFW, respectively). I. Stereographic depiction of 1187 

the different Fimiston lode orientations (after Mueller, 2020a). J-M. Bivariate scatterplots of Ag, 1188 

Te, Hg, and Mo vs. Au. Data are from the KCGM drill-core database and include gold-1189 

mineralized and barren samples from the southern Fimiston, Hidden Secret, Golden Pike, and 1190 

Mt. Charlotte areas. Arrays of data points near and parallel to the plot axes are artifacts of the 1191 

analytical detection limits for the elements portrayed. 1192 

Fig. 11. Longitudinal section of the main lode, west leg from the Lake View mine adapted from 1193 

Clout (1989). The section displays vertical zonation in wall-rock alteration related to Fimiston 1194 

mineralization: (1) upper, low-grade ankerite-quartz-ephesite-pyrite alteration (green); (2) 1195 

intermediate, high-grade ankerite-quartz-vanadian muscovite-pyrite alteration (blue); and (3) 1196 

lower, ankerite-quartz-sericite-pyrite alteration of variable gold grade (orange and pink). The 1197 

alteration zones are developed in Units 9 and 10 of the Golden Mile Dolerite. Northing markers 1198 

correlate to the local KLV mine grid. 1199 
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Fig. 12. Summary diagram of competing absolute timing and genetic models for gold 1200 

mineralization in the Kalgoorlie gold camp. See text for further details. 1201 

Table 1. Textural, Geochemical, and P-T Estimate Summary of the Fimiston, Hidden Secret, 1202 

Oroya, and Mt. Charlotte Mineralization Types. Notes: Dash indicates a lack of available data. 1203 

1Data sourced from the Kalgoorlie Consolidated Gold Mines multielement database. 2Compiled 1204 

data and references are available in the Electronic Appendix; distinguishing elemental signature 1205 

is based on Kalgoorlie Consolidated Gold Mines multielement data and the mass balance 1206 

calculations; reported isotopic ranges encompass the majority of the data but exclude outliers 1207 
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Table 1. 

Mineralization Type:  Fimiston Lodes  Hidden Secret Lodes  Oroya Lode  Mt. Charlotte 
Textural Features:  Coliform, crustiform, 

banded, and breccia 
textures

Banded and breccia 
veins 

Breccia, silica 
mottling, and 
banded veins

Planar buck quartz‐
carbonate, lack of banding 

[Au] (20‐80th Percentile):1  n=166, 0.2‐12 ppm  n=303, 0.1‐6 ppm  ‐  n=227, 0.02‐2 ppm 
[Au] (90‐100th Percentile):1  n=166, 20‐222 ppm  n=303, 11‐1640 ppm  ‐  n=227, 3‐19 ppm 
[Te] (20‐80th Percentile):1  n=103, 0.1‐10 ppm n=175, 0.2‐32 ppm ‐ n=227, 0.05‐0.4 ppm 
[Te] (90‐100th Percentile):1  n=103, 17‐370 ppm  n=175, 66‐500 ppm  ‐  n=227, 0.6‐2 ppm 

Trace Metal Correlations (Log10 Pearson≥0.5):1  n=103, Ag (0.7), Te (0.7), 
Hg (0.68), Mo (0.5) 

n=175, Ag (0.8), Te 
(0.9), Bi (0.5), Hg 
(0.8), Mo (0.6), Pb 
(0.5), Sb (0.6) 

‐  n=227, Ag (0.6), Te (0.7) 

Distinguishing Elemental Signature:1,2  Ag, Te, Hg enrichment and 
Au correlation; B, Mo, Sb 

enrichment 

Major Ag, Te 
enrichment and Au 
correlation; Bi, Hg, 

Mo, Pb, Sb 
enrichment and Au 

correlation 

Similar to Fimiston 
and Hidden Secret 
with major relative 
enrichments in S and 

V  

Lacks the Te, Hg, Mo, and 
Sb enrichments 

characteristic of the 
Fimiston and Hidden 

Secret  

O Isotopes – Quartz/Carbonate (δ18O):2 ~10‐15‰ (quartz) and ~9‐
14‰ (carbonate)

‐  (Limited data) ~10‐
13‰ (carbonate)

~10‐13‰ (quartz) and ~9‐
13‰ (carbonate) 

D Isotopes – Sericite/Inclusion Waters (δD):2  ~‐45 to ‐18‰ in sericite; 
high variability in fluid 
inclusion waters from ~‐

60‰ to ‐30‰ 

‐  ‐  ‐ 

Fluid Inclusions:2  Inferred parental H2O‐CO2 
fluid with XCO2 = 0.02‐2 
and wt. % NaCl 1‐8; 2‐
phase H2O inclusions of 

variable salinity  

(Limited data) H2O‐
CO2 inclusions and 2‐
phase H2O inclusions 

(Limited data) CO2‐
rich (±CH4) CO2‐H2O 
inclusions and 2‐

phase H2O inclusions 

Inferred parental H2O‐CO2 
fluid with XCO2 = 0.2‐0.3 

and wt. % NaCl ~3; 
Carbonic inclusions can be 
CH4‐rich; 2‐phase H2O 
inclusions of variable 

salinity 
C Isotopes – Carbonate (δ13C):2  ~‐5 to ‐2‰  ‐  (Limited data) ~‐3‰  ~‐8 to ‐2‰ 
S Isotopes – Pyrite (δ34S; Δ33S):2  δ34S  range ‐10 to 5‰; 

Majority Δ33S range 0‐0.5‰
‐  δ34S  range ‐10 to 

5‰; Wide range Δ33S 
range from ~‐1 to 

1‰ 

δ34S  range 0 to 15‰; 
Majority Δ33S range 0‐

0.5‰ 
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Pressure‐Temperature Estimates:2  Pressure variation from ~3‐
1 Kb; Temperature range 

from ~400‐200oC 

‐  Pressure variation 
from ~2.5‐0.5 Kb 
(limited data); 

Temperature range 
from ~425‐250 oC 

Pressure variation from 
~3‐1 Kb; Temperature 
range from ~450‐200oC 
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Introduction to Chapter 3: “Deformation, Magmatism, and Sulfide 

Mineralization in the Archean Golden Mile Fault Zone, Kalgoorlie Gold 

Camp, Western Australia” 

At the camp scale gold deposits of the Kalgoorlie gold camp show a strong spatial association 

with the Golden Mile fault zone (GMFZ). This chapter presents the results of an integrated 

structural, geochemical, and geochronological study of the GMFZ which was designed to 

constrain the following: 

(1) The deformation record of the GMFZ and how it relates to deposit- and camp-scale 

structures. Because most gold mineralization in the camp is hosted in the coarse-grained, 

rheologically-competent Unit 8 of the Golden Mile Dolerite, deformation is typically expressed 

as brittle structures associated with mineralization; ductile structures and clear overprinting 

relationships are generally not well defined. The GMFZ correlates to fine-grained Lower Black 

Flag Group sedimentary rocks and porphyry intrusions; this environment has preserved a record 

of ductile structures and overprinting/crosscutting relationships. For this reason the deformation 

record of the GMFZ is studied in detail and used to refine the structural evolution of the Golden 

Mile deposit and the broader Kalgoorlie camp. 

(2) The relative timing, structural setting, and geochemistry (δ34S, Δ33S, trace element)of sulfide 

mineralization in the GMFZ and how the sulfide mineralization relates to the different gold 

mineralization types (i.e., Fimiston, Oroya, Mt. Charlotte) in the camp. 

(3) Absolute timing constraints on deformation in the fault zone provided by U-Pb zircon 

geochronology applied to dikes in the fault zone. 

(4)  The spatial distribution of porphyry dikes in the camp and how their distribution relates to 

the GMFZ and gold deposits.  

The candidate designed the study, completed all fieldwork, structural work, and sample 

collection, and is responsible for all interpretation and figure production. The candidate 

competed geospatial analysis of the KCGM drill-core database using MapInfo® with the 

Datamine Discover Suite software. All writing was completed by the candidate, with editing and 

revisions of the text provided by S. Hagemann and N. Thébaud. Technical assistance during the 
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acquisition of SIMS sulfur isotope data was provided by L. Martin, who also reduced the sulfur 

isotope data. Technical assistance during the acquisition of LA-ICP-MS sulfide trace element 

data was provided by K. Rankenburg; reduction of this data was completed by the candidate. 

Technical assistance during the acquisition of mineral chemistry via EPMA was provided by M. 

Roberts; L. Kendall-Langely reduced the data. 

A modified version of this chapter has been published by the journal Economic Geology with the 

following reference: 

McDivitt, J.A., Hagemann, S.G., Thébaud, N., Martin, L.A.J., and Rankenbug, K., 2021, 

Deformation, Magmatism, and Sulfide Mineralization in the Archean Golden Mile Fault Zone, 

Kalgoorlie Gold Camp, Western Australia: Economic Geology, v. 115, no. 6, pp. 1285-1308 
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Abstract 12 

The Golden Mile fault zone is a key controlling structure to the estimated 75 Moz gold 13 

endowment of the Kalgoorlie gold camp in the Yilgarn craton of Western Australia. The earliest 14 

structures in the fault are F1 folds developed during D1, recumbent-fold and thrust deformation 15 

(<2685 ± 4 Ma). These F1 folds are overprinted by a pervasive, NW- to NNW-striking S2 16 

cleavage related to sinistral shearing beginning with 2680 ± 3 Ma D2a sinistral strike-slip and 17 

culminating with ca. 2660 Ma D2c sinistral-reverse movement. The majority of deformation in 18 

the fault zone correlates to ca. 2675 Ma D2b deformation, which is characterized by sinistral-19 

normal kinematic indicators. Late, ca. 2650-2640 Ma D3 dextral-reverse kinematic indicators 20 

overprints the earlier D2 structures. Pyrrhotite-chalcopyrite-pyrite-sphalerite-galena assemblages 21 

were emplaced throughout the D2 event within NE-trending D2a tensile fractures, NW- to NNW-22 

striking D2b normal faults and associated breccias, and NW- to NNW-striking D2c low-angle 23 

veins, with the latter D2b and D2c structures correlating to the Fimiston and Oroya mineralization 24 

types, respectively. All D2a, D2b, and D2c related sulfides in the Golden Mile fault zone show 25 

similarly restricted δ34S (~1.0-4.5‰) and elevated Δ33S (~2.0-3.0‰) values reflecting strong 26 

local sulfur contribution from shales of the Lower Black Flag Group and host-rock buffering of 27 

hydrothermal fluids related to the Fimiston and Oroya mineralization events. This host-rock 28 
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buffering decreased fluid fO2, favoring the development of pyrrhotite-pyrite stable sulfide 29 

assemblages, and causing respective increases and decreases in fluid Au-Te and Pb-Bi-Sb 30 

concentrations. At the camp scale the Golden Mile fault zone exerted a primary control on the 31 

distribution of porphyry dikes and gold deposits, but magma and hydrothermal fluid circulation 32 

was favored in adjacent, higher-order structural sites due to the fault zone’s incompetent 33 

rheology and tendency for ductile deformation and diffuse fluid flow. Other Archean examples 34 

such as Au deposits of the Larder Lake-Cadillac deformation zone in the Superior craton 35 

illustrate that this type of diffuse fluid flow in large-scale crustal fault zones can result in 36 

disseminated economic mineralization. However, this study highlights that host-rock effects on 37 

fluid chemistry in large-scale crustal fault zones exercises a strong control on a fluid’s propensity 38 

to form ore. The results of this study emphasize that both the rheology and chemistry of rocks 39 

within and adjacent to large-scale deformation zones act as important controls on the formation 40 

gold ore in Archean terranes. 41 

Introduction 42 

There is a well-known empirical association between Archean Au deposits and large-scale, 43 

crustal fault zones (Eisenlohr et al., 1989; Neumayr et al., 2000; Robert and Poulsen, 2001; 44 

Goldfarb et al., 2005; Dubé and Gosselin, 2007; Dubé et al., 2017; Poulsen, 2017). In the context 45 

of this association, large-scale faults zones are interpreted to: (1) preferentially focus the crustal-46 

scale, H2O-CO2-rich hydrothermal fluid systems responsible for gold mineralization (Kerrich, 47 

1986; Groves, 1993; Dubé et al., 2017); (2) establish favorable crustal architecture by 48 

transporting reactive mafic host rocks from lower stratigraphic levels to sites of ore deposition, 49 

and localize competent intrusions that are rheologically conducive to mineralization (Robert et 50 

al., 2005; Dubé et al., 2017); and (3) tap into deep-seated, gold-enriched mantle reservoirs as is 51 

supported by a spatial association with mantle-derived igneous rocks such as lamprophyres 52 

(Kerrich, 1986; Rock et al., 1987; Wyman and Kerrich, 1988; Cameron, 1993; Hronsky et al., 53 

2012). Although some Au deposits may occur directly within large-scale crustal fault zones (e.g., 54 

Ispolatov et al., 2008; Lafrance, 2015), most deposits are developed within higher-order 55 

structural domains adjacent to the large-scale fault zones (Eisenlohr et al., 1989; Goldfarb et al., 56 

2005; Dubé et al., 2017; Poulsen, 2017). 57 
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As an example, the Kalgoorlie gold camp (Fig. 1A) is host to world-class Archean Au 58 

endowment (estimated 75 Moz Au) spread across an 8 km by 2 km mineralized corridor 59 

containing the super-giant Golden Mile (~60 Moz Au produced) and lesser Mt. Charlotte (~5 60 

Moz Au produced), Mt. Percy (~0.3 Moz Au produced), and Hidden Secret (~0.05 Moz Au 61 

reserve) orebodies (McDivitt et al., 2020). The camp occurs along a northwestern segment of the 62 

terrane-scale Boulder Lefroy-Golden Mile fault system, which is a key structural corridor 63 

controlling the regional distribution of Au deposits in the Kalgoorlie-Kambalda mining district 64 

(Mueller et al., 2020a). At the camp-scale, Au deposits show a strong spatial association with the 65 

Golden Mile fault zone (GMFZ; Fig. 1A). Using the Kalgoorlie gold camp as a natural 66 

laboratory, this manuscript further evaluates the relationship between large-scale crustal fault 67 

zones and the distribution of magmatism and gold mineralization in Archean gold settings with 68 

an integrated structural-geochemical approach. Furthermore, the manuscript provides improved 69 

constraints on the relationships among deformation, magmatism, and sulfide mineralization in 70 

the GMFZ. This is achieved through a multidisciplinary investigation using conventional 71 

structural analysis, geospatial analysis of the Kalgoorlie Consolidated Gold Mines (KCGM) drill 72 

core database, sulfide petrography, geochemistry, and U-Pb zircon geochronology.  73 

Geology, Deformation, and Gold Mineralization 74 

The Kalgoorlie gold camp is located in the Kalgoorlie terrane of the Yilgarn craton, Western 75 

Australia (Cassidy et al., 2006). The camp occurs where Kambalda Sequence stratigraphy is 76 

exposed in an elliptical, folded-and-faulted window through Black Flag Group rocks of the 77 

Kalgoorlie Sequence (Hand, 1998; Krapež et al., 2000; Krapež and Hand, 2008; Fig. 1A, B). The 78 

Kambalda Sequence comprises the lower Hannan’s Lake Serpentinite (2708 ± 7 Ma), which is 79 

overlain successively by the high-Mg Devon Consols Basalt, the Kapai Slate (2692 ± 4 Ma), and 80 

the high-Mg Paringa Basalt (Woodall, 1965; Travis et al., 1971; Eaton, 1986; Claoué-Long et al., 81 

1988;  Nelson, 1997; Bateman et al., 2001). The transition from the Kambalda Sequence to the 82 

Kalgoorlie Sequence coincides locally with the Oroya Shale interflow sedimentary rock horizon 83 

(Nixon et al., 2014) and tholeiitic basalts of the Lower Black Flag group (Clout et al., 1990; 84 

Bateman et al., 2001; Mueller et al., 2020a). Lower Black Flag Group rocks in the camp (ca. 85 

2690-2680 Ma) predominantly comprise volcanic sandstone, siltstone, and sulfide-rich shale 86 

(Squire et al., 2010; Mueller, 2015; Mueller et al., 2020a). These Lower Black Flag Group rocks 87 
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are separated from Upper Black Flag Group rocks by the regional Gidji Lake Unconformity 88 

(Tripp, 2013, 2014), and the Upper Black Flag Group rocks comprise turbididic mudstones, 89 

siltstones, sandstones, tuff, agglomerate, and intermediate-to-felsic volcanic-flow rocks (Woodall 90 

1965; Eaton 1986; Clout et al., 1990). 91 

Rocks of the Lower Kambalda Sequence have been intruded by voluminous, differentiated, 92 

and laterally-extensive dolerite sills such as the 2685 ± 4 Ma, gabbroic and tholeiitic Golden 93 

Mile Dolerite (Travis et al., 1971; Clout et al., 1990; Tripp, 2013), the 2696 ± 5 Ma, ultramafic 94 

to mafic Williamstown Dolerite (Eaton, 1986; Bateman et al., 2001; Fletcher et al., 2001), and 95 

the undated Eureka, Federal, and Aberdare Dolerites (Clout, 1989; Clout et al., 1990; Bateman et 96 

al., 2001). Later stages of intrusive activity are recorded by preferentially NNW-striking, steeply-97 

dipping porphyry dikes comprising ca. 2675 Ma, leucocratic, quartz-feldspar-phyric porphyries, 98 

and later mesocratic, hornblende-phyric porphyries and melanocratic lamprophyres (Woods, 99 

1997; Yeats et al., 1999; Gauthier et al., 2004; Vielreicher et al., 2010; McDivitt et al., 2020). 100 

There is uncertainty regarding the emplacement ages of the hornblende-phyric porphyries and 101 

lamprophyres, but they are interpreted to have be emplaced between ca. 2675 Ma and 2640 Ma 102 

(Gauthier et al., 2004; McNaughton et al., 2005; Vielreicher et al., 2010; Mueller, 2020a; 103 

McDivitt et al., 2020).  104 

 At the camp-scale (Fig. 1A), D1 deformation is interpreted as an early fold-and-thrust 105 

event where the GMFZ facilitated the juxtaposition of the Hannan’s Lake Serpentinite against 106 

the Golden Mile Dolerite in the north, and the Golden Mile Dolerite against a thin band of lower 107 

Black Flag Group sedimentary rocks in the south at the Golden Mile (Swager, 1989; Bateman 108 

and Hagemann, 2004). This D1 event is considered to have occurred in association with regional 109 

greenschist facies metamorphism due to the presence of an axial planar actinolite-chlorite-albite 110 

cleavage developed in the hinge of the F1 Kalgoorlie anticline (Phillips, 1986; Mueller et al., 111 

1988; Mueller, 2020a). This early D1 fold-and-thrust architecture is refolded around the NNW-112 

trending Boomerang anticline (Fig. 1A) during sinistral shearing along the Boulder-Lefroy fault 113 

(Swager, 1989; Bateman and Hagemann, 2004), which has been interpreted as a D2 reverse or 114 

thrust fault reactivated as a sinistral strike-slip fault (Swager, 2001; Bateman and Hagemann, 115 

2004; Weinberg et al., 2005). The development of a NNW-striking regional cleavage that 116 

parallels the preferred orientation of bedding and lithologic contacts (Fig. 1A) is typically 117 
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ascribed to either D2 contractional deformation (Weinberg et al., 2005) or later sinistral 118 

transcurrent deformation (Swager, 1989). Late, N- to NNE-trending dextral faults cut across the 119 

earlier NNW-trending structures (Clout et al., 1990; Ridley and Mengler, 2000; Mueller, 2015), 120 

and record a late D3 deformation event in the camp (McDivitt et al., 2020). 121 

 Fimiston lode mineralization is the primary mineralization type in the camp and is 122 

responsible for the majority of Au production from the Golden Mile (Mueller, 2020a). Fimiston 123 

lodes include banded and brecciated carbonate-quartz veins with colloform and crustiform 124 

textures that host sulfides, sulfosalts, tellurides and native gold (Clout et al., 1990; Mueller, 125 

2007). The lodes also encompass vein-proximal, gold-mineralized sericite-ankerite-siderite-126 

quartz-hematite-magnetite-pyrite-telluride alteration zones (Clout et al., 1990; Bateman and 127 

Hagemann, 2004; Godefroy-Rodriguez et al., 2020). In the Golden Mile Super Pit, Fimiston 128 

lodes are preferentially hosted in Golden Mile Dolerite where it occurs as the hanging wall and 129 

footwall to the GMFZ (Fig. 2A, B, C, D). Fimiston lodes generally dip steeply-SW, and are 130 

subdivided on the basis of their orientation (Fig. 2E) into Main (140/60-75; 150/90), Caunter 131 

(120/70-60; 104/80-60), and Cross lodes (026/90; Gustafson and Miller, 1937; Travis et al., 132 

1971; Mueller et al., 1988; Mueller, 2020a). The emplacement of Fimiston lodes is interpreted to 133 

have occurred either during D1 fold-and-thrust deformation (Bateman and Hagemann, 2004), or 134 

during D2 sinistral shearing, with the variability in the lode orientations considered by Mueller et 135 

al. (1988) and Mueller (2015, 2020a) to reflect Riedel shear-type geometry in a sinistral 136 

transcurrent shear system. The steeply-dipping Fimiston lodes are locally cross-cut by NNW-137 

trending reverse and thrust faults with sinistral-oblique components (Fig. 2C, D; Mueller, 138 

2020a). Similar SW-dipping thrust faults bound the Oroya shoot, which occurs as a shallowly- to 139 

moderately-SE plunging ore pipe at the Oroya Shale interface between the Golden Mile Dolerite 140 

and Paringa Basalt (Fig. 2D; Lungan, 1986). Oroya type mineralization is a later stage of Au-Te 141 

mineralization than Fimiston lode mineralization (Mueller, 2020a), and is characterized by Green 142 

Leader alteration which comprises a quartz-sericite-carbonate-pyrite-telluride-nolanite-titanium 143 

vanadate and vanadium-bearing sericite assemblage (Tomich, 1958; Nickel, 1977). Another 144 

distinct type of Au-Te mineralization is represented by Hidden Secret lodes in the lower Hidden 145 

Secret orebody (Fig.1A). Hidden Secret-type lodes occur as banded fault-fill type veins at the 146 

folded contact between Devon Consols Basalt and the Williamstown Dolerite at the Kapai Slate 147 

interflow sedimentary rock horizon (Fitzgerald and Nixon, 2016). Hidden Secret-type 148 
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mineralization becomes the dominant lode mineralization type NNW of the Super Pit in the Mt. 149 

Charlotte, Hidden Secret, and Mt. Percy areas, where it is distinguished from other Au-Te 150 

mineralization types by an increased abundance of hessite (AgTe) and petzite (AuAg3Te3), and a 151 

decreased abundance of calaverite (AuTe2; Simpson and Gibson, 1912; Keats, 1987; Mueller and 152 

Muhling, 2013; Fitzgerald and Nixon, 2016; Sellman, 2016). Mt. Charlotte stockwork veins are 153 

another distinct mineralization type in the camp; they occur as steeply NW- to SE-dipping and 154 

shallowly- to moderately-N-dipping quartz (~90%)-carbonate-sericite-albite-scheelite-sulfide-155 

gold vein sets (Clark, 1980; Clout et al., 1990; Ridley and Mengler, 2000; Mueller, 2015). The 156 

veins and their associated hydrothermal alteration halos define steeply-NW-plunging ore bodies 157 

(Charlotte, Reward, Maritana, and Northern orebodies) of the Mt. Charlotte mine (Fig. 1A), as 158 

well as smaller occurrences of stockwork mineralization in the Hidden Secret, Mt. Percy, and 159 

Golden Mile orebodies. At the Mt. Charlotte mine, D3 dextral faults bound blocks of Golden 160 

Mile Dolerite that are the main host to Mt. Charlotte-type mineralization. The Mt. Charlotte 161 

mineralization type is typically considered to have formed broadly synchronously with the late 162 

dextral faulting event (Bateman and Hageman, 2004; Mueller, 2015, 2020a).  163 

Methods 164 

Collection of structural data and samples 165 

Structural field mapping was completed in the Super Pit of Kalgoorlie, Western Australia. A 166 

traverse was undertaken along an exposed section of the GMFZ (Fig. 2A). In the study area the 167 

GMFZ comprises a strongly-cleaved zone of interbedded sandstone, siltstone and sulfide-rich 168 

shale of the Lower Black Flag Group as well as porphyry intrusions (Fig. 2A, B, C). In the Super 169 

Pit the GMFZ is curvilinear, ranging from NW- to NNW-striking, and sub-vertical with a 170 

thickness of ~80-90 m and a defined vertical extent in excess of 600 m that remains open at 171 

depth. Systematic structural measurements were made using a Freiberg compass, and oriented 172 

samples were collected throughout the traverse. Oriented HQ and NQ diameter drill core from 173 

recent Fimiston extension drilling transected the GMFZ (SCGD DDH series; Fig. 2B); a number 174 

of these fault zone intervals were logged in detail and structural data was collected using a 175 

dynamics G-Ex Kenometer and a Westernex “rocket launcher” core orientation device. Samples 176 

of oriented drill core were collected for additional petrographic and analytical work. 177 

Analytical methods and workflow 178 
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The methodologies for the analytical techniques used in this study are presented in Appendix 179 

1.This study integrates numerous analytical and geospatial techniques to provide constraints on 180 

the nature of deformation, magmatism, and sulfide mineralization in the GMFZ. The techniques 181 

are as follows: (1) a camp-scale geospatial analysis of porphyry intrusions; (2) optical 182 

petrography and scanning electron microscope-energy dispersive spectroscopy (SEM-EDS) 183 

petrography and microstructural analysis; (3) electron probe micro analyzer-wavelength 184 

dispersive spectroscopy (EPMA-WDS) and laser ablation-inductively coupled plasma-mass 185 

spectrometry (LA-ICP-MS) for sulfide trace-element chemistry (Appendix 2); (4) secondary 186 

ionization mass spectrometry (SIMS) sulfur isotope analysis of sulfides (Appendix 3); (5) whole-187 

rock geochemical analysis (Appendix 4); (6) and sensitive high-resolution ion microprobe 188 

(SHRIMP) U-Pb zircon geochronology (Appendix 5). The workflow and philosophy for this 189 

study are grounded in structural data and field relationships. All mineral and rock phases 190 

subjected to the analytical phase of the study’s workflow were first constrained in the context of 191 

the field-based deformational framework of the GMFZ.  192 

Results 193 

Camp-scale geospatial analysis of porphyry intrusions  194 

A camp-scale raster map produced using intersections of porphyry intrusions from the KCGM 195 

drill core database is displayed as Figure 3. The gridded parameter—FPI—is a unit-less measure 196 

of porphyry frequency intersection (Appendix 1.1). The most frequent porphyry intersections 197 

occur to the SE of the Golden Mile and to the NNW in the Mt. Percy area. In between these areas 198 

of high porphyry frequency intersection, a curvilinear zone of moderate porphyry intersection 199 

trends NW to NNW across the Golden Mile. Overall, a NW- to NNW-trending curvilinear zone 200 

of moderate to high porphyry frequency intersection correlates well with the GMFZ.  201 

Description of structures 202 

Oriented drill core: The earliest structures in the GMFZ are isoclinal F1 folds (Fig. 4A, B). 203 

These F1 folds were refolded into F2 folds during the development of a NW-striking, moderately- 204 

to steeply-SW dipping S2 cleavage. The S2 cleavage is a continuous cleavage within the fault 205 

zone defined by the preferential orientation of fine-grained mica. The S2 cleavage varies from 206 

planar to sigmoidal in its geometry, with the latter geometry related to both sinistral and normal 207 
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shear components, with sinistral-normal being the most commonly observed kinematic indicator 208 

in the fault zone (Fig. 4C).  An L2 aggregate lineation defined by recrystallized aggregates of 209 

quartz occurs within the S2 cleavage plane and varies in orientation from NW or SE trending and 210 

shallowly plunging, to steeply SW plunging, defining a girdle that parallels the S2 cleavage plane 211 

(Fig. 4D). In addition to zones with sinistral-normal kinematic indicators, the S2 cleavage is also 212 

developed in zones with later sinistral-reverse kinematic indicators, where earlier normal fabrics 213 

are cross-cut by flat-lying veins, which are in turn asymmetrically folded during a later stage of 214 

S2 cleavage development (Fig. 4E). There was a late, dextral reactivation of the GMFZ which 215 

resulted in the development of a mylonitic, NW-striking S3 cleavage axial planar to folded strain 216 

shadows of quartz around pyrite nodules (Fig. 4F). Overprinting of early sinistral kinematic 217 

indicators by later dextral kinematic indicators is further shown by sinistral shear band boudins 218 

(cf., Goscombe and Passchier, 2003) that have F3 Z folds developed in their necks (Fig. 4G), and 219 

by S2S fabrics that are overprinted by F3 Z folds (Fig. 4H). In zones of dextral deformation, 220 

reverse shear bands are commonly observed (Fig. 4I), and L3 aggregate lineations predominantly 221 

plunge shallowly NW or SE in the S3 foliation plane.  222 

Field traverse: A sigmoidal S2S fabric occurs clockwise oblique to a bedding transposition S2C 223 

fabric that parallels the GMFZ boundary and illustrates that sinistral shearing occurred during 224 

NNW-striking cleavage development (Fig. 5A). Normal kinematic indicators occur in 225 

association with sinistral kinematic indicators where ENE-trending carbonate-quartz vein 226 

boudins with shallowly-plunging, ENE-trending boudin necks are developed (Fig. 5B). Where 227 

normal kinematic indicators are observed, the S2 cleavage is dragged into the normal fault zones 228 

(Fig. 5C), and the L2 lineation is sub-vertical (Fig. 5C, D). The S2 and L2 fabrics show similar 229 

orientations to those observed in drill core, but overall they are more steeply dipping and 230 

plunging, respectively (Fig. 5E). A late D3 dextral reactivation is also apparent, as dextral shear 231 

bands offset the S2 foliation (Fig. 5F).  232 

Sulfide assemblages and their relationships to structures 233 

In zones of sinistral strike-slip deformation, boudinaged carbonate-quartz veins are cross-cut by 234 

tensile fractures developed orthogonal to the boudinaged veins and the S2 cleavage (Fig. 6A). 235 

The tensile fractures are infilled with a pyrrhotite-chalcopyrite-pyrite-sphalerite-galena sulfide 236 

assemblage (Fig. 6B). Very fine grained Ni-Sb sulfide and Hg-Bi telluride minerals are 237 
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intergrown with carbonate along the margins of the sulfide-filled tensile fractures (Fig. 6C). 238 

Pyrite is distributed along the margins of the boudinaged veins (Fig. 6D). In zones of sinistral-239 

normal kinematic indicators, quartz-carbonate veins are boudinaged within the S2 foliation plane, 240 

and quartz infills the boudin necks in addition to a pyrite-galena-sphalerite-chalcopyrite-241 

tetrahedrite assemblage (Fig. 6E). In other areas of sinistral-normal kinematic indicators, listric 242 

normal faults resulted in the development of micro horst-and-graben structures and collapse 243 

breccias (Fig. 6F, G, H). The normal faults are infilled with pyrite, and the collapse breccias are 244 

strongly mineralized with an assemblage of pyrrhotite-galena-cobaltite-chalcopyrite-sphalerite 245 

(Fig. 6G, I). In zones of sinistral-reverse kinematic indicators, horizontal sections illustrate a 246 

pyrite-chalcopyrite-sphalerite-Sb-Ni/As-Co sulfide assemblage in conjugate shear fractures with 247 

easterly acute bisectors that were deformed into asymmetric S folds during sinistral-reverse 248 

shearing (Fig. 7A). Vertical sections display shear bands and stylolitic S-C fabrics recording 249 

reverse shearing as well as early, deformed carbonate-quartz veins that host a pyrrhotite-250 

chalcopyrite (±galena-Sb-Ni sulfide) assemblage (Fig. 7B). Vertical sections also display early 251 

S2 fabrics related to sinistral-normal shearing that are cross-cut by later, flat-lying carbonate-252 

quartz veins with a pyrite-pyrrhotite-chalcopyrite-sphalerite sulfide mineral assemblage (Fig. 253 

7C). The flat-lying veins are offset by reverse shear bands and folded during sinistral-reverse 254 

movement and the formation of a later S2 cleavage (Fig. 7C). 255 

Sulfur isotope and trace metal signatures of sulfide assemblages 256 

Sulfur isotope data: Sulfide assemblages were categorized on the basis of their structural 257 

generation, with D2a sulfides in sinistral strike-slip structures, D2b sulfides in sinistral-normal 258 

structures, and D2c sulfides in sinistral-reverse structures. The results of SIMS multiple sulfur 259 

isotope analysis (Appendix 3) for the different generations of pyrite, chalcopyrite, and pyrrhotite 260 

are shown in relation to various mineralized and syn-sedimentary pyrite types from the 261 

comprehensive sulfur isotope study of Godefroy-Rodriguez et al. (2020) in Figure 8A. Sulfides 262 

in the GMFZ define a tight cluster in δ34S-Δ33S space with δ34S values from ~1.0-9.0‰ and Δ33S 263 

values from ~2.0-3.0‰ (Fig. 8A). Pyrite δ34S values from D2a structures (Fig. 8B) range from 264 

~1.5-3.5‰, and two clear populations are defined on the basis of Δ33S; the first represented by a 265 

Δ33S weighted mean (95% confidence) of 2.90 ± 0.04‰ and the second by a weighted mean of 266 

2.16 ± 0.07‰. Both chalcopyrite and pyrrhotite from D2a structures define tight clusters 267 
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represented by δ34S and Δ33S weighted means of 3.54 ± 0.20‰ and 2.30 ± 0.14‰ for 268 

chalcopyrite and 3.52 ± 0.08‰ and 2.28 ± 0.04‰ for pyrrhotite, respectively (Fig. 8B). Pyrite 269 

δ34S values from D2b structures (Fig. 8B) range from ~1.5-4.5‰ and have similar Δ33S values 270 

characterized by a weighted mean of 2.41 ± 0.05‰. Both chalcopyrite and pyrrhotite from D2b 271 

structures define tight clusters represented by respective δ34S and Δ33S weighted means of 3.19 ± 272 

0.36‰ and 2.45 ± 0.13‰ for chalcopyrite and 3.39 ± 0.11‰ and 2.48 ± 0.07‰ for pyrrhotite 273 

(Fig. 9B). Pyrite in D2c structures has δ34S values ranging from ~0.7-2.8‰ and similar Δ33S 274 

values characterized by a weighted mean of 2.45 ± 0.04‰ (Fig. 9B).  275 

Sulfide trace element data: LA-ICP-MS trace metal data (Appendix 4) for D2a, D2b, and D2c 276 

sulfides of the GMFZ are summarized in Figure 9 where they are is presented with data from 277 

Fimiston lode pyrite from the Golden Mile Super Pit. Overall, the sulfides in the GMFZ are 278 

depleted in Au relative to the Fimiston pyrite (Fig. 9A). The GMFZ sulfides show Ag contents 279 

similar to the Fimiston pyrite, with the exceptions of notable Ag enrichment in D2a chalcopyrite 280 

and to a lesser degree D2b and D2c chalcopyrite (Fig. 9B). In a manner similar to Au, Te is 281 

preferentially depleted in the GMFZ sulfides (Fig. 9C). Lead shows a consistent enrichment in 282 

the GMFZ sulfides (Fig. 9D), and—with the exception of chalcopyrite—Cu and Zn 283 

concentrations show no clear enrichment/depletion trend between Fimiston pyrite and GMFZ 284 

sulfides  (Fig. 9E, F). Whereas GMFZ sulfides show Bi enrichment relative to Fimiston pyrite 285 

(Fig. 9G), As tends to be depleted (Fig. 9H). Antimony values in D2a pyrite as well as D2b and 286 

D2c sulfides are enriched relative to Fimiston pyrite, but D2a pyrrhotite and chalcopyrite tend to 287 

be depleted in Sb (Fig. 9I). Fimiston pyrite illustrates strong Au-Ag covariation (Fig. 10A) and 288 

correlation (log10; 0.83 p<0.05; Fig. 11A). The D2a pyrrhotite and chalcopyrite populations as 289 

well as the D2c pyrite population show similar Au-Ag covariation (Fig. 10A) and correlations 290 

(≥0.68, p<0.05; Fig. 11A) relative to Fimiston pyrite. The D2a pyrite and D2b chalcopyrite 291 

populations show different Au-Ag covariation (Fig. 10A) and correlation (p>0.05) relative to 292 

Fimiston pyrite. Fimiston pyrite illustrates strong Au-Te covariation (Fig. 10B) and correlation 293 

(Fig. 11A; 0.79, p<0.05), and similar relationships are observed in the D2a pyrrhotite (0.88, 294 

p<0.05) and D2c pyrite (0.63, p<0.05) populations, with a smaller Au-Te correlation in D2b pyrite 295 

(0.39, p<0.05; Figs. 10B, 11A). With the exception of D2a chalcopyrite, significant Pb-Ag 296 

correlation (≥0.58, p<0.05; Fig 11B) is observed in the GMFZ sulfide populations. Similar Pb-297 

Zn correlation is observed in the D2a and D2b pyrite populations as well as the D2b chalcopyrite 298 

78



 

populations (≥0.70, p<0.05). Smaller Pb-Zn correlations are defined in the D2a and D2c pyrite 299 

populations (0.44 and 0.38 respectively, p<0.05), and no significant correlation is defined for the 300 

D2a chalcopyrite and D2b pyrrhotite populations (p>0.05). 301 

Although relatively depleted in Pb, Bi, and Sb, very strong Pb-Sb and Pb-Bi covariation 302 

and correlation (≥0.81, p<0.05) is defined by the Fimiston pyrite population (Figs. 10E, F; 11B). 303 

With the exception of D2a pyrite, the relatively Pb-Sb-Bi-enriched GMFZ sulfides display similar 304 

Pb-Sb covariation (Fig. 9E) and correlation (≥0.67, p<0.05; Fig. 11B). The D2a pyrrhotite and 305 

pyrite populations as well as the D2b chalcopyrite population show Pb-Bi covariation (Fig. 10F) 306 

and correlation (≥0.82, p<0.05; Fig. 11B) similar to Fimiston pyrite. The D2b and D2c pyrite 307 

populations show smaller Pb-Bi correlations (0.37-0.55, p<0.05; Fig. 11B), and no significant 308 

Pb-Bi correlation (p>0.05) is defined in the D2a chalcopyrite population.  309 

Constraints on magmatism 310 

Constraints on the nature of magmatism in the GMFZ are provided by quartz-sericite-ankerite 311 

dike GmPo 48020. The dike intruded a portion of the fault zone where the S2 cleavage and F2 312 

folds are developed along with NE-trending, sub-vertical, pyrrhotite- and chalcopyrite-filled 313 

tensile fractures that are orthogonal to and cut-across S2 (Fig. 12A). The dike includes wall rock 314 

fragments of the GMFZ that display well-defined S2 cleavage and F2 folds (Fig. 12A); moreover, 315 

the dike includes wall rock fragments that are host to the NE-trending, sub-vertical tensile veins 316 

(Fig. 12B, C). The dike itself has been deformed by the D2 event as it displays a NW-trending S2’ 317 

cleavage defined by preferentially oriented sericite (Fig. 12A, D). The dike is host to 318 

disseminated pyrrhotite and chalcopyrite, a sulfide assemblage comparable to that within the NE-319 

striking tensile veins. Geochemically (Appendix 4), the dike is distinct relative to the leucocratic 320 

quartz-feldspar porphyries and mesocratic hornblende porphyries (cf., McDivitt et al., 2020) as it 321 

plots as an alkaline basalt on a Winchester and Floyd immobile element plot (Fig. 12E). The 322 

SiO2 content of the dike is comparable to that of the quartz-feldspar porphyries (~60-70 wt. % 323 

SiO2), but the dike is depleted in Na2O+K2O relative to the majority of quartz-feldspar 324 

porphyries (~6-8 wt. % Na2O+K2O). The dike shows a chondrite-normalized rare earth element 325 

pattern that is characterized by a moderate slope (i.e., (La/0.367)/(Sm/0.231)=3.9) and lack of Eu 326 

anomaly. Such a pattern is similar to that of the quartz-feldspar and hornblende porphyries; 327 

however, there is an overall rare earth element depletion in the quartz-sericite-ankerite dike. 328 
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Mineralogically (Fig. 12F), the dike comprises quartz (35 vol. %), sericite (35%), ankerite 329 

(20%), siderite (5%), sulfide (3%), apatite (1%), and TiO2 mineral (1%), and is notably lacking 330 

in albite when compared to the quartz-feldspar and hornblende porphyry types.  331 

Zircons in the quartz-sericite-ankerite dike (Fig. 12G; Appendix 5) are abundant and 332 

comprise: (1) large, prismatic grains (~150-300 µm long) with length to width (L:W) ratios from 333 

~3-2; (2) medium, stubby prismatic grains (~100-150 µm long, 50-75 µm wide) with L:W ratios 334 

from ~3-2; and (3) small, equant or prismatic grains, with the former ~50 µm in diameter and the 335 

latter ~100 µm long with L:W ratios of ~1.5. The grains may be further subdivided on the basis 336 

of their cathodoluminescence (CL) zoning patterns: those dominated by oscillatory zonation 337 

(Type 1); those which display discontinuous zonation characterized by a light (dominant) or dark 338 

central portion that is relatively homogeneous and overgrown by oscillatory zoned rims (Type 339 

2); and those that lack the aforementioned zonation patterns and are characterized by C-axis 340 

parallel zonation (Type 3). Within Type 1 and Type 2 grains, subordinate zoning patterns 341 

including convolute zoning, sector zoning, and C-axis parallel zonation.  Both Type 1 and 2 342 

grains are common, and Type 3 grains are rare. In all grain types, apatite inclusions are common 343 

standing out as CL-bright zones; unidentified CL-dark inclusions are also present. For SHRIMP 344 

geochronological analysis, 69 analyses were acquired on 67 individual grains (Appendix 5). For 345 

the purpose of age calculations, analyses with high common Pb (f206<1%) or those which are <-346 

3% or >5% discordant were excluded. The application of the TuffZirc algorithm (Ludwig and 347 

Mundil, 2002), which is intended to determine magmatic crystallization ages in adequately large 348 

datasets with potential inheritance and Pb loss, results in an weighted mean 207Pb/206Pb inferred 349 

crystallization age of 2680 ± 3 Ma (95% confidence; MSWD=1.4; n=44). Further refinement of 350 

this age population to analyses within +1% or -1% of concordance yields a concordia age of 351 

2682 ± 6 Ma (95% confidence; MSWD=1.6; n=18). The TuffZirc algorithm rejected one Type 2 352 

grain on the basis of a large error associated with the 207Pb/206Pb age (i.e., 29 Ma (1σ); Grain 35), 353 

and identified four Type 1 grains with anomalously-young ages and high U contents relative to 354 

the inferred magmatic population. The algorithm identified one spot on the oscillatory zoned rim 355 

of a Type 2 grain (Grain 45) as an inherited component (Spot 2 at 2703 ± 9 Ma (1σ)); Spot 1 356 

(core) and Spot 3 (rim) from Grain 45 were excluded from age calculations due to reverse 357 

discordance in excess of the -3% threshold. Calculation of a weighted mean 207Pb/206Pb age from 358 

Type 1 grains (excluding the four anomalously young grains) yields an age of 2682 ± 4 Ma (95% 359 
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confidence; MSWD=1.3; n=28), with one grain rejected from the weighted mean algorithm 360 

(Grain 40; 2652 ± 12 Ma (1σ)). Calculation of a weighted mean 207Pb/206Pb age from all 361 

analytical spots of Type 2 grains yields an age of 2680 ± 6 Ma (95% confidence; MSWD=1.6; 362 

n=16). Calculation of a weighted mean 207Pb/206Pb age from Type 2 rims yields an age of 2675 ± 363 

26 Ma (95% confidence; MSWD=5.0; n=4). Calculation of a weighted mean 207Pb/206Pb age 364 

from Type 2 cores yields an age of 2681 ± 6 Ma (95% confidence; MSWD=0.52; n=10). 365 

Calculation of a weighted mean 207Pb/206Pb age from Type 3 grains yields an age of 2683 ± 10 366 

Ma (95% confidence; MSWD=0.48; n=2). All of the aforementioned calculated ages are within 367 

error of one another. 368 

Discussion 369 

Nature and timing of deformation, magmatism, and sulfide mineralization in the Golden Mile 370 

fault zone 371 

The deformation history of the GMFZ is summarized in Table 1. The refolding of F1 folds axial 372 

planar to the S2 cleavage resulted in Type 3 fold interference patterns (Fig. 4A, B), which 373 

suggest D1 fold-and thrust-type deformation resulted in the formation of early recumbent folds 374 

(Ramsey, 1962). The NW- to NNW-striking S2 cleavage formed during D2 sinistral shearing in 375 

the GMFZ (Fig. 5A). During D2a sinistral strike-slip deformation, NE-trending, sub-vertical 376 

tensile fractures that host pyrrhotite-chalcopyrite-pyrite-sphalerite-galena assemblages and fine-377 

grained Hg-Bi tellurides developed orthogonally to the S2 foliation (Figs. 6A, B; 12A, B, C). 378 

Sub-vertical carbonate-quartz veins with a geometry similar to the D2a tensile fractures were 379 

deformed and boudinaged during later D2b sinistral-normal deformation (Fig. 5B). Extensional S2 380 

fabrics related to D2b sinistral-normal deformation are cross-cut by flat-lying veins which are 381 

folded during D2c sinistral-reverse deformation (Figs. 4E; 7C). The change in orientation of the 382 

S2 and L2 fabrics seen when the drill core data (Fig. 4A, D) is compared to the traverse data (Fig. 383 

5E) reflects a shallowing in the steep-SW dip of the GMFZ with depth (Fig. 2C). Structures 384 

related to D2 sinistral deformation were deformed and overprinted during a late D3 dextral-385 

reverse reactivation (Fig. 4F, G, H, I).  386 

 The introduction of sulfide mineral phases to the GMFZ occurred throughout the D2 387 

event. Pyrrhotite-chalcopyrite-pyrite-sphalerite-galena assemblages occupy NE-trending tensile 388 

fractures that formed during early D2a strike-slip (Fig.6A, B). The majority of sulfide 389 
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mineralization formed during D2b transtension, when normal faulting resulted in the development 390 

of breccias that were highly receptive to hydrothermal fluids and the development of pyrrhotite-391 

chalcopyrite-pyrite-sphalerite-galena assemblages (Fig. 6F, G, H, I). Whereas mineralized D2a 392 

and D2b structures contain pyrrhotite as the dominant sulfide mineral, later D2c veins contain 393 

pyrite as the dominant sulfide species with lesser pyrrhotite and chalcopyrite (Fig. 7A). As the 394 

quartz-sericite-ankerite dike GmPo 48020 crosscuts D2a pyrrhotite-chalcopyrite tensile veins and 395 

the S2a cleavage, and is subsequently deformed and mineralized with pyrrhotite and chalcopyrite 396 

during later stages of D2 (Fig. 12A, B, C, D), the dike shows mutual overprinting relationships 397 

with D2 deformation features. These relationships suggest that the ca. 2680 ± 3 Ma age of the 398 

dike is synchronous with D2a and constrains ongoing D2a deformation at ca. 2680 ± 3 Ma (Table 399 

1). 400 

Correlation to camp- and district-scale deformation, mineralization, and magmatism 401 

The D1 event in the GMFZ correlates to the early stage of thrusting and folding in the camp 402 

when the GMFZ facilitated the juxtaposition of the Hannan’s Lake Serpentinite against the 403 

Golden Mile Dolerite in the NNW, and the Golden Mile Dolerite against Lower Black Flag 404 

Group rocks in the SSE (Fig. 1A). A maximum timing constraint on this D1 event is provided by 405 

the 2685 ± 4 Ma Golden Mile Dolerite (Tripp, 2013), which was structurally-thickened along the 406 

GMFZ during D1 deformation in the Super Pit. On a district scale, sinistral shearing in the 407 

Boulder Lefroy-Golden Mile fault system is proposed to have occurred between ca. 2678-2663 408 

Ma (Mueller et al., 2020a), when the early, D1 thrust architecture related to the GMFZ was 409 

folded around the camp-scale, F2 Boomerang anticline (Fig. 1A). Early D2a sinistral shearing in 410 

the GMFZ is constrained to 2680 ± 3 Ma by quartz-sericite-ankerite dike GmPo 48020 (Fig. 12), 411 

which is similar in age to the 2679 ± 3 Ma age reported by Woods (1997) for a feldspar-quartz 412 

porphyry in the GMFZ. This early magmatism cross-cuts pyrrhotite-chalcopyrite veins (Fig. 413 

12A, B, C) that are similar in orientation to the Cross lodes (Fig. 2E), suggesting that some of the 414 

Cross lodes may have formed as early structures related to D2a deformation. It is likely that the 415 

low-angle D2c veins related to sinistral-reverse deformation in the GMFZ (e.g., Figs. 4E, 7C) 416 

formed during the Oroya mineralization event, as the D2c structures in the GMFZ are similar in 417 

their orientation, kinematics, and relative structural timing to the SW-dipping thrust faults that 418 

bound the Oroya shoot (Fig. 2C, D; Lungan, 1986). Constraints on the timing of structures that 419 
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formed during the Oroya mineralization event are inferred regionally from the Mt. Shea-420 

Hannan’s South area, where similar reverse faults control skarn mineralization which replaces 421 

porphyries dated at 2658 ± 3 Ma and 2662 ± 3 Ma (Table 1; Krapež et al., 2000; Fletcher et al., 422 

2001; Mueller, 2007). The absolute timing of D2b deformation is less clear, but it may correlate 423 

to the emplacement of preferentially NNW-striking, steeply-dipping quartz-feldspar porphyry 424 

dikes in the Golden Mile Super Pit (Fig. 2C, D), as the geometry of the dikes are similar to the 425 

NNW-striking normal faults related to D2b in the GMFZ (e.g., Fig. 6F, H). Both these porphyry 426 

dikes and the Fimiston lodes are cross-cut and offset by D2c reverse and thrust faults in the 427 

Golden Mile Super Pit (Fig. 2C, D). In addition, ages for the quartz-feldspar porphyry dikes tend 428 

to be respectively younger and older than the inferred D2a and D2c ages (e.g., 2669 ± 6 Ma, 2673 429 

± 3 Ma, 2676 ± 3 Ma; Yeats et al., 1999; Gauthier et al., 2004; Vielreicher et al., 2010). The 430 

quartz-feldspar porphyries were mineralized during the Fimiston gold event (Gauthier et al., 431 

2004), which is interpreted to have formed during D2 sinistral shearing (Mueller et al., 1988; 432 

Mueller, 2015, 2020a), suggesting that subsequent to the emplacement of quartz-feldspar 433 

porphyries, Fimiston lode mineralization formed within a D2b transtensional structural 434 

architecture that was highly receptive to mineralizing fluids (e.g., Fig. 6F, G, H). The curvilinear 435 

geometry of GMFZ in the Golden Mile Super Pit (Fig. 2A) is compatible with the formation of a 436 

releasing bend during sinistral shearing, which is further evidence that during D2 sinistral 437 

shearing a transtensional environment developed in the Super Pit during D2b. Although it has 438 

been previously proposed that Fimiston mineralization formed during D1 fold-and-thrust 439 

deformation along the GMFZ (Bateman and Hagemann, 2004), these structural relationships 440 

highlight that although the GMFZ originated as a D1 structure, it did not act as a key control on 441 

mineralization until later D2 reactivation. The transition from early sinistral kinematic indicators 442 

(D2) to late dextral kinematic indicators (D3) suggests a change in the regional bulk shortening 443 

regime during the development of the N- to NNE-trending dextral faults (Fig. 1A) and Mt. 444 

Charlotte stockwork veins. At the district scale, the transition to late dextral shearing is 445 

constrained by the 2648 ± 6 Ma Liberty granodiorite, which is offset along its margin by the N- 446 

to NNE-tending, dextral Black Flag fault (Mueller et al., 2020a). This timing is similar to ages 447 

reported for the Mt. Charlotte veins from U-Pb xenotime geochronology of 2655 ± 13 Ma, 2644 448 

± 11 Ma, and 2651 ± 9 Ma (Rasmussen et al., 2009; Vielreicher et al., 2010; Mueller et al., 449 
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2020), suggesting that the late dextral kinematic indicators in the GMFZ formed broadly 450 

synchronously with regional D3 dextral shearing and Mt. Charlotte mineralization (Table 1).  451 

 Zones of strike-slip deformation are often characterized by complex strain partitioning. 452 

This can result in various structural styles (e.g., transtension, transpression) along strike which 453 

develop coevally (Cox, 2005; Dooley and Schruers, 2012). Therefore, it is likely that the D2b 454 

transtensional environment proposed at the Golden Mile records a localized strain environment 455 

that may not be expressed regionally along strike of the GMFZ. However, on the basis of cross-456 

cutting relationships and geochronology, there is evidence for an earlier stage of D2a sinistral 457 

strike-slip expressed in the GMFZ at the Golden Mile. Quartz-sericite-ankerite dike GmPo 458 

48020 (Fig. 12) constrains the D2a event to 2680 ± 3 Ma, which is earlier than the interpreted age 459 

of ca. 2675 Ma for D2b deformation. In addition, field relationships illustrate that E-striking, 460 

steeply S-dipping veins interpreted to be D2a tensile veins are deformed and boudinaged during 461 

D2b transtensional deformation (Fig. 5B). These geochronological and field relationships suggest 462 

that locally at the Golden Mile multiple structural styles related to prolonged sinistral shearing 463 

are recorded in the GMFZ. At the Golden Mile the GMFZ likely evolved from early sinistral 464 

strike-slip (D2a) dominant to later sinistral transtension (D2b). Such an evolution is similar to that 465 

observed in experimental instances of transtensional releasing bends, where principal 466 

displacement zones are inferred to have an increased normal component as strike-slip 467 

displacement progresses (Dooley and Schruers, 2012). 468 

 The work of Mueller et al. (2020) summarizes the development of the volcano-469 

sedimentary stratigraphic succession in the Kalgoorlie-Kambalda area in the context of 470 

deformation. Based on the proposed timing and style of different deformation events in the 471 

broader region by Mueller et al. (2020), the D1 deformation event in the GMFZ is equivalent to 472 

the D1 of Mueller et al. (2020). The D2 event of Mueller et al. (2020) is represented by the D2a 473 

and D2b events in the GMFZ. The D3 event of Mueller et al. (2020) equates to the D2c event in 474 

the GMFZ, and the D3 event in the GMFZ correlates to the D4 event of Mueller et al. (2020). 475 

Mueller et al. (2020) attribute the unconformity between the Lower and Upper Black Flag Group 476 

rocks (i.e., the Gidji Lake Unconformity; Fig. 1A) to regional D1. This suggests that during the 477 

D1 fold and thrust stage of the GMFZ, uplift and erosion of the Lower Black Flag Group 478 

occurred during the formation of the Gidji Lake Unconformity, which is also proposed by Tripp 479 
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et al. (2020). The deposition of the coarse clastic Merougil and Kurrawang groups (ca. 2665-480 

2655 Ma) to the west of the camp occurred unconformably over Upper Black Flag Group rocks 481 

(Mueller et al., 2020; Tripp et al., 2020). Deposition of these units occurred in synclines (ca. 482 

2665-2655 Ma; D3 of Mueller et al. 2020) with angular unconformities at their bases (Mueller et 483 

al., 2020). Based on the timing of the formation of the synclines hosting the Merougil and 484 

Kurrawang groups, the contractional deformation associated with syncline development likely 485 

correlates to D2c in the GMFZ. Hence, both D1 and D2c stages of deformation in the GMFZ 486 

correlate to regional unconformities in the volcano-sedimentary stratigraphic succession. These 487 

deformation stages are characterized both locally and regionally by pronounced contractional 488 

components likely associated with ENE-WSW shortening conditions. The D2a and D2b 489 

deformation stages do not appear to have had such pronounced contractional components, and 490 

therefore may not be recorded as major unconformities in the volcano-sedimentary stratigraphic 491 

succession. The late timing of the D3 deformation stage in the GMFZ indicates that it may have 492 

occurred subsequent to the development of the volcano-sedimentary stratigraphic succession 493 

(e.g., Mueller et al., 2020). 494 

Sulfide assemblages and their geochemistry 495 

Multiple sulfur isotopes: Sulphur isotope data from the GMFZ characterizes a host-rock 496 

environment represented by sedimentary rocks of the Lower Black Flag Group, which comprise 497 

carbonaceous shales, sandstones, and siltstones. The study of Godefroy-Rodriguez et al. (2020) 498 

characterizes the sulfur isotope signatures of D2a/D2b Fimiston mineralization and D2c Oroya 499 

mineralization in the main mineralized zones of the Golden Mile Super Pit (Fig. 2A), where 500 

mineralization is hosted in highly-fractured Golden Mile Dolerite and Paringa Basalt lithologies. 501 

Hence, we use the dataset of Godefroy-Rodriguez et al. (2020) as the basis of comparison for our 502 

GMFZ dataset to understand how different host rock environments have influenced the 503 

geochemistry of the main Au-bearing fluids (Fig. 8A). When the sulfur isotope data for different 504 

sulfide generations in the GMFZ are assessed, D2a and D2b sulfides show similar results, and the 505 

sulfur isotope data for pyrrhotite and chalcopyrite is overlapping and tightly clustered (Fig. 8B). 506 

This would be expected for equilibrium δ34S fractionation between pyrrhotite and chalcopyrite as 507 

1000lnα values between these minerals are low in hydrothermal settings (i.e., ~0-1‰; Ohmoto 508 

and Rye, 1979; Seal, 2006). Although δ34S values of pyrites that formed during D2a, D2b, and D2c 509 
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are similar to the values of the pyrrhotite and chalcopyrite, the pyrite δ34S values show a larger 510 

range and tend towards lower δ34S values (i.e., ~1.5-0.0‰; Fig. 8B). This is again consistent 511 

with equilibrium δ34S fractionation within a pyrrhotite-chalcopyrite-pyrite sulfide assemblage as 512 

1000lnα values between pyrite and pyrrhotite/chalcopyrite are ~1-3‰ in hydrothermal settings 513 

(Ohmoto and Rye, 1979; Seal, 2006). When compared to pyrite from  D2a/D2b Fimiston, D2c 514 

Oroya, and D3 Mt. Charlotte mineralization, D2a, D2b, and D2c sulfides in the GMFZ show a very 515 

restricted range in δ34S from ~0-5‰ and a similarly restricted yet notably elevated Δ33S range 516 

from ~2-3‰ (Fig. 9). The elevated Δ33S values are similar to those documented for diagenetic 517 

sulfides in the Kapai Slate (Fig. 8A), and record mass-independent fractionation (MIF) of sulfur 518 

isotopes in the Archean atmosphere, with the positive Δ33S values indicative of sulfides formed 519 

during sediment diagenesis on the Archean seafloor (Farquhar and Wing, 2003; Farquhar et al., 520 

2010). The Δ33S values in the GMFZ sulfides suggest that shales of the Lower Black Flag Group 521 

provided a significant host-rock sulfur contribution and exerted a strong host-rock control on 522 

sulfide geochemistry. Pyrite from  D2a/D2b Fimiston and D2c Oroya mineralization show notable 523 

ranges in δ34S, with a high proportion of negative values (Fig. 8A), reflecting mass-dependent 524 

sulfur isotope fractionation as influenced by intensive fluid properties (e.g., T, fO2, and pH; 525 

Ohmoto and Rye, 1979; Seal, 2006). These negative values are typically interpreted to record 526 

oxidized fluid conditions (Clout, 1989; Phillips et al., 1986; Bateman and Hagemann, 2004; 527 

Godefroy-Rodriguez et al., 2020), as is supported by the presence of pyrite-hematite, pyrite-528 

magnetite, and pyrite-hematite-magnetite mineral assemblages in the Fimiston lodes (Clout et al., 529 

1990; Bateman and Hagemann, 2004; Mueller, 2007; Godefroy-Rodriguez et al., 2020). In the 530 

context of the elevated Δ33S values and the pyrrhotite-chalcopyrite-pyrite equilibrium 531 

assemblages in the D2a, D2b, and D2c GMFZ sulfides, the restricted ranges of the δ34S values in 532 

the GMFZ sulfides suggest that carbonaceous shale within the GMFZ acted as a redox buffer 533 

resulting in lower fluid fO2 values within the GMFZ than in other host rocks such as the Golden 534 

Mile Dolerite (e.g., Cox et al., 1991; Phillips et al., 1996; Mueller, 2020b; Fig. 13). A similar 535 

fluid buffering effect has been invoked by Mueller et al. (2020b) for Oroya mineralization, which 536 

also records a significant proportion non-zero Δ33S values in concert with a similarly restricted 537 

range in δ34S values (Fig. 8A).  538 

Trace metal geochemistry: Like the sulfur isotope data, sulfide trace element data from D2a, D2b, 539 

and D2c sulfides of the GMFZ is compared to sulfide trace element data from  D2a/D2b Fimiston 540 
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lode pyrite from the main mineralized zone in the Golden Mile Super Pit (Figs. 9, 10, 11). This is 541 

done to compare and contrast the sulfide chemistry of different host-rock environments to 542 

understand how these different host-rock environments have influence hydrothermal fluid 543 

chemistry. When the Au-Te depletions and Ag, Pb, Bi, and Sb enrichments in GMFZ sulfides are 544 

considered in the context of metal partitioning in sulfide species, the Ag enrichments in D2a, D2b, 545 

and D2c chalcopyrite likely reflect the preferential portioning of Ag into chalcopyrite as opposed 546 

to pyrite and pyrrhotite (Fig. 9B). Because pyrrhotite and pyrite in the GMFZ have Ag 547 

concentrations similar to the Fimiston lode pyrite (Fig. 9B), it is likely that the fluids responsible 548 

for sulfide deposition in the GMFZ throughout D2 had Ag concentrations comparable to that of 549 

the fluid that formed the Fimiston lodes in the Golden Mile Dolerite. In contrast, the Au and Te 550 

depletions in GMFZ sulfides are reflected in pyrrhotite, chalcopyrite, and pyrite (Fig. 9A, C), 551 

suggesting that the fluids responsible for sulfide deposition in the GMFZ were depleted in Au 552 

and Te relative to the fluid that formed the Fimiston lodes. When the Zn concentrations in 553 

GMFZ sulfides are considered (Fig. 9F), there is significant overlap among the Zn 554 

concentrations of GMFZ pyrrhotite and pyrite as well as Fimiston lode pyrite; however, D2a and 555 

D2b chalcopyrite in the GMFZ show the highest degree of enrichment suggesting preferential 556 

partitioning of Zn into chalcopyrite. Lead, Bi, and Sb are preferentially enriched in the majority 557 

of GMFZ sulfides (Fig. 9D, G, I) and do not show preferential, phase-dependent partitioning. 558 

Overall these results suggest that the Au-Te depletion and Pb-Bi-Sb enrichment in the GMFZ 559 

sulfides reflect different hydrothermal fluid chemistry in comparison to the fluid that formed the 560 

Fimiston lodes as opposed to elemental partitioning effects related to sulfide speciation, with the 561 

Ag-Zn enrichment in chalcopyrite suggested to reflect the latter. Although these different fluid 562 

chemistries are invoked, the Au vs. Ag and Au vs. Te bivariate diagrams (Fig. 10A, B) and Au 563 

correlations (Fig. 11A) illustrate that the GMFZ sulfide populations with the most constantly 564 

elevated gold concentrations (i.e., D2a pyrrhotite and D2c pyrite) show similar Au-Ag/Au-Te 565 

covariation and correlation and define a continuous spectrum with Fimiston lode pyrite. 566 

Comparable relationships are observed on the Pb vs. Sb and Pb vs. Bi bivariate diagrams (Fig. 567 

10E, F), and Pb correlation diagram (Fig. 11B) where GMFZ sulfide populations show 568 

covariation and correlation similar to Fimiston lode pyrite. The continuous spectrums and similar 569 

covariation/correlation shown by GMFZ sulfides and Fimiston lode pyrite on the Au-Ag, Au-Te, 570 

Pb-Sb, and Pb-Bi bivariate diagrams and correlation plots indicate that the GMFZ sulfides and 571 
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Fimiston lode pyrite formed from similar fluid types that were modified in terms of their metal 572 

content and metal solubility potential. Because structural data suggests that sulfide 573 

mineralization in the GMFZ formed at the same time as the  D2a/D2b Fimiston and D2c Oroya 574 

mineralization types were developing, it is likely that the Au-Te depletions and Pb, Bi, and Sb 575 

enrichments in GMFZ sulfides record the effects of host-rock buffering by shales of the GMFZ 576 

on fluid composition and metal solubility (Figs. 13, 14).  577 

Significance for genetic models: Various genetic models have been proposed for mineralization 578 

in the Kalgoorlie gold camp (McDivitt et al., 2020). These include both magmatic-hydrothermal 579 

(Mueller et al., 1988; Clout, 1989; Bateman and Hagemann, 2004; Mueller, 2007; Mueller and 580 

Muhling, 2013; Mueller and Muhling, 2020; Mueller et al., 2020b) and metamorphic-581 

hydrothermal models (Phillips, 1986; Phillips et al., 1987; Phillips et al., 1996; Groves et al., 582 

2016; Vielreicher et al., 2016). The latter typically invoke the metamorphic devolatilization of 583 

volcano-sedimentary units such as basalts and carbonaceous shales as a mechanism by which 584 

auriferous fluids are generated (e.g., Phillips and Powell, 2010; Large, et al., 2011). Steadman et 585 

al. (2015) assess the trace-element and sulfur-isotope geochemistry of diagenetic sulfides in the 586 

Black Flag Group, Kapai Slate, and Paringa interflow shale horizons from a mineralization 587 

source perspective. Although Steadman et al. (2015) document Au-Ag-Te-As enrichment within 588 

diagenetic sulfides, particularly within the Paringa interflow shales, they note that the trace metal 589 

budgets and sulfur isotope signatures do not match those of ore-stage pyrites. Godefroy-590 

Rodriguez et al. (2020) further emphasize this in their comprehensive characterization of ore-591 

stage pyrites, which illustrates that Fimiston and Mt. Charlotte pyrite are typified by near-zero 592 

Δ33S values (predominantly between 0 to 0.5‰; Fig. 8A) and variable δ34S values that contrast to 593 

the elevated Δ33S values (~1.0 to 2.3‰) and the restricted δ34S values (~2 to 4‰) in the Kapai 594 

Slate diagenetic sulfides (Fig. 8A). Godefroy-Rodriguez et al. (2020) interpret digressions from 595 

near-zero Δ33S values in ore-stage pyrites, such as those seen in Oroya mineralization (Fig. 8A), 596 

to record the local interaction of hydrothermal fluids carrying mantle-derived, juvenile sulfur 597 

(i.e., Δ33S ~0‰) with sedimentary country rocks bearing MIF sulfur (i.e., Δ33S≠0).  The results 598 

of this study further emphasize that the interaction of auriferous fluids characterized by juvenile, 599 

mantle-like sulfur with local sedimentary rock horizons such as shales of the GMFZ can result in 600 

ore-stage sulfides with pronounced MIF Δ33S anomalies. However, from a spatial perspective 601 

these MIF Δ33S anomalies in epigenetic sulfides of the Kalgoorlie gold camp are largely 602 
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restricted and proximal to shale horizons such as the Oroya Shale and those of the Lower Black 603 

Flag Group in the GMFZ. This suggests that sulfur was not liberated from the shales during 604 

metamorphic devolatilization, widely distributed, and deposited in the main mineralized zones, 605 

which lack pronounced MIF Δ33S anomalies in sulfides (Fig. 8A). Furthermore, the trace-606 

element geochemistry of D2a/D2b  Fimiston sulfides illustrates that fluid buffering by the shale 607 

horizons decreased the Au concentrations of the sulfides (Fig. 10A, B), and would diminish the 608 

Au carrying capacity of the hydrothermal fluid (Fig. 13). Collectively these results suggest that 609 

the metamorphic devolatilization of carbonaceous shale horizons was not an effective 610 

mechanism in the generation of auriferous fluids in the Kalgoorlie gold camp.  611 

Implications for the distribution of porphyry dikes and gold mineralization in Archean gold 612 

camps 613 

Regional and local structural controls on porphyry dikes and gold deposits: There is a clear 614 

spatial correlation between the distribution of porphyry dikes in the camp and the GMFZ (Fig. 615 

3). Although the density of drillhole data is highest in proximity to and along trend of known 616 

gold deposits, the frequency of porphyry dike intersections does not appear to correlate with data 617 

density. For example, zones of very high data density in the Golden Mile Super Pit (Fig. 3) 618 

display only a low- to moderate frequency of porphyry dike intersection. In contrast, to the SE of 619 

the Golden Mile Super Pit, where data density is lower, there is a high frequency of porphyry 620 

dike intersection. This suggests that frequency of porphyry dike intersection results are not 621 

biased towards zones of high data density. These data suggest that the GMFZ exerted a primary 622 

control on the localization of porphyry dikes by influencing the structural pathways utilized by 623 

igneous melts. Although some dikes occur within the GMFZ (e.g., Fig. 12; Woods, 1997), high-624 

density networks of these dikes occur in hanging wall and footwall units that were more prone to 625 

brittle failure than the shale-rich Lower Black Flag Group of the GMFZ. This is well-626 

exemplified in the Golden Mile Super Pit (Fig. 2A), where high-density networks of porphyry 627 

dikes flank the GMFZ in hanging wall and footwall Golden Mile Dolerite. A similar 628 

phenomenon is shown for the distribution of gold deposits in the camp, which are located along 629 

the GMFZ (Fig. 1A; Fig. 3), but occur in adjacent sites that are rheologically more favorable for 630 

hydrothermal fluid flow and ore deposition (e.g., Fig. 2B, C). This suggests that the GMFZ also 631 

exerted a primary control on the localization of gold mineralization by influencing fluid 632 
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pathways proximal to sites of ore deposition This is further emphasized by evidence for D2b 633 

sinistral-normal kinematics during the main Fimiston gold event and the curvilinear geometry of 634 

the GMFZ in the Super Pit, which suggest that the GMFZ facilitated the development of a 635 

releasing bend and zone of sinistral transtension that was highly-receptive to mineralizing fluids. 636 

The areas of highest porphyry dike frequency along the GMFZ do not correlate to the zones of 637 

highest gold endowment (Fig. 3), suggesting that the controls on magma flow were not identical 638 

to the controls on hydrothermal fluid flow. This may be explained because most dikes in the 639 

camp are pre-ore quartz-feldspar porphyries (McDivitt et al., 2020). Therefore, the difference in 640 

timing between these dikes and mineralization indicates that the conduits favored for magma and 641 

fluid flow adjacent to the GMFZ evolved over time. As illustrated on Figure 3, the northwestern 642 

termination of the NW- to NNW-curvilinear trend of moderate to high porphyry dike frequency 643 

along the GMFZ also corresponds to the known limits of the Kalgoorlie gold camp. This spatial 644 

relationship indicates that magmatism may have a fundamental genetic link to gold 645 

mineralization as suggested by Clout (1989), Bateman and Hagemann (2004), Mueller (2007), 646 

Mueller and Muhling (2013), Mueller and Muhling, (2020), and Mueller et al. (2020b). 647 

In the Kalgoorlie gold camp the distribution of gold deposits adheres to the conventional 648 

models of ore formation where mineralization is located in higher-order structures adjacent to 649 

large-scale crustal fault zones (Eisenlohr et al., 1989; Neumayr et al., 2000; Goldfarb et al., 650 

2005; Dubé et al., 2017; Poulsen, 2017).  A novel finding of this study is that porphyry dikes in 651 

the camp also adhere to this convention, and their camp- and deposit-scale structural controls are 652 

similar to those of the gold deposits that they are associated with. This suggests that in some 653 

cases porphyry dikes may act as exploration vectors and indicators of the same large-scale 654 

structures that control gold deposit distribution in Archean terranes.  655 

Local geochemical controls on gold mineralization: Sulfur isotope and trace element data from 656 

D2a, D2b, and D2c pyrrhotite-chalcopyrite-pyrite assemblages of the GMFZ illustrate that 657 

sedimentary rocks of the Lower Black Flag Group strongly affected the fluid chemistry of the 658 

gold-bearing D2a/D2b Fimiston and D2c Oroya hydrothermal systems. The restricted δ34S ranges 659 

in concert with elevated Δ33S values implicate major sulfur contribution from shales of the 660 

GMFZ, strong host-rock buffering of fluid chemistry, and diffuse, grain-scale fluid flow 661 

allowing for a high-degree of fluid-rock interaction (Cox, 2005). In other cases where diffuse 662 
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hydrothermal fluid flow occurred directly within large-scale deformation zones controlling gold 663 

deposits, disseminated ore zones are developed in receptive host rocks. An example includes 664 

“flow ore” from the Cheminis gold deposit along the Larder Lake-Cadillac deformation zone of 665 

the Abitibi subprovince (Superior craton), where disseminated, gold-bearing sulfides are hosted 666 

in Fe-rich tholeiitic basalts (Lafrance, 2015). In the case of the GMFZ the inferred fO2 decrease 667 

resulting from fluid-rock interaction lowered Au and Te concentrations of hydrothermal fluids 668 

within the fault zone as inferred by experimental data (Fig. 13), and shown empirically by sulfide 669 

trace element geochemistry (Fig. 9A, B). These contrasting examples illustrate that host-rock 670 

chemistry within large-scale deformation zones has a major effect on hydrothermal fluid 671 

chemistry and the development of gold ore. Large-scale deformation zones may be considered 672 

less-prospective than adjacent, higher-order structural sites due to the propensity of the former 673 

for incompetent rheology and ductile deformation behavior relative to the latter (Eisenlohr et al., 674 

1989; Cox et al., 2005). The contrasting examples noted above suggest that because diffuse, 675 

grain-scale fluid flow and disseminated mineralization may be more likely to dominate within 676 

large-scale deformation zones, host-rock chemistry in these environment exerts a stronger 677 

control on the development of mineralization than in adjacent zones of brittle deformation where 678 

fluid:rock ratios are higher. We conceptually illustrate this in an integrated structural-679 

hydrothermal-magmatic framework for the Golden Mile from D2a+D2b (Fig. 14A) to D2c+D3 680 

(Fig. 14B). Figure 14 emphasizes the importance of both rheology on differential flow regimes 681 

(i.e., ductile deformation and diffuse flow vs. brittle deformation and widespread flow) and host-682 

rock chemistry on ore fluid composition as proxied by sulfide chemistry.  683 

Conclusion 684 

The Golden Mile fault zone is a long-lived and multiply reactivated structure that exerted a first-685 

order control on the focusing of magmas and gold-bearing hydrothermal fluids in the Kalgoorlie 686 

gold camp. Both porphyry dikes and gold ore developed preferentially in higher-order structural 687 

sites adjacent to the fault zone that were rheologically prone to brittle failure. The Golden Mile 688 

fault zone formed during D1 fold-and-thrust deformation concomitant with the development of 689 

recumbent folds from ca. 2685-2680 Ma. Early D1 structures were overprinted during a 690 

prolonged D2 period of sinistral deformation beginning with ca. 2680 Ma strike-slip (D2a), 691 

followed by ca. 2675 Ma transtension (D2b), and by ca. 2660 Ma sinistral-reverse deformation 692 
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(D2c). The fault zone was subjected to a late, D3 dextral reactivation from ca. 2650-2640 Ma 693 

when dextral block faulting occurred throughout the camp. Pyrrhotite-chalcopyrite-pyrite-694 

sphalerite-galena assemblages developed in the fault throughout D2 beginning with NE-trending, 695 

steeply-dipping, sulfide-filled tensile fractures during D2a. Sinistral transtension during D2b 696 

formed breccias that were highly-receptive to sulfide-forming fluids. During D2c low angle veins 697 

formed as the result of sinistral-reverse deformation and host pyrite-dominant pyrrhotite-698 

chalcopyrite-pyrite-sphalerite-galena assemblages as opposed to the pyrrhotite-dominant 699 

assemblages of D2a and D2b. The D2a/D2b and D2c veins and sulfide mineralization in the fault 700 

zone correlate to the Fimiston and Oroya mineralization events, respectively. The interaction of 701 

Fimiston and Oroya hydrothermal fluids with Lower Black Flag Group shales in the Golden Mile 702 

fault zone resulted in restricted δ34S sulfide values (~1.0-4.5‰) and consistently elevated Δ33S 703 

sulfide values (~2.0-3.0‰) that record a strong host-rock buffering effect, diffuse fluid flow, and 704 

local sulfur contribution. The interaction of Fimiston and Oroya hydrothermal fluids with shales 705 

of the Golden Mile fault zone decreased fluid fO2 resulting in pyrrhotite-pyrite stable sulfide 706 

assemblages, and respective decreases and increases in the Au-Te and Pb-Bi-Sb concentrations 707 

of the hydrothermal fluids. The geochemistry of sulfide mineralization in the Golden Mile fault 708 

zone emphasizes the importance of host-rock chemistry in the propensity for gold ore 709 

development in environments of diffuse hydrothermal fluid flow within large-scale crustal fault 710 

zones. Both rheology and host-rock chemistry must be considered when evaluating the 711 

prospectivity of large-scale deformation zones for gold mineralization. 712 
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Figure Captions 978 

Fig. 1. Modified after McDivitt et al. (2020). (A) Camp-scale geologic map produced from 979 

KCGM mapping and compilation. The location of the Gidji Lake Unconformity is from G.I. 980 

Tripp (Personal Communication 25/07/2019). Gold deposits of the Kalgoorlie gold camp (the 981 

Golden Mile, Mt. Charlotte, Hidden Secret, and Mt. Percy deposits) as well as the Oroya shoot 982 

are shown as yellow dots. Stereonets (lower-hemisphere, equal-area) are produced from the 983 

KCGM drill core database and display contoured poles (1% area; start=2%; CI=2%) of planar 984 

features. Upper left stereonet shows poles to regional cleavage measurements and trends of 985 

camp-scale structures such as the Golden Mile fault (GMF), Boulder-Lefroy fault (BF), 986 

Boomerang anticline (BA), and late, N- to NNE-tending dextral faults. The upper right stereonets 987 

display poles to bedding planes and lithologic contacts. Map coordinates in UTM zone 51J, 988 

WGS84 datum. (B) Scaled stratigraphic column depicting the volcanic, sedimentary, and 989 

intrusive rocks of the Kalgoorlie gold camp in the context of geochronological age constraints. 990 

See text for supporting references. 991 

Fig. 2. Study areas of the Golden Mile fault zone. (A) Geology map of the Golden Mile Super 992 

Pit, with the blue line denoting the location of the traverse along the Golden Mile fault zone that 993 

was undertaken during this study. (B) A level plan map (left) and vertical cross section (right) of 994 

Fimiston extension drilling illustrating the Golden Mile fault zone intersections that were logged 995 

during this study. Stereonets (lower-hemisphere, equal-area) display contoured poles (1% area; 996 
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start=2%; CI=2%) to foliation and Fimiston lode measurements from the KCGM drill core 997 

database. (C) Cross section through the Golden Mile Super Pit and the Golden Mile Fault zone 998 

(Section 1). Modified after McDivitt et al. (2020) and Mueller (2020a). (D) Cross Section 999 

through the Golden Mile Super Pit and the Oroya shoot area (Section 2). Modified after McDivitt 1000 

et al. (2020) and Mueller (2020a) (E) Equal area stereographic projection depicting the 1001 

subdivision of Fimiston lodes into Main, Caunter, and Cross populations based on the lode 1002 

geometries. Strike and dip are reported using the right-hand rule convention. Modified after 1003 

McDivitt et al. (2020) 1004 

Fig. 3. A camp-scale raster map derived from the KCGM drill core database displaying FPI—a 1005 

unit-less measure of porphyry frequency intersection. Additional information regarding the 1006 

derivation of the map and the FPI parameter is presented in Appendix 1.1. 1007 

Fig. 4. Structures and overprinting relationships of the Golden Mile fault zone observed in 1008 

diamond drill core. All stereonets are lower-hemisphere, equal-area. Contouring is 1% area 1009 

(start=2%, CI=2%) (A) F1 folds (thin, white line) occur as rootless, isoclinal bedding 1010 

transposition folds. The folds were re-folded during the development of the NW-trending S2 1011 

cleavage (dashed, white line). Stereonet displays poles to S2 cleavage measurements from 1012 

Golden Mile fault zone drill core. Unoriented (U) sample from DDH SCGD003B 1044.47 m. (B) 1013 

Plane-polarized light photomicrograph of an F1 fold (thin, white line) transected and refolded by 1014 

the S2 cleavage. Sample from DDH SCGD002A 1007.05 m. (C) Oblique view (O) displaying 1015 

S2C-S2S fabric relationships illustrating sinistral drag of S2S along S2C surfaces in a sub-1016 

horizontal exposure (left), and normal drag of S2S along S2C surfaces in a sub-vertical exposure 1017 

(right). Stereonets display the orientation of poles to sinistral shear bands (top), and poles normal 1018 

shear bands (bottom). Sample from DDH SCGD001 1066.65 m. (D) Sub-vertical view (V) 1019 

displaying the L2 aggregate lineation on the S2 cleavage plane. Stereonet illustrates the 1020 

distribution of L2 lineation measurements from oriented drill core. Sample from DDH SCGD001 1021 

1066.65 m. (E) Sub-vertical section (V) displaying a sigmoidal S2S fabric recording normal 1022 

deformation (S2 normal). The early S2 normal fabric is cross-cut by low-angle veins that are 1023 

folded and offset by stylolites (Sty) during a later stage of sinistral-reverse deformation when the 1024 

S2 reverse fabric develops. Stereonet depicts the orientation of poles to sinistral-reverse shear 1025 

bands. Sample from DDH SCGD001 1066.59 m. (F) Sub-horizontal view (H) of mylonitic S3S 1026 
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and S3C fabrics related to D3 dextral deformation in the Golden Mile Fault zone. The inset 1027 

(upper left) displays earlier developed quartz strain shadows (blue dashed line) around a pyrite 1028 

nodule (red dashed line). The strain shadows are folded axial planar to the S3S foliation. 1029 

Stereonet displays poles to dextral shear bands. Sample from DDH SCGD002B 1022.10 m. (G) 1030 

Oblique view (O) displaying shear band boudins related to sinistral-normal deformation (1). The 1031 

development of F3 Z folds in the necks of the boudins (2) record a late dextral reactivation. 1032 

Sample from DDH SCGD003B 1045.60 m. (H) Sub-horizontal view (H) displaying sinistral S2S 1033 

and S2C fabrics (2). The sinistral S2S fabrics locally define F3 Z folds related to overprinting D3 1034 

dextral deformation (3). Sample from DDH SCGD002A 1004.97 m. (I) Sub-vertical section 1035 

displaying reverse shear bands developed in a zone of dextral shearing. Stereonet displays poles 1036 

to dextral-reverse shear bands. Sample from DDH SCGD003B 1045.60 m. 1037 

Fig. 5. Structures and overprinting relationships of the Golden Mile fault zone observed in 1038 

traverse. All stereonets are lower-hemisphere, equal-area. Contouring is 1% area (start=2%, 1039 

CI=2%). (A) Sub-horizontal exposure (H) displaying S2C and S2S fabrics. The S2S fabric is 1040 

clockwise oblique to the S2C fabric and sigmoidal in a manner indicative of sinistral shearing. 1041 

Stereonets display poles to sinistral shear bands (bottom left) and the relative geometry of S2C 1042 

and S2S. (B) Sub-vertical exposure displaying an E-trending, sub-vertical carbonate-quartz vein 1043 

boudinaged by normal deformation. Stereonet displays the orientation of the dragged S2 foliation 1044 

and the vein. The lineations shown on the vein (blue) are boudin axes. (C) Sub-vertical section 1045 

displaying a NW-striking, steeply-SW-dipping normal fault (red line) with drag of the S2 1046 

cleavage visible in the footwall of the fault (white, dashed line). Stereonet displays the 1047 

orientation of the normal fault and S2 cleavage, as well as sub-vertical L2 lineations (red dots) 1048 

that are developed in the footwall of the fault (see D). (D) Sub-vertical section in the footwall of 1049 

the normal fault in C displaying sub-vertical L2 aggregate lineations. The inset is a plane 1050 

polarized light photomicrograph depicting an L2 lineation comprising a fine-grained aggregate of 1051 

recrystallized quartz. (E) Stereonets depicting poles to S2C and S2S measurements as well as L2 1052 

lineation measurements. 1053 

Fig. 6. Sulfide relationships in the Golden Mile fault zone I. (A) Carbonate-quartz vein fragment 1054 

that has been boudinaged and back rotated during the development of sinistral, F2 S folds defined 1055 

by S2 (white, dashed line). Sulfide-filled tensile fractures with a NE trend and sub-vertical dip 1056 
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are developed in the boudinaged vein at a high angle to the S2 foliation. Sample from DDH 1057 

SCGD003B 1045.60 m. (B) Sulfide mineralogy of the tensile fractures visible in A (reflected 1058 

light): pyrrhotite (Po) is dominant with lesser chalcopyrite (Cpy) and sphalerite (Sph). (C) An 1059 

SEM-BSE image of one of the tensile fractures visible in A displaying pyrrhotite (Po), Hg-Bi 1060 

tellurides, and Ni-Sb-S mineral intergrown with ankerite (Ank). (D) Pyrite developed along the 1061 

margin of the boudinaged vein visible in A (reflected light). (E) Plane/cross polarized and 1062 

reflected light images of a carbonate-quartz vein boudinaged in the S2 foliation plane during 1063 

sinistral-normal deformation. The boudin necks are infilled with quartz, pyrite, and galena. 1064 

Sample was collected during the field traverse. The stereonet displays the orientation of the thin 1065 

section planes relative to the L2 aggregate lineation (L2=parallel; L2’=perpendicular); normal 1066 

movement (i.e., SW-side down) parallel to the S2 foliation is indicated by the switch from 1067 

apparent dextral kinematics in the L2 parallel section to apparent sinistral kinematics in the L2’ 1068 

parallel section. (F) Zone of high-density normal faults (plane polarized light). The normal faults 1069 

are infilled with pyrite (see inset; reflected light) and have resulted in micro horst-and-graben 1070 

topography that facilitated the development of a collapse breccia (the lower limit of the breccia 1071 

zone is shown by the dashed, red line). Sample from DDH SCGD002A 1006.70 m. (G) 1072 

Reflected light image of the collapse breccia zone visible in F depicting abundant sulfide 1073 

mineralization in the breccia. (H) Plane polarized light close-up photomicrograph of normal 1074 

faults visible in F. (I) SEM-BSE image of the collapse breccia zone visible in F and G. The 1075 

breccia is host to a sulfide assemblage of pyrrhotite (Po), chalcopyrite (Cpy), and galena (Ga). 1076 

Fig. 7. Sulfide relationships in the Golden Mile fault zone II. (A) Plane polarized and reflected 1077 

light images of pyrite-filled conjugate shear fractures with an acute bisector (i.e., shortening) at a 1078 

high angle to the S2 foliation. One of the conjugate veins defines an F2 S fold (see inset). Overall, 1079 

the geometry of the conjugate shear fractures and the F2 S fold suggest their emplacement during 1080 

sinistral shearing. (B) Complementary vertical section to the horizontal section shown in A. 1081 

Reverse deformation is expressed by S-C fabric geometries and shear bands that offset the S2 1082 

foliation and parallel, sulfide-rich horizons (upper inset). The lower inset displays strongly-1083 

deformed carbonate-quartz veins that host pyrrhotite-chalcopyrite (Po-Cpy) dominant sulfide 1084 

assemblages. Sample was collected during the field traverse. (C) Plane polarized and reflected 1085 

light images displaying early normal deformation in the upper left where S2 extensional S and C 1086 

fabrics are developed (S2 Ext). These early extensional fabrics are cross-cut by low angle veins 1087 
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(upper right), and the low angle veins are offset by reverse shear bands and folded during 1088 

contractional deformation when a later generation of the S2 fabric formed (S2 Com). These later 1089 

low angle veins differ from the earlier deformed veins visible in B as they have a sulfide 1090 

assemblage dominated by pyrite (Py) with lesser pyrrhotite (Po) and chalcopyrite (Cpy). Sample 1091 

from DDH SCGD001 1068.60 m. 1092 

Fig. 8. SIMS sulfur isotope geochemistry of sulfides. (A) Pyrite sulfur isotope data from the 1093 

Fimiston, Oroya, and Mt. Charlotte mineralization types as well as syn-sedimentary pyrite from 1094 

the Kapai Slate (Godefroy-Rodriquez et al., 2020). Sulfur isotope data from sulfides in the 1095 

Golden Mile fault zone are shown as the yellow dots. (B) Sulfur isotope data for different sulfide 1096 

species and structural generations in the Golden Mile fault zone. See text for discussion. 1097 

Fig. 9. LA-ICP-MS sulfide trace element geochemistry I. Concentration data for Fimiston pyrite 1098 

and the Golden Mile fault zone sulfide populations is summarized using box plots displaying 1099 

mean values (black circle), median values (black lines), and 25th and 75th
 percentiles as the upper 1100 

and lower boundaries of the colored rectangles. The colored horizontal lines below and above the 1101 

25th and 75th
 percentiles denote outlier boundaries, with the hollow colored circles that plot 1102 

outside of the boundaries deemed statistical outliers. See text for discussion. 1103 

Fig. 10. LA-ICP-MS sulfide trace element geochemistry II. Bivariate scatter diagrams comparing 1104 

trace metal relationships defined by Fimiston pyrite to those from the Golden Mile fault zone 1105 

sulfide populations. See text for discussion. 1106 

Fig. 11. LA-ICP-MS sulfide trace element geochemistry III. Pearson product-moment 1107 

correlation coefficients (derived from log10 data) and p values for Au-Pb, Au-Bi, Au-Sb, Au-Ag, 1108 

Au-Te (A) and Pb-Au, Pb-Bi, Pb-Sb, Pb-Ag, and Pb-Te (B). The diagrams compare correlation 1109 

coefficients in the Fimiston pyrite population to correlation coefficients  in the Golden Mile fault 1110 

zone sulfide populations. See text for discussion 1111 

Fig. 12. Quartz-sericite-ankerite dike GmPo 48020 within the Golden Mile fault zone. (A) 1112 

Quartz-sericite-ankerite dike (light area) includes shale wall rock with well-developed S2 1113 

cleavage (white, dashed line) and F2 folds (white, solid line). A fragment of shale wall rock 1114 

within the dike is host to tensile veins developed at a high angle to the S2 cleavage (white, 1115 

dashed rectangle). DDH SCGD002A 1007.05 m. (B) Plane polarized light photomicrograph of 1116 
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pyrrhotite-chalcopyrite tensile veins in the shale wall rock fragment in shown in A. (C) Reflected 1117 

light photomicrograph of the area indicated in (B; red) depicting the pyrrhotite-chalcopyrite infill 1118 

of the tensile veins. (D) Veined shale fragments in the quartz-sericite-ankerite dike. The dike 1119 

displays the S2 cleavage as a continuous cleavage defined by the preferential orientation of fine-1120 

grained sericite. (E) Winchester and Floyd classification diagram showing the geochemical 1121 

composition of the quartz-sericite-ankerite dike. See Appendix 4 for additional whole rock 1122 

geochemical data. (F) False-colored, SEM-BSE-EDS map displaying the distribution of Mg, S, 1123 

Fe, K, Al, Ca, Si. The minerals quartz (Qtz), sericite (Ser), ankerite (Ank), siderite (Sid), apatite 1124 

(Ap), chalcopyrite (Cpy), sphalerite (Sphal), and an unidentified TiO2 mineral are shown on the 1125 

map, with their corresponding modal percentages displayed on the diagram above. (G) 1126 

Representative zircons from the quartz-sericite-ankerite dike and the locations of SHRIMP spots. 1127 

See Appendix 5 for additional information. (H) Tera-Wasserburg concordia diagram displaying 1128 

the results of SHRIMP U-Pb zircon geochronology. The inset in the lower left displays a 1129 

207Pb/206Pb weighted mean age calculated from data that is ≥-3% and ≤5% discordant. The upper 1130 

inset displays a concordia age calculated from data that is ≥-1% and ≤1% discordant. See text for 1131 

discussion. 1132 

Fig. 13. pH vs. fO2 diagram adapted from Godefroy-Rodriguez et al. (2020) and references 1133 

therein. Experimental conditions are T=300˚C, mNa+=1, mK+=0.1, mCa2+=0.01, and ∑δ34S=0‰. 1134 

Mineral stability fields in the Fe-O-S system (∑S=0.05 mol/kg) are shown as the red lines. Gold 1135 

solubility contours (ppm) are shown as the dashed, yellow lines. Blue lines are δ34S values for 1136 

pyrite and H2S. Fimiston fluid conditions are represented by the yellow square at the pyrite-1137 

hematite phase boundary. Golden Mile fault zone fluid conditions are represented by the grey 1138 

square at the pyrite-pyrrhotite phase boundary. The inferred fluid pH (4-5.5) is sourced from 1139 

Mueller et al. (2020b). 1140 

Fig. 14. Conceptual diagram displaying in integrated structural-hydrothermal-magmatic 1141 

framework for the Golden Mile during D2 and D3. The diagram highlights the effect of diffuse 1142 

fluid flow in shales of the Golden Mile fault zone on sulfide chemistry  (A) During D2a strike-1143 

slip ca. 2680 Ma dikes (i.e., GmPo 48020) were emplaced during the development of NE-1144 

striking, sub-vertical tensile structures. During D2b transtension, ca. 2675 quartz-feldspar 1145 

porphyry dikes were emplaced preferentially within NNW-striking, steeply-SW dipping 1146 
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structures prior to the emplacement of the Fimiston lodes. (B) During D2c, ca. 2660 Ma, NNW-1147 

striking reverse and thrust faults developed during the Oroya mineralization event. A late-stage 1148 

dextral reactivation of the Golden Mile fault zone occurred from ca. 2650-2640 Ma during D3 1149 

when the Mt. Charlotte stockwork veins formed.  1150 

Table 1. Chronological summary of deformation and sulfide mineralization in the Golden Mile 1151 

fault zone. 1Age of the Golden Mile Dolerite from Tripp (2013). 2Maximum age range provided 1152 

by the age of pre-Fimiston quartz-feldspar porphyry dikes from Yeats et al. (1999), Gauthier et 1153 

al. (2004), and Vielreicher et al. (2010); 2Minumum age estimate provided by porphyries in the 1154 

Mt. Shea-Hannan’s South area by Krapež et al. (2000), Fletcher et al. (2001), and Mueller 1155 

(2007). 3Age range determined from the Liberty granodiorite and U-Pb xenotime geochronology 1156 

of the Mt. Charlotte veins (Rasmussen et al., 2009; Vielreicher et al., 2010; Mueller et al., 2020) 1157 

 1158 
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Deformation Style 
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Sinistral 
Strike-Slip 

Sinistral-
Normal 

Sinistral-
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Defining Structures Rootless, 
isoclinal, F1 

bedding 
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Steep NE-
trending 
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NNW trending 
Normal Faults 

NNW trending 
Thrust/ 
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Timing 
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This Study) 

- 2680 ± 3 
Ma 
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Event 

- - Fimiston Oroya Mt. Charlotte 

 

Table. 1 

123




