
Digital Appendix

Alteration process associated with Carlin-type gold deposits
Carbonate dissolution, silicification and sulfidation of iron in the rock are the primary hydrothermal processes associated with gold deposition in Carlin deposits. Carbonate dissolution and quartz precipitation are competing reactions. If carbonate is replaced directly by quartz, rock volume is conserved and original rock textures are preserved. If carbonate dissolves and quartz does not simultaneously precipitate, rock volume is lost, porosity and permeability increase. Hydrothermal collapse breccias, where silicification did not keep up with carbonate dissolution, commonly host ore. Figures A1A and A1B compare unaltered, unmineralized finely laminated micritic limestone and mudstone with its highly altered, mineralized equivalent from the Turquoise Ridge deposit in the Getchell camp. Note the lack of blue epoxy marking porosity in the thin section of the unaltered sample (Fig. A1A), compared to large amount of porosity in the altered sample (Fig. A1B) formed by dissolution of carbonate. Porosity in early Paleozoic carbonates typically ranges from 0 to 10% (Cook and Corboy, 2004). Except for disruption of bedding, much of the original rock texture in the completely decalcified limestone was retained, despite significant creation of porosity. In the strongly decalcified/silicified samples of similar interlayered limestone and mudstone, euhedral hydrothermal quartz grains (<0.01 mm) have completely replaced calcite grains, leaving a delicate sponge-like texture of predominantly quartz with about 20–40% pore space (Fig. A1C). In this case quartz precipitation did not keep up with calcite dissolution. The surface of this type of rock instantaneously dries upon wetting and would scratch easily, despite the abundance of quartz. Such alteration rarely crops out. Nevertheless, it is technically a silicification, even though most field geologists would not describe this rock as silicification. 
If quartz directly replaced carbonate, then a dense jasperoid can form, which typically crops out. These jasperoid bodies typically form along faults (Fig. A1E), where they become brecciated and re-silicified (A1F), or occur as stratiform bodies (Figs. A1G). However, acidic ore fluids are not necessary for formation of jasperoid. Jasperoid can form simply by cooling of quartz-saturated fluids interacting with calcite, due to the retrograde nature of calcite solubility (Seedorff and Barton, 2005). While the occurrence of jasperoid proved to be a useful guide during the early years of Nevada exploration, such jasperoids typically host much less ore than the decarbonatized rock, as exemplified by the original Carlin deposit (Bakken, 1990, Kuehn and Rose, 1992). 
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Fig. A1. Photos and images of alteration and mineralization. A. Thin section of strongly decalcified /silicified/argillized ore sample from Turquoise Ridge deposit. Note the abundant blue epoxy reflecting the porosity creating during the alteration process. B. Thin section of unaltered version of lithology shown in A, characterized by interbedded limestone and mudstone. Dark layers are predominantly biotite that replaced the mudstone beds during Cretaceous intrusive activity. Note lack of blue epoxy indicating nil porosity. C. BSE/SEI image of a chip of sample shown in A. Note the abundant doubly terminated hydrothermal quartz formed during carbonate dissolution and the resulting high porosity. The platelets are kaolinite, formed by the replacement of biotite. The bright grain is ore-stage arsenian pyrite. D. BSE image of typical ore-stage pyrites from  Shows A) Spheroidal fuzzy pyrites that entirely ore stage and have trace element concentrations ranging from 2000-3000 ppm Au, 2500-3500 ppm Cu, 1000-1600 ppm Te, 500-1600 ppm Sb, 3000-7000 ppm Hg, 5000-10,000 ppm Tl, and >10 wt% As, as determined by EPMA; B) Strongly resorbed core-rim pyrites with multiple ore stage rims. Trace element concentrations range from 10-2400 ppm Au, 50-3300 ppm Cu, 230-1800 ppm Te, 90-750 ppm Sb, 45-7500 ppm Hg, 18-11,000 ppm Tl, and 0.3-12.0 wt% As; C) Corroded and resorbed pyrite core with later multiple stage rims; and D) Late realgar with spheroidal fuzzy pyrites inclusions (right of D). From Muntean et al. (2011). E. Jasperoid above what would be Betze-Post deposit in the northern Carlin Trend. Photo taken during exploration in the 1980s by Keith Bettles, courtesy of Pam Zohar and Jean Cline. F. Photo of jasperoid breccia that crops out along the southern margin of Betze-Post. G. Stratiform jasperoid (outlined by red dashed line) from Gold Point in eastern Nevada, which crops out along a dip slope with a strike length of 1,200 meters. H. Jasperoid breccia from Gold Point showing quartz after lattice texture calcite, indicating boiling.
Discovery and Production Histories
Carlin Trend 
The discovery of the Carlin deposit, north of the town of Carlin, Nevada in 1961 spurred the gold boom that has continued in Nevada for over 50 years. As summarized from Coope (1991), Ralph Roberts of the U.S. Geological Survey began publishing maps and papers in the 1950’s documenting the Roberts Mountain thrust fault, and the northwest alignments of lower plate carbonate windows and base and precious metal districts in north and central Nevada. In early 1961, Roberts gave a lecture on this topic at an Eastern Nevada Geological Society meeting in Ely, Nevada. John Livermore, a geologist with Newmont Mining, attended the meeting and afterwards discussed with Roberts these geological relationships. In June of 1961, Livermore and Alan Coope, a geochemist with Newmont, began prospecting the carbonate windows in what is now the Carlin trend. Their work led them to what became the Carlin deposit, where they had gotten several samples with greater than one ppm gold, and then later a trench that had 24 m assaying 6.8 g/t gold. The Carlin deposit was put into production in 1965, with a pre-mine resource of 155 million tonnes of ore with a grade of nearly 15 g/t. The Carlin trend contains nearly 50 “deposits” of gold. With continued exploration many of these deposits have merged into continuous bodies. Nearly continuous zones of mineralization range up to 7 km long and 3 km wide, with known mineralization occurring at depths as great as a kilometer. As of the end of the 2017, total production from the Carlin trend amounted to 89.2 Moz (2,797 mt) of gold. Total reserves and resources amounted to 902 tonnes (29 Moz) of gold. Newmont Mining Corp. and Barrick Gold Corp. control all the deposits on the Carlin trend, except for the very southeastern end.
Betze-Post: The discovery of Betze-Post in 1986 marked a step change in the development of the Carlin trend. Until then, almost all of the production was from relatively shallow oxide ores mined from open pits. As summarized by Bettles (2002), small low-grade orebodies hosted in the Rodeo Creek unit and the Jurassic Goldstrike stock were mined and processed by heap leaching by a joint venture between Western States Minerals Corp. and Pancana Minerals. Exploration was largely guided by surface geochemistry and fault-controlled jasperoids (Figs. A1E and A1F). Drilling and interpretation of grade-thickness maps led to recognition to a spatial association between higher grades and the margin of the Goldstrike stock, commonly in the footwall of sills. A deep core hole by the Western States-Pancana joint venture intersected 119 m that averaged 19 g/t gold between 355 and 474 m, which were at significantly greater depths than holes drilled in the past. The intercepted mineralization was refractory. In January 1987, American Barrick Resources acquired the Goldstrike property from Western States-Pancana for $62 million. Subsequent aggressive, deep drilling found numerous zones, which would eventually constitute the Betze-Post deposit, leading to a production decision in late 1988. Oxide ores were depleted during open pit mining from 1990 to 1993, during which time six autoclaves were brought online. By the end of 1993, Barrick had invested $1 billion in the property.
Meikle: During early drilling of the Goldstrike property, Barrick drilled north of the Post deposit into what would be the heart of the Meikle deposit. The hole intersected 136 m of 16.1 g/t gold, from 413 to 548 m.  The hole was targeted in an area of surface silicification, weak arsenic anomalies, and a structural intersection (Bettles, 2002). A shaft was completed in 1995, followed by underground delineation drilling, and commencement of production in 1996. Further development led to discoveries of additional underground orebodies (e.g., Rodeo, Griffin). Through 2017, total production from Meikle and the nearby underground mines has amounted to 324 tonnes (10.4 Moz) of gold with a total endowment of 444 tonnes (14.3 Moz) of gold.
Gold Quarry: The main Gold Quarry ore zone was discovered by Newmont in 1979 under 75 m of post-ore volcaniclastic sediments of the middle Miocene Carlin Formation. Production began in 1980 (Harlan et al., 2002). Overall production is likely >622 tonnes (>20 Moz), almost entirely by open pit mining, initially oxide, but increasingly refractory in recent years. Total endowment is likely >778 tonnes (>25 Moz).
Cortez Camp
The cluster of Carlin-type gold deposits in the Cortez camp is located in the Shoshone and Cortez mountain ranges, along what is referred to as the Battle Mountain-Eureka trend (Fig. 4A). The first Carlin-type gold deposit discovered was the Gold Acres deposit in 1922. It was mined intermittently both from underground and as an open pit from 1935 through the early 1990s. An estimated 15.6 tonnes (500,000 oz) of gold were produced. In the 1960s the U.S. Geological Survey carried out geological mapping and geochemical sampling programs that resulted in the discovery of the Cortez deposit on the other side of Crescent Valley, where limonite-rich subcrops of altered silty limestone were exposed along the range front. Approximately, 27.1 tonnes (873,000 oz) of gold were produced from a few open pits. The Horse Canyon deposit was discovered in 1976 from a sampling of a prominent silicified breccia. Mining from a few open pits between 1983 and 1987 produced 12.0 tonnes (385,000 oz) from 3.2 mt of ore. Up until that point the Cortez area had the reputation of only containing relatively small deposits. That changed in 1991, when Placer Dome (the operator of the Cortez Joint Venture) discovered the first giant gold deposit at Cortez, the Pipeline deposit, when it was carrying out a condemnation drilling program to expand Gold Acres. Other companies had been drilling nearby on ground not controlled by the Cortez Joint Venture. Open pit mining of Pipeline has produced over 373 tonnes (12 Moz) of gold since1996. Importantly, all the production was from oxide ore. Production costs were commonly <$100/oz for several years and helped Placer Dome through the period of low gold prices in the late 1990s and early 2000s. In late 2002, Placer Dome discovered the Cortez Hills deposit. Barrick acquired Placer Dome in 2006 and Kennecott’s interest in the Cortez Joint Venture in 2008, and put Cortez Hills into production in 2009, as an open pit and underground operation. As of the end of 2017, the total endowment of Cortez Hills was greater than 342 tonnes (11 Moz) of gold. Barrick discovered the covered Goldrush deposit in 2009, drilling a hole that interested 20.5 m grading 27.8 g/t gold at a depth of 388 m (Creel et al., 2013). The hole was drilled 1.3 km south of a zone of shallow low-grade mineralization called Red Hill that Homestake drilled in the late 1960s. In 2004, Placer Dome drilled intercepts at Red Hill that were >15 m and grading about 10 ppm gold. Also in 2004, Placer Dome discovered a zone of mineralization referred to as ET Blue, which is near the southern end of Goldrush. However, drilling by Placer Dome in 2005 showed the ET Blue mineralization was discontinuous.

Getchell Camp
Getchell and Turquoise Ridge: Gold was first discovered in 1934. Prospectors sampled and assayed a prominent siliceous outcrop that had been known for years, but had failed to yield any gold by panning (Hotz and Wilden, 1964). Production from an open pit commenced in 1938, when first oxide and then sulfide ores were mined intermittently until 1967. FirstMiss Gold put the mine back into production in 1987, first from open pits along the Getchell fault. In 1994 underground production commenced in the footwall of the Getchell fault. The Turquoise Ridge deposit, located in the hanging wall of the Getchell fault, began in 1991 as a near-surface open pit from which low-grade oxide ores were mined. A deep hole drilled by First Miss in 1993 discovered underlying high-grade refractory sulfide ore. In late 1998, Placer Dome purchased Getchell (Horton, 1999). In late 2003, a joint venture with Newmont Mining was formed, and underground production at Turquoise Ridge commenced in 2004. Barrick Gold acquired Placer Dome in 2006. Since 1938, Getchell has produced approximately 214 tonnes (6.9 Moz) of gold from ore with an average grade of about ~10 to 12 g/t gold from ore that has been almost entirely refractory (Horton, 1999; Davis and Muntean, 2019). Gold is currently being mined only from Turquoise Ridge.
Pinson: Pinson is a group of small deposits that occurs south of the Getchell and Turquoise Ridge deposits along the southern extension of the Getchell fault, known at Pinson as the Range Front fault, alongside a southern lobe of the Osgood stock (Fig. 5A). As summarized by McLachlan et al. (2000), Pinson was discovered by prospectors in 1945 and supplied ore to the Getchell mine. Later, starting in 1970, John Livermore and Peter Galli, funded by Cordex, discovered and defined several zones gold mineralization. The discoveries constituted what became the Pinson mine, which went into production in 1981. Additional discoveries were made in the 1980s. Production from 1980 through 1999 totaled 61.7 tonnes (1.09 Moz) of gold from oxide ore. The mine resumed production as an underground operation along the Range Front fault in 2000, producing 0.86 metric tonnes (27,656, oz) of gold intermittently from 2000 through 2015. 
Twin Creeks: Twin Creeks is located 7 km northeast of the Turquoise Ridge deposit. No mineralization was known until gold was discovered by Gold Fields Mining Company just south of what is now the Vista pit. Gold Fields called the project Chimney Creek and put it into production as an open pit in 1987. The pre-mining proven and probably oxide reserve was 24.4 mt of ore grading 2.1 g/t gold. Santa Fe Pacific Mining Corp. entered the area in 1986 and drilled in Section 19, immediately south of Gold Fields’ southernmost drilling. Being a subsidiary of the Southern Pacific Railroad, Santa Fe Pacific controlled the mineral rights on every odd-numbered section for 20 miles on each side of the transcontinental railroad. Santa Fe Pacific discovered a large oxide reserve underlain by a larger sulfide reserve. The discovery was named Rabbit Creek. The pre-mining reserve at Rabbit Creek was 55 mt at an average grade of 2.4 g/t. The property line with Gold Fields ran through north end of the deposit. Gold Fields started mining its portion of the deposit, which they referred to as South Pit. In 1993, Santa Fe Pacific acquired all of Gold Field’s Nevada gold properties, and renamed the mine Twin Creeks. The combined Rabbit Creek and South Pits deposits have been subsequently referred to as the Megapit. In 1997 Newmont acquired Santa Fe Pacific Mining and has since operated the mine. Total production at Twin Creeks through 2017 amounted to 454 metric tonnes (14.6 Moz) of gold with a total endowment of 622 metric tonnes (20 Moz) of gold (Davis and Muntean, 2019).
Jerritt Canyon Camp
Jerritt Canyon is located in northeastern Nevada at the southern end of the Independence Mountains (Fig. 1). As summarized by Sillitoe (1995), modern exploration began in Jerritt Canyon in late 1960s, when FMC Corporation, a chemical company, commenced a regional search for a source of antimony for fire retardant chemicals. Their search concentrated in the southern Independence Mountains, and resulted in identifying jasperoid and gold mineralization in the rocks similar to what had been recently discovered at Carlin and Cortez. In 1973, FMC discovered the Alchem deposit, the first of many discoveries. In 1976 FMC formed a joint venture with Freeport Exploration Company, who became the managing partner. Mining commenced in 1980, with the first gold produced in 1981. A roaster was commissioned in 1989, to process the ores that were increasingly becoming refractory. In 2018 Jerritt Canyon Gold LLC was operating the mine, as a subsidiary of Sprott Mining Inc. Through 2018, 17 deposits have been mined at Jerritt Canyon, 12 from open pits, and five from underground.
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