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Geological Characteristics of Epithermal Precious and Base Metal Deposits STUART F. SIMMONS,† Geology Department, University of Auckland, Private Bag 92019, Auckland, New Zealand



NOEL C. WHITE, P.O. Box 5181, Kenmore East, Queensland, Australia 4069 AND



DAVID A. JOHN



U.S. Geological Survey, 345 Middlefield Rd., Menlo Park, California 94025



Abstract Epithermal deposits are important sources of gold and silver that form at 300°C), such active systems provide an overview of hydrothermal processes occurring within, above, below, and on the periphery of the epithermal environment (e.g., Henley and Ellis, 1983; Hedenquist, 1990; Reyes, 1990; Simmons and Browne, 2000a, b). Here we briefly examine the main fluid types and corresponding hydrothermal mineral assemblages of active environments (Henley and Ellis, 1983; Giggenbach, 1992a, 1997) as a framework for understanding hydrothermal minerals in epithermal deposits (Table 5), described in greater detail below. Geothermal systems Geothermal systems in volcanic arcs and rifts involve deep convective circulation of meteoric water driven by shallow intrusion of magma at >4-km (?) depth. At the deepest level explored by geothermal wells, these chloride waters—so-called due to the dominant anion—are reduced and have near-neutral pH and contain from 0.1 to >1 wt percent Cl, up to 3 wt percent CO2, and 10s to 100s of ppm H2S; the latter is an important ligand for aqueous transport of gold and silver as bisulfide complexes (Seward, 1973; Seward and Barnes, 1997). The concentrations of the main aqueous constituents represent equilibrium with quartz, albite, adularia, illite, chlorite, pyrite, calcite, and epidote, which form as secondary minerals during alteration of igneous rocks (Barton et al., 1977; Giggenbach, 1997). The fluid reaches equilibrium with the rock and its constituent minerals where flow is slow, through a “rock-dominated” or rock-buffered environment, to form a propylitic alteration assemblage (Giggenbach, 1997). Boiling occurs in the central upflowing column of fluid down to 1- to 2-km depth below the water table, controlled by near-hydrostatic pressure-temperature conditions (Fig. 4). In this environment, quartz, adularia, and calcite (usually platy) deposit in open spaces and subvertical channels from the boiling and cooling liquid (e.g., Simmons and Browne, 2000b). Depending on the permeability structure, the chloride water may rise to the surface to discharge and deposit
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TABLE 5. Summary of Hydrothermal Alteration Assemblages Forming in Epithermal Environments Alteration



Mineralogy



Occurrence and origin



Propylitic



Quartz, K-feldspar (adularia), albite, illite, chlorite, calcite, epidote, pyrite



Develops at >240°C deep in the epithermal environment through alteration by near-neutral pH waters



Argillic



Illite, smectite, chlorite, inter-layered clays, pyrite, calcite (siderite), chalcedony



Develops at 5 km) to form subsurface outflow zones (Henley and Ellis, 1983). Hybrid compositions form where the waters mix. 0361-0128/98/000/000-00 $6.00



Magmatic hydrothermal systems Magmatic hydrothermal systems, unlike geothermal systems, are rarely drilled because of their acidic conditions and high temperatures. What we know of subsurface conditions is from gases discharged from fumaroles at 100° to >800°C, acidic hot springs, and hydrothermally altered rocks ejected by explosive eruptions (e.g., Hedenquist et al., 1993). An exception is in the Philippines, where several magmatic hydrothermal systems with zones of very reactive fluids have been explored for their geothermal energy potential (Reyes, 1990; Delfin et al., 1992; Reyes et al., 1993, 2003). Existing data on the metal contents of high-temperature volcanic discharges indicate the potential for substantial flux of both precious and base metals (Hedenquist, 1995). Within the central upflow column overlying shallow intrusions, the fluids in these systems are dominated by magmatic components, including HCl, SO2, and HF. When these gases condense into the hydrothermal system, SO2 disproportionates, forming H2S and H2SO4 (Sakai and Matsubaya, 1977; Rye et al., 1992) and a very acidic (pH ~1) solution, containing subequal amounts of HCl and H2SO4, up to ~1 wt percent each (Giggenbach, 1997). Hydrolysis reactions with igneous country rocks progressively neutralizes the acidity while forming hydrothermal minerals that include alunite, pyrophyllite, dickite, quartz, anhydrite, diaspore, and topaz, as well as kaolinite and illite, characteristic of “fluid-dominated” alteration conditions (Reyes, 1990; Giggenbach, 1992a, 1997). Surficial steam-heated acid-sulfate waters also form in magmatic hydrothermal systems, just as they do in the vadose zone over geothermal systems, due to the presence of H2S in the vapor. Silica sinters, however, are absent due to the acidic conditions that inhibit silica polymerization and deposition of vitreous amorphous silica (Fournier, 1985). In this setting, two styles of advanced argillic alteration, magmatic hydrothermal and steamheated, develop with different origins both containing alunite and kaolinite (Rye et al., 1992).
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Advanced argillic alteration The origin of advanced argillic alteration can be determined from its morphology, as well as mineralogy and zonation (Table 5), and this information can be used to interpret the level of exposure and proximity to potential epithermal mineralization (Sillitoe, 1993a; Hedenquist et al., 2000). Magmatic hydrothermal or hypogene, advanced argillic alteration includes minerals that form at >200°C, such as pyrophyllite, dickite, diaspore, zunyite, and topaz, with alunite that is generally tabular and sometimes coarse grained. This alteration is epigenetic in nature, so it generally cuts across stratigraphy and follows high-angle structures, although it can be stratiform in permeable host rocks. Steam-heated advanced argillic alteration forms above the water table at ~100°C in horizons with pronounced vertical mineral zonation. In general, this blanket of alteration does not exceed 10 to 20 m in thickness. Tabular but discontinuous bodies of massive opal mimic and mark the water table, underlain by a discontinuous zone comprising alunite, kaolinite, opal, and variable amounts of pyrite and marcasite that gives way with depth to a kaolinite zone comprising kaolinite plus opal (Schoen et al., 1974; Simmons and Browne, 2000a; Fig. 4). These alteration minerals are typically very fine grained, and the alunite generally occurs as pseudocubic crystals. A third type of advanced argillic alteration is formed by supergene weathering and oxidation of sulfide-rich rocks that postdate hydrothermal activity. This alteration forms at 400 m below the water table) alteration is propylitic (e.g., Acupan, Philippines; Comstock Lode and Round Mountain, United States; Tayoltita, Mexico; Martha Hill, New Zealand; cf. Hudson, 2003). At intermediate levels (400–150 m below the water table), clay and carbonate minerals increase at the expense of aluminosilicate minerals, whereas zonation of clays (illite to smectite), and zeolites (wairakite to heulandite to mordenite) reflect decreasing temperature (Fig. 4). Intense quartz, adularia, illite, and pyrite alteration commonly surrounds ores and reflects the sharp increase in permeability associated with fluid conduits; accordingly, in host rocks with low permeability, alteration may be closely restricted to the selvages of veins and veinlets. At shallow levels (150–0 m below the water table), blankets of argillic alteration, illite and other clays (with or without disseminated pyrite, carbonate, minor barite, and minor anhydrite) are generally well developed, especially in host volcanic rocks, and may conceal underlying orebodies (e.g., Creede, United States; Pachuca-Real del Monte, Mexico; Barton et al., 1977; Dreier, 1982). At the shallowest depths in the epithermal environment, steam-heated advanced argillic alteration occurs with or without silica sinters that form near the paleowater table and the paleosurface (Figs. 4, 6). Silica sinter, which deposits as amorphous silica and then converts to quartz (Herdianita et al., 2000), shows rhythmic banding, plant fragments, and diagnostic columnar structures and may
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FIG. 6. Photographs of minerals and textures that commonly occur in epithermal deposits associated with quartz ± calcite ± adularia ± illite: A. Cinnabar-bearing silica sinter (Puhipuhi, New Zealand; scale bar = 2 cm). B. Colloform crustiform banding in gold-silver–bearing ore (Martha Hill, New Zealand; scale bar = 2 cm). C. Adularia encrusted on open fracture (Martha Hill, New Zealand; scale bar = 1 cm). D. Lattice textures in which platy calcite is replaced by quartz in gold-silver–bearing ore (Martha Hill, New Zealand; scale bar = 3 cm). E. Vein containing coarsely crystalline quartz, sphalerite, and galena (Pachuca-Real del Monte, Mexico; scale bar = 1.25 cm). F. Brecciated vein material in gold-silver–bearing ore (Golden Cross, New Zealand; scale bar = 4 cm). 0361-0128/98/000/000-00 $6.00
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Quartz ± Calcite ± Adularia ± Illite



clay carbonate pyrite



quartz, illite, adularia, pyrite



50-100 m



propylitic



50-100 m



propylitic



quartz, chalcedony, adularia, carbonates pyrite, Au-Ag, Ag-Pb-Zn lattice textures, crustiform-colloform banding 1-10 m



Quartz + Alunite ± Pyrophyllite ± Dickite ± Kaolinite



quartz, alunite dickite (kaolinite) pyrophyllite, pyrite



quartz, alunite smectite mixed layer clay



50-100 m



propylitic



vuggy to massive quartz native Au, sulfosalts, pyrite



dickite (kaolinite) pyrophyllite



50-100 m



1-10 m FIG. 7. Sketch diagrams showing the mineralogic zonation at two different scales around epithermal orebodies associated with quartz ± calcite ± adularia ± illite and quartz + alunite ± pyrophyllite ± dickite ± kaolinite gangue mineral assemblages. The diagrams on the left show the large-scale pattern, and the rectangle area outlined is magnified on the right to show alteration zonation patterns in the vicinity of ore (after Sillitoe, 1993b).



be preserved in rock sequences containing epithermal deposits (White et al., 1989). Fluid inclusion data Fluid inclusion studies, mostly on transparent gangue phases (quartz, calcite) and sphalerite (the main ore-related sulfide mineral suitable for fluid inclusion study), indicate ore deposition from dilute to moderately saline solutions at temperatures between 150° and 300°C. Gold-silver deposits generally have dilute solutions of 100 m) can occur on the scale of hours to months, for example, due to volcanic eruption (cone building or caldera formation), sector collapse, or breakout flooding causing catastrophic drainage of a lake-filled depression (e.g., Goff et al., 1989; Simmons et al., 1993; López and Williams, 1993; Manville et al., 1999). In such examples where the water table falls rapidly, the accompanying pressure drop may trigger hydrothermal eruption, brecciation, and precious metal deposition, whereas in examples of progressive erosion, a fall in the water table may telescope alteration styles and orebodies (e.g., Simmons, 1991; Sillitoe, 1994, 1999). By comparison, water table changes induced by steady regional uplift of a few mm/year require several thousand years or more to have a comparable effect, although this can be well within the lifespan ( 
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