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ABSTRACT 

This study documents and compares two carbonate-hosted Fe oxide-rich deposits 

that formed in similar host rocks during the emplacement of the Yerington batholith: the 

Minnesota mine and Pumpkin Hollow deposit. Recent work has refined the geological 

features of these systems by documenting alteration associations, mineral abundances, 

assemblages, and composition, timing relationships, and conditions of formation. These 

new observations allow for comparison of the Fe oxide-rich deposits, as well as a brief 

comparison between Fe oxide-rich and Fe oxide-poor carbonate replacement deposits in 

the Yerington district. The Minnesota mine and Pumpkin Hollow systems share many 

features such as voluminous Na-Ca alteration of the associated intrusive units, multiple 

episodes of brecciation, relatively low Si-addition, and carbonate replacement dominated 

by magnetite. Crosscutting relationships between igneous rocks and hydrothermal 

alteration suggest that the magnetite-dominated mineralization at both the Minnesota and 

Pumpkin Hollow deposits occurred relatively early during emplacement of the batholith 

and predated granite porphyry dikes that are linked to porphyry copper and copper skarn 

mineralization in the district. One major difference between the Fe oxide-rich systems is 

that the Pumpkin Hollow deposit contains abundant Cu-Fe sulfides, but the Minnesota 

mine is only anomalous in Cu mineralization. The difference in copper mineralization 

may have resulted from a lack of reduced sulfur in the vicinity of the Minnesota mine or 

simply because the Minnesota mine represents a Cu-poor fault slice of a larger Cu-

bearing system. Despite the differences in Cu contents, Fe oxide-rich systems in 

Yerington are similar to IOCG systems documented elsewhere around the world that are 
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linked to processes dominated by external fluids. 



10 

 

INTRODUCTION 

This study compares contrasting Fe- and variably Cu-bearing skarn and 

replacement deposits in the Yerington district, Nevada (Fig. 1). Both Fe oxide-rich and 

Fe oxide-poor carbonate replacement deposits have economic potential that motivates 

investigation. Moreover, the Yerington district has been extended and rotated to expose 7 

km of paleodepth through a Jurassic volcano-plutonic complex and related hydrothermal 

systems (Dilles and Proffett, 1995), enabling three-dimensional investigation nearly 

impossible elsewhere. The hydrothermal systems include distinctive types of Cu- and/or 

Fe-rich skarn and replacement deposits. 

Many intrusion-related, mineralized systems exhibit contrasting alteration types 

with distribution in space and changes in host rock lithology, as observed in porphyry 

copper deposits (Titley and Beane, 1981; Seedorff et al., 2005), porphyry related copper-

bearing skarn (Einaudi and Burt, 1982), and iron oxide copper gold (IOCG) deposits 

(Williams et al., 2005; Barton, 2013). The Yerington district in west-central Nevada 

exhibits contrasting styles of carbonate-hosted Cu and/or Fe mineralization in similar 

stratigraphic horizons and comparable locations (Dilles and Proffett, 1995). Metallogenic 

differences among skarn and replacement deposits have long been known (Einaudi et al., 

1982; Meinert et al., 2005) but few districts contain the contrast seen at Yerington. 

Yerington contains significantly different Fe- and Cu-bearing deposit types which, 

globally, correlate with different igneous rocks, hydrothermal assemblages, and processes 

of formation (Einaudi et al., 1982). Yerington's variety of deposit types and extensive 

vertical and lateral exposures make the district a natural laboratory for the comparison of 
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these Fe oxide-rich and Fe oxide-poor systems (Fig. 1). 

Dilles and others (1995, 2000) show that the many different styles of alteration 

across the Yerington district were caused by differing inputs of magmatic-hydrothermal 

and sedimentary brine fluids. Of particular interest are the sources of fluids and metals 

that form Fe oxide-rich systems and the relation of these Fe oxide-rich systems to 

worldwide iron oxide copper gold (IOCG) deposits (Barton and Johnson, 2000; Dilles et 

al., 2000). The geologic details documented in this study support the hypotheses that 

similar processes may result in variable Fe oxide-dominated systems determined by 

structural level and host rock, and that the Fe oxide-rich systems are not genetically 

linked to the porphyry-related Cu-bearing skarn, but rather more closely related to 

globally described IOCG deposits. 

BACKGROUND 

The Yerington district is located in west-central Nevada in the Great Basin 

province of the American Southwest (Fig. 1). Geologic investigation of the Yerington 

district began in the early 1900's with the study of copper porphyry systems and has 

evolved to include copper bearing skarn and the roles of fluids in the system, but Fe 

oxide-rich systems have been little described (Dilles and Proffett, 1991; Dilles et al., 

2000; Einaudi, 2000; Proffett and Dilles, 2008). This study builds on the extensive earlier 

research to compare the Fe oxide-rich systems and put them in context of the timing and 

geology of the Yerington district. 

GEOLOGIC FRAMEWORK 

Yerington is located along the locus of the Jurassic arc. Jurassic magmatism 
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generated numerous plutons and voluminous volcanic rocks in an arid setting with neutral 

to extensional tectonics near the western edge of the North American continent (Proffett 

and Dilles, 2008; Barton et al., 2011). The strata exposed in the district span ages from 

Late Triassic through Quaternary. The key units here are the Triassic-Jurassic 

sedimentary and volcanic rocks and the Jurassic intrusive rocks of the Yerington 

batholith. The Yerington batholith generated and hosts at least four porphyry copper 

deposits and is intimately associated with Cu, Cu-Fe, and Fe oxide carbonate replacement 

systems (Dilles and Proffett, 1995). Cenozoic extension faulted and rotated the Mesozoic 

rocks 60-90° on three major sets of normal faults, thereby exposing a section ~7 km deep 

through the Jurassic crust (Proffett, 1977), thus enabling an exceptional three-

dimensional view of the multiple hydrothermal systems (Dilles et al., 2001). 

The oldest relevant sedimentary unit is a Triassic silicic to intermediate 

volcaniclastic formation, known as the McConnell Canyon Volcanics (Proffett and 

Dilles, 2008). A 1.3 km-thick sequence of marginal marine sedimentary and 

volcaniclastic rocks overlies the McConnell Canyon Volcanics (Proffett and Dilles, 

2008). The youngest of these sedimentary layers are the Malachite Mine Formation/Tuff 

of Western Nevada Mine Formation: in many locations, these formations are not 

separated due to their similar lithologies. The Mason Valley Limestone conformably 

overlies the Tuff of Western Nevada Mine Formation; it is a micritic limestone 

commonly recrystallized to marble (Proffett and Dilles, 2008). The Gardnerville 

Formation conformably overlies the Mason Valley Limestone, spans from latest Triassic 

to earliest Jurassic in age, and is composed of siltstone, shale, and silty limestone 
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(Proffett and Dilles, 2008).   

The Ludwig Mine Formation conformably overlies the Gardnerville Formation 

and consists of three units,  a lower limestone, a middle gypsum, and an upper sandstone. 

The Ludwig Mine Formation marks the top of the Upper Triassic to Lower Jurassic 

sedimentary sequence (Proffett and Dilles, 2008). The Middle Jurassic Artesia Lake 

Volcanics, a 1 km-thick group of intermediate to silicic volcanic rocks, represents the 

early, extrusive portion of the Yerington batholith. 

The Yerington batholith is a shallowly emplaced, strongly oxidized, water-rich, 

composite body with a volume of ~1000 km
3 

that has three main intrusive phases (Dilles, 

1987; Dilles and Proffett, 1995; Dilles et al., 2000). Zircon U-Pb ages indicate that 

emplacement took ≤ 1 m.y. (169.4-168.5 Ma; Dilles and Wright, 1988). The earliest 

phase of the batholith is the McLeod Hill quartz monzodiorite; a biotite-hornblende 

quartz monzodiorite. The Bear quartz monzonite intrudes the McLeod Hill quartz 

monzodiorite, mainly in the central parts of the batholith (Dilles et al., 2000); it is has not 

been observed in outcrop or drill holes in either the Pumpkin Hollow or Minnesota mine 

areas. The Luhr Hill granite is the youngest of the three phases. It formed at least four 

cupolas, and it is the source of the granite porphyry dikes that generated the porphyry 

copper and, presumably, much of the Cu-rich garnet skarn mineralization in the 

Yerington district (Dilles et al., 2000; Proffett and Dilles, 2008; Dilles and Proffett, 2010; 

Einaudi, 2000).  

Many geologists (e.g., Einaudi, 1977; Dilles and Einaudi, 1992; Dilles et al, 1995; 

Dilles et al., 2000; Einaudi, 2000) have documented temporal relationships through 
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detailed study of mineralization in hydrothermal systems throughout the district: 

mineralization affects all units, and metasomatic effects are observed widely in both the 

sedimentary and igneous rocks. Based on these many studies, Dilles et al. (2000) 

summarized the time-space evolution for distal and proximal portions of the Yerington 

district. The McLeod Hill quartz monzodiorite is associated with early metasomatism, 

within about 1 km of the contact it is widely altered to endoskarn (calcic) and sodic-

calcic assemblages, and it is related to the early, thermal metamorphism and 

metasomatism in the Mesozoic section (Dilles et al., 2000; Einaudi, 2000). At the 

Minnesota mine and Pumpkin Hollow property, contact metamorphism and 

metasomatism affected the Mesozoic section from the Ludwig Mine Formation to below 

the Mason Valley Limestone (Proffett and Dilles, 2008; Ohlin, 2010).  

The emplacement of the Luhr Hill granite is associated with deep Na-Ca 

alteration. Granite porphyry dikes generated by the Luhr Hill granite are intimately 

associated with deep, proximal Na-Ca alteration, deep, distal propylitic alteration, and 

shallow sericitic, argillic, and chlorite-hematite-sericite alteration as well as with 

porphyry copper mineralization (Dilles et al., 2000). At least three, perhaps four or more, 

porphyry copper centers formed around granite porphyry dike swarms emanating 

upwards from Luhr Hill granite cupolas (Ann Mason, Yerington mine, McArthur, Bear 

prospect), and the alteration around these deposits has been extensively studied (Carten, 

1986; Dilles and Einaudi, 1992; Dilles et al., 1995; Dilles et al., 2000). Granite porphyry 

dikes have also been inferred to be the most likely source of copper mineralization in the 

Ludwig area, where the skarn and lode deposits are Fe oxide-poor, calc-silicate rich 
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occurrences in the Late Triassic Mason Valley Limestone and the overlying Jurassic 

sedimentary rocks (Harris and Einaudi, 1982; Einaudi, 2000).  

Elsewhere in the district, the distinctly Fe oxide-rich mineralization occurs 

dominantly in the Mason Valley Limestone, though not exclusively: the McLeod Hill 

quartz monzodiorite, Artesia Lake Volcanics, Ludwig Mine Formation, and Gardnerville 

Formation also host Fe oxide mineralization. The Buckskin mine, Blue Jay mine, 

Northern Lights mine, Easter prospect, Minnesota mine, and Pumpkin Hollow deposit are 

Fe oxide-rich occurrences that are widely distributed across the district, but they vary in 

their host rock, depth of formation, Cu content, and mineral assemblages. These 

observations provide motivation for distinctions between Fe oxide-rich systems, which is 

the focus of this study. 

After the emplacement of the Yerington batholith, the district was covered by up 

to 1.5 km of volcanic rocks of the Fulstone Spring Volcanics, which have been dated 

between 169 and 166 Ma (Dilles and Wright, 1988). Quartz monzodiorite porphyry 

dikes, dated at 165 Ma, crosscut all early Mesozoic rocks (Dilles and Wright, 1988). 

These younger igneous bodies are related to the Shamrock batholith that lies south of the 

Yerington batholith (Fig. 1B, 2). Significant alteration is associated with the Shamrock 

batholith (Battles, 1991), but the lack of spatial correlation between Shamrock units and 

Cu-bearing systems throughout the Yerington district constrains mineralization to the ≤ 

1Ma emplacement of the Yerington batholith (Dilles and Wright, 1988). 

Figure 2 is a reconstruction of the Tertiary erosion surface based on surface 

exposures, detailed mapping, fault movement, and tilting (Dilles and Proffett, 1995). 
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Throughout the Tertiary, erosion removed the uppermost portions of the ore bodies 

related to the Yerington batholith (Proffett and Proffett, 1976). Three generations of 

normal faults cut and rotated the Mesozoic rocks westward. Pre-Miocene tilting and 

fault-related extension and tilting cumulatively left all pre-Miocene rocks tilted 60° to 

90° to the west ,such that the present exposures offer a cross section of the batholith from 

volcanic superstructure to approximately 7 km of beneath the Jurassic surface (Dilles et 

al., 2000). 

FE OXIDE-RICH HYDROTHERMAL SYSTEMS 

The Minnesota mine and Pumpkin Hollow deposits are Fe oxide-rich 

hydrothermal systems in the Yerington district (Fig. 2). Each has extensive magnetite-

rich mineralization and related hydrothermal features in the Mesozoic section and 

adjacent igneous rocks. This study is based on combining earlier work with new 

reconnaissance mapping of the Minnesota pit at a scale of 1:2500 and the surrounding 

area at 1:8000, new petrographic and geochemical analysis of samples from the 

Minnesota mine, and new petrographic and geochemical analysis of Pumpkin Hollow 

drill core sample (Fig. 3 and 4). These results and descriptions are used to infer the time-

space evolution of these two Fe oxide-rich systems and as a basis for comparison with Fe 

oxide-poor Cu skarns in the district. 

THE MINNESOTA MINE 

The Minnesota mine was originally located for copper and produced small 

amounts of copper during World War I (Reeves et al., 1958). Earlier mapping (Hudson 
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and Oriel, 1979; Proffett and Dilles, 1984) suggests structural and stratigraphic parallels 

between the Minnesota mine area in the northern Buckskin Mountains and the main 

Yerington district to the east (Fig. 1). 

The magnetite-rich bodies of the Minnesota deposit occur in Late Triassic to 

Early Jurassic rocks that are intruded by several phases of the Yerington batholith. The 

layered rocks present in the Minnesota mine strike N-S and dip steeply to the west at 85-

90° (Fig. 4). These are intruded by a voluminous equigranular intrusive unit, as well as 

two sets of younger porphyritic dikes. 

The dominant structural features are several sets of normal faults. The youngest 

strike N-S and dip steeply east; among these is the range-bounding fault on the eastern 

side of the Buckskin Range. A few faults in the area strike 055-070° and have as much as 

a few hundred meters of displacement. Other N-S striking faults with smaller 

displacements and vertical dips and minor faults striking either northeast or northwest are 

present in the area but have little offset (Reeves et al., 1958). Based on a first-pass 

attempt at reconstruction, the Minnesota mine area has undergone ~75% extension, with 

about 80° of rotation (Fig. 5). Multiple intrusive units are present at the Minnesota mine: 

an early, voluminous, equigranular unit, two early, porphyritic dike units, and a later 

porphyritic dike unit. The following descriptions have been compiled from hand samples 

obtained during mapping of the Minnesota mine. 

Sedimentary and Volcanic Rocks 

The stratigraphic section exposed near the Minnesota mine, from oldest to 

youngest, consists of the Tuff of Western Nevada Mine (or Malachite Mine) Formation, 
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the Mason Valley Limestone, the Gardnerville Formation, and the Artesia Lake 

Volcanics. 

The oldest unit, exposed south of the Minnesota pit, consists of thin-bedded (5-30 

cm) siliceous hornfels with similarly thin-bedded tuffaceous volcaniclastic rocks. This 

unit correlates with the Tuff of Western Nevada Mine/Malachite Mine Formation, as 

documented by Proffett and Dilles (2008). 

A massive limestone that correlates with the Mason Valley Limestone (Trlb and 

Trl of Proffett and Dilles, 1984) is exposed within and near the Minnesota pit, where it is 

approximately 30 m thick. Approaching the Minnesota mine from the north or south 

along strike, the limestone is recrystallized to a white, calcic marble and, near 

mineralization, has an appreciable Mg content expressed as local dolomite (discussed 

below). 

Immediately overlying and cropping out west of the Mason Valley Limestone is 

chloritized biotitic hornfels with subordinate calcareous rocks (thin bedded limestones). 

These hornfelses and interbedded limestones correlate with the Gardnerville Formation 

(Trcl and Trvc of Proffett and Dilles, 1984) and total about 120 m in thickness. These 

fine-grained (<1 mm), chlorite-dominated hornfels locally are interbedded with 10-30 

cm-thick bands of siliceous hornfels and thin beds of dolomitized limestone. Limestone 

beds up to 10 m thick are exposed to the northwest of the Minnesota mine, partially 

recrystallized in the east, and dolomitic, brecciated, and carbonate-cemented to the west.  

White to light gray volcaniclastic breccia and layered tuffs that correspond to the 

Artesia Lake Volcanics (Jaf of Proffett and Dilles, 1984) crop out immediately west of 
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the Gardnerville Formation. The most voluminous tuff contains 20-25% phenocrysts (1-3 

mm in diameter, consisting of 2/3 quartz and 1/3 orthoclase), 70% groundmass of quartz 

and feldspar, and 5-10% hornblende sites, commonly altered to chlorite. 

Intrusive Rocks 

There are four intrusive units at the Minnesota mine, and the oldest three are 

related to the emplacement of the Yerington batholith. The oldest intrusive unit is the 

McLeod Hill quartz monzodiorite that occurs both as stock-like voluminous intrusions 

and as sills. Younger Jurassic rock units are porphyry dikes, first a porphyritic andesite 

and then a granite porphyry. The latter is associated with minor hydrothermal alteration. 

The youngest unit is hornblende andesite that cuts all alteration at the Minnesota mine. 

In the Minnesota area, the quartz monzodiorite is a fine-grained (1-2  mm) 

equigranular rock composed of 15-25% mafic minerals, hornblende greater than biotite, 

45-55% feldspars (30-40% Na-plagioclase, 15-25% K-feldspar) and less than 1% 

magnetite, titanite, zircon, and apatite. The two Jurassic porphyritic units intrude the 

Mesozoic sedimentary rocks and the Artesia Lake Volcanics and they postdate the 

McLeod Hill quartz monzodiorite (Fig. 3). Early Jurassic andesite dikes consist of 20-

30% 2-4 mm plagioclase phenocrysts, <10% <1mm hornblende, and <5% <1mm biotite 

in an aplitic quartz-feldspar groundmass. The granite porphyry dikes (Jqmp of Proffett 

and Dilles, 1984) contain pink K-feldspar phenocrysts up to 1 cm in length that comprise 

30% of the porphyry, with 1% of the rock composed of 1 mm quartz phenocrysts. The 

bulk of the quartz-feldspar groundmass of the porphyry has an aplitic texture, whereas 

groundmass on the margins of dikes can be aphanitic. Local breccias are commonly 
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present along contacts between the granite porphyry dikes and host rock. 

The youngest igneous rock type is the Lincoln Flat andesite (Tha of Proffett and 

Dilles, 1984) which occurs as dikes, sills, and irregular bodies of gray to maroon-tinted 

hornblende (and/or biotite) porphyritic andesite with aphanitic groundmass. These bodies 

are at most weakly altered and contain only sparse carbonate-quartz veins, and the 

Lincoln Flat andesite dikes cut the main alteration types described below. 

Metamorphism and Mineralization 

The host rocks and intrusive units at the Minnesota mine have undergone multiple 

episodes of alteration. Table 1 outlines the major events that have affected the intrusive 

and sedimentary units at the Minnesota mine: an initial thermal metamorphic event first 

altered the sedimentary units, followed by at least two hydrothermal events related to the 

McLeod Hill quartz monzodiorite and the later granite porphyry dikes. The McLeod Hill 

quartz monzodiorite is associated with the most voluminous alteration, from propylitic 

alteration at intermediate depths, to Na-alteration and Na-Ca alteration at intermediate-

deep paleodepths, and Fe oxide mineralization near the Mason Valley Limestone contact. 

The granite porphyry dikes are also associated with an important late phase of K-silicate 

hydrothermal alteration, which alters the McLeod Hill quartz monzodiorite along the 

intrusive contact and is responsible for multiple types of veins in the Gardnerville 

Formation (Fig. 4).  

Alteration and Mineralization in Sedimentary Rocks 

Thermal metamorphism affected the Triassic-Jurassic sedimentary host rocks at 

the Minnesota mine. The thermal metamorphism created K-feldspar-quartz-plagioclase 
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hornfels from the volcaniclastic McConnell Canyon Volcanics. Calcic marble and 

dolomitic marble replace the original pure limestones of the Mason Valley Limestone. 

The dolomite is spatially associated with the magnetite mineralization, and the Mg-

carbonates at the Minnesota mine are most commonly found as a transition between 

calcic marble and magnetite replacement. The thermal metamorphism of the Gardnerville 

Formation created biotite-quartz-magnetite-zircon-apatite-titanite-barite hornfels from the 

impure marginal marine sedimentary rocks and volcaniclastic layers. 

Hydrothermal alteration commonly affects the intrusive units at the Minnesota 

mine but is also present within the Gardnerville Formation and Artesia Lake Volcanics. 

Na-Ca alteration affects the Gardnerville Formation hornfels, consisting of biotite-quartz-

magnetite-zircon-apatite-titanite-barite, K-feldspar-chlorite-quartz-apatite-titanite 

envelopes surround epidote-chlorite-titanite-rutile-K-feldspar-apatite-Na-plagioclase 

zones that lack biotite (Fig. 10). The presence of Na-plagioclase and epidote requires an 

addition of Na and Ca to the original biotite-dominated assemblage. Apatite from the K-

feldspar-chlorite bands in the Gardnerville Formation ranges from 0.17 to 0.33 wt% 

∑REE. Na alteration affects a volcaniclastic bed in the Gardnerville Formation, in which 

albitic (An00 to An02) rims and fractures surround K-feldspar, chlorite replaces original 

mafic minerals, and <1% rutile occurs in cores of titanite. Where granite porphyry dikes 

intrude the Gardnerville hornfels, the Gardnerville Formation contains sparse 

chalcopyrite-bearing K-feldspar-biotite-quartz ± calcite, calcite-biotite-K-feldspar, 

specularite-pyrite-chalcopyrite veins, and molybdenite fracture coatings. 

Acid alteration occurs in the Artesia Lake Volcanics. Various mineral 
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associations replace igneous minerals in the Artesia Lake Volcanics moving westward 

(upwards stratigraphically). The deepest alteration associations in the Artesia Lake 

Volcanics contain chlorite-albite (An08 to An12); these grade upward to sericitic (quartz-

sericite-chlorite) or advanced argillic (pyrophyllite-quartz±hematite) assemblages (Fig. 5; 

Reeves et al., 1958). Locally, the uppermost Artesia Lake Volcanics is altered to 

pyrophyllite +/- sericite without iron-oxide staining (Fig. 13) at the Top Claim (Fig. 5). 

Magnetite was not observed in the Artesia Lake Volcanics in this area. 

Alteration in Intrusive Rocks 

Propylitic alteration at the Minnesota mine occurs in shallow levels of the 

McLeod Hill quartz monzodiorite. Some samples are not pervasively altered; K-feldspar  

has not changed in composition, plagioclase ranges from An23 to An32, igneous magnetite 

remains, but actinolite replaces both hornblende and biotite. In more pervasive samples of 

this actinolite-bearing propylitic alteration, epidote replaces some oligoclase laths (An12 

to An23), whereas other feldspars retain K-feldspar cores, and then rock contain epidote-

actinolite veins (Fig. 9). Titanite in the actinolite-epidote altered quartz monzodiorite 

contains between 0.08 and 0.24 wt% F. 

Na-Ca alteration at the Minnesota mine manifests in both the Gardnerville 

Formation and the McLeod Hill quartz monzodiorite. In the McLeod Hill quartz 

monzodiorite, turbid, white oligoclase (An12 to An23) replaces original K-feldspar; 

actinolite and epidote replace hornblende and biotite; and the rock contains <2% titanite, 

apatite, and zircon (Fig. 10). Hydrothermal actinolite in Na-Ca altered McLeod Hill 

quartz monzodiorite commonly contains between 0.06-0.19 wt% Cl, but concentrations 
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as high as 0.58 wt% have been measured. Amphiboles contain between 0.22-0.32 wt% F 

in Na-Ca altered quartz monzodiorite, and titanite crystals in these samples contain 0.18-

0.49 wt% F. 

Na-dominant assemblages at the Minnesota mine occur in multiple formations. 

The McLeod Hill quartz monzodiorite can contain Na-rich assemblages, with albite (An00 

to An02) replacing all feldspars, tremolite (Ca2(Mg 3.7 Fe 1.3)Si 7.8Al 0.2O22(OH)2)-chlorite 

± epidote replacing biotite, and magnesiohornblende (Ca2(Mg 3.5-3.7Fe 0.3-0.5)Si 7.2Al 0.8O22 

(OH)2) replacing hornblende, with the rock cut by actinolite-tremolite ± epidote veins 

(Fig. 11). Deep samples of the granite porphyry dikes contain original K-feldspar 

megacryst cores with albite rims (An02 to An04), epidote and chlorite replace all mafic 

minerals, and albite(An02 to An06)-chlorite-epidote-apatite replaces the groundmass (Fig. 

10). Apatite in chlorite from Na-altered granite porphyry and McLeod Hill quartz 

monzodiorite contain 0.36 to 0.86 wt% ∑REE. 

K alteration is present, though in lesser amounts than Na-Ca alteration, at the 

Minnesota mine. Weak K alteration in the McLeod Hill quartz monzodiorite was 

observed in samples collected near granite porphyry dikes, where shreddy biotite replaces 

biotite and hornblende (and is subsequently replaced by chlorite). The granite porphyry 

dikes at the Minnesota mine are commonly K-silicate altered: turbid, pink K-feldspar 

replaces all plagioclase phenocryst sites, as well as plagioclase in the groundmass, and 

chlorite replaces all igneous hornblende and biotite (Fig. 12). In one sample containing 

K-silicate alteration, bands of albite (An0 to An6) are surrounded by K-feldspar within 

some feldspar phenocrysts, but K-feldspar replaces the majority of feldspar grains. K-
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silicate altered dikes are cut by epidote-chalcopyrite (commonly weathered to glassy 

limonite)-quartz veins.  

The extent of alteration associated with the granite porphyry dikes is limited to a 

few meters, as seen in the alteration of Jurassic andesite dikes. Jurassic andesite dikes 

also cut Mesozoic strata and cut the feldspar-destructive sericitic and advanced argillic 

assemblages in the Artesia Lake Volcanics. One Jurassic andesite dike near the 

Minnesota pit is intruded and altered to K-feldspar and chlorite by a granite porphyry 

dike, indicating that at least some of the andesite dikes predated the granite porphyry 

dikes (Fig. 12; this is atypical of the relationships seen elsewhere in the Yerington 

district; Proffett and Dilles, 1984). The alteration of the andesite dike only extends 1.5-3 

m from the granite porphyry dike.  

In the southern portion of Fig. 3, a breccia is present locally along contacts 

between the granite porphyry dikes and Mesozoic sedimentary units: the small (1.5-3 m) 

outcrops consist of earthy Fe-oxide and Cu-oxide coatings on the faces of angular breccia 

clasts of hornfels or K silicate altered porphyry; commonly these breccias are surrounded 

by pervasive chlorite alteration extending 1 to 3 m outward. Though the majority of these 

breccias occur at granite porphyry/sedimentary unit contacts, two small quartz-pyrite 

breccias occur within the McLeod Hill quartz monzodiorite along the southeastern hills. 

Though most of the original sulfides have been oxidized, trace pyrite within the clasts 

suggests that the breccia was originally quartz-pyrite ± chalcopyrite, and so are referred 

to as quartz-pyrite breccias. 
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Magnetite Mineralization 

Magnetite mineralization has been observed within multiple units at the 

Minnesota mine: Mason Valley Limestone, Gardnerville Formation, Artesia Lake 

Volcanics, and McLeod Hill quartz monzodiorite (Table 1, Table 2). Magnetite 

mineralization in the Mason Valley Limestone is surrounded by a 3-4 m-halo of 

dolomitized Mason Valley Limestone with serpentine veins up to 6 cm thick. Moving 

away from the magnetite mineralization and out of the Minnesota mine pit, the dolomitic 

marble abuts calcite-dominated recrystallized Mason Valley Limestone with serpentine 

veins, and magnetite-pyrite-chalcopyrite (py>>cpy) veins. Vein abundance drops rapidly 

away from the pit (Fig. 4). This outward zoning displays progressively more Fe and Mg 

addition towards the magnetite mineralization. 

Magnetite replacement of the Mason Valley Limestone can be simple: fine-

grained magnetite with pyrite-calcite veinlets or replacement along relict bedding towards 

the center of the Minnesota mine pit. Magnetite grains contain <1 wt% Ti. Though 

sulfides and oxides were analyzed for Co-Ni-V, these elements comprise less than 0.007 

wt% of pyrite at the Minnesota mine. Magnetite is slightly more enriched in Ni and V, up 

to 0.03 wt% V and 0.002 wt% Ni. Though the magnetite replacement and breccias 

typically have little sulfide, chalcopyrite is present in trace amounts with each pyrite 

occurrence (py:cpy ranges roughly from 3:1 to 10:1).  

Much of the magnetite mineralization occurs as more complex breccias, which 

generally occur between the massive magnetite replacement and the dolomitized Mason 

Valley Limestone (Table 2; Figs. 6, 7, 8). These heterolithic breccias are typically 



26 

 

magnetite-cemented, with angular clasts of siliceous hornfels with serpentine-chlorite-

chondrodite reaction rims and rounded clasts of fine-grained magnetite-pyrite. Some 

breccias consist of serpentine-chlorite-quartz-calcite matrix supporting rounded 

magnetite-pyrite clasts. Chondrodite (Mg4.8Fe0.2(SiO4)2(OH,F)) was the only F-bearing 

phase found; it occurs in the Mg-silicate cemented breccias, along the edges of the more 

massive magnetite-pyrite replacement. 

The abundance of Mg-silicates with magnetite may be related to the hydrothermal 

dolomite. Although there are only a handful of exposures exist in the Minnesota pit, Mg-

silicate matrix breccias are only observed at the margin between magnetite replacement 

in the center of the pit and recrystallized hydrothermal dolomite on the edges of the pit 

and represent a transition from highest Fe content in the center of the pit outwards to 

lower Fe content and higher Mg and Ca content into the surrounding calcic marble. The 

dolomite present at the Minnesota mine is spatially associated with the magnetite 

mineralization, occurring as a thin halo around the magnetite replacement of the Mason 

Valley Limestone (Fig. 4). The dolomite lacks significant Mg- or Ca-Mg-silicates, 

postdates or is coeval with the emplacement of the quartz monzodiorite, and possibly 

predates magnetite mineralization.  

In magnetite-cemented sulfide-breccia veins within the Mason Valley Limestone, 

both pyrite and chalcopyrite are present as clasts, and in the middle of the magnetite-

cemented magnetite- and hornfels-clast breccias pockets of weathered sulfide are coated 

with copper oxides (Fig. 6).  

Although the bulk of the magnetite has replaced the Mason Valley Limestone, it 
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is not restricted to carbonate protoliths. The magnetite occurs as crosscutting breccia 

veins in the McLeod Hill quartz monzodiorite and hornfels of the Gardnerville 

Formation, and locally replaces rocks in the Artesia Lake Volcanics (Fig. 6). 

Minnesota Mine Synthesis 

Based on the thicknesses of the Mesozoic stratigraphy including 1 km for the 

Artesia Lake Volcanics, the Minnesota mine would have formed at 1.5-2.5 km 

paleodepth (Fig.3) . The field observations indicate that thermal metamorphism of the 

Triassic-Jurassic sedimentary section accompanied the emplacement of the McLeod Hill 

quartz monzodiorite sill. Extensive hydrothermal alteration closely followed the thermal 

metamorphism: extensive propylitic, Na, and Na-Ca alteration in the McLeod Hill quartz 

monzodiorite, Na to Na-Ca alteration in the Gardnerville Formation, and hydrolytic 

alteration in the Artesia Lake Volcanics. It is reasonable that the dolomitization of the 

Mason Valley Limestone at the Minnesota mine and Pumpkin Hollow deposit was a 

hydrothermal event closely related to the emplacement of the McLeod Hill quartz 

monzodiorite, but not created with high-temperature Si-rich fluids exsolved from the 

cooling intrusion. The lack of high-temperature minerals with little Si addition suggest 

that dolomitization occurred when heat from the McLeod Hill quartz monzodiorite 

mobilized Mg-bearing fluids present in the country rock. Magnetite mineralization also 

postdated thermal metamorphism and occurred either coevally with or after hydrothermal 

alteration associated with the McLeod Hill quartz monzodiorite, as suggested by 

magnetite veins that brecciate areas of pervasively altered McLeod Hill quartz 

monzodiorite and Gardnerville Formation. Magnetite mineralization appears to be 
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laterally zoned, from a central massive magnetite-pyrite-calcite core outwards into 

magnetite-cemented magnetite- and hornfels-clast breccias, to Mg-silicate cemented 

magnetite-clast breccias, into magnetite-pyrite±chalcopyrite veins in dolomitized marble. 

Magnetite mineralization and magnetite replacement is interpreted to have occurred after 

the thermal metamorphic event, as fine-grained magnetite matrix supports angular 

hornfelsic clasts (Fig. 8). The brecciation in the magnetite mineralization may be 

attributed to hydrothermal fluids fracturing the rock, from the volume loss undergone in 

the replacement of the Mason Valley Limestone, or faulting. No evidence for faulting in 

these areas has been observed. The sericitic and advanced argillic alteration of the Artesia 

Lake Volcanics near the Minnesota mine also occurs elsewhere in Yerington district, 

notably farther south in the Buckskin Range (Lipske and Dilles, 2000). In the Minnesota 

area, a feldspar-stable granite porphyry dike cuts the sulfide-poor sericitic and 

pyrophyllite-bearing assemblages, indicating that this intense, shallow acid alteration 

may be related to earlier hydrothermal flow. In contrast, timing relationships with granite 

porphyry dikes elsewhere suggest that the sulfide-bearing hydrolytic assemblages are 

related to porphyry emplacement (Dilles et al., 2000; Lipske and Dilles, 2000). Granite 

porphyry dike emplacement appears to postdate major, voluminous hydrothermal 

alteration at the Minnesota mine and is associated with minor K-silicate ± Cu alteration. 

Quartz-pyrite breccias with copper oxide fracture coatings were emplaced either coevally 

with or postdate the granite porphyry dikes. These breccias are small and contain low 

concentrations of copper. 
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PUMPKIN HOLLOW 

Pumpkin Hollow is located 8 km southeast of the town of Yerington. It was 

originally discovered by aeromagnetic surveys in the 1950s (Matlock and Ohlin, 1996). 

The Pumpkin Hollow deposit consists of five fault-bounded ore bodies that originally 

were part of a larger, more coherent mineralized system (Fig. 14; Ohlin, 2010; 

Schottenfeld, 2012). Two of the Triassic-Jurassic sedimentary units host ore bodies at 

Pumpkin Hollow (Matlock and Ohlin, 1996; Ohlin, 2010). The North ore body is hosted 

in the Gardnerville Formation; there the ore is Cu-rich, magnetite-poor hosted in 

brecciated skarn, and grades downward in present geometry into a Cu-poor magnetite 

body at depth (Ohlin, 2010). This deposit shows evidence of multiple stages of calc-

silicate deposition as well as magnetite-sulfide deposition (Ohlin, 2010). The remaining 

four ore bodies are hosted predominantly in the Mason Valley Limestone: they are all 

magnetite-rich, and the highest Cu grades coincide with magnetite-bearing replacement 

bodies (Ohlin, 2010). Though the ore bodies have distinct characteristics, they are all 

pieces of a larger, more continuous body or set of bodies (Doebrich et al., 1996; 

Schottenfeld, 2012). A first-pass reconstruction to demonstrate the faulting and extension 

of the Pumpkin Hollow area suggests nearly 175% extension and 65° rotation have 

occurred in the southwestern part of the Yerington district (Fig. 15). 

The early phases of the Yerington batholith are associated with thermal 

metamorphism of the Triassic-Jurassic sedimentary units. hydrothermal alteration 

occurred in at least two phases, both postdating initial thermal metamorphism. The 

following descriptions of texture and mineralogy are based on published work (Matlock 
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and Ohlin, 1996; Ohlin, 2010) and new study of 117 samples in hand specimen and 

polished thin section, using the electron microprobe, and scanning electron microscope 

with an attached energy-dispersive spectrometer (EDS). The 117 samples studied are 

pieces of drill core from the North deposit (holes 99-1 through 99-8) and the East deposit 

(holes K14 and KM21; Fig. 14). 

Sedimentary and Volcanic Rocks 

As noted earlier, Pumpkin Hollow is partly hosted in the Mason Valley 

Limestone, the Gardnerville Formation, and the Ludwig Mine Formation. The oldest 

rocks exposed at Pumpkin Hollow are metavolcanic rocks of the Triassic McConnell 

Canyon Volcanics (Fig. 15) which are not known to host mineralization. Outcrops of the 

sedimentary units present on Pumpkin Hollow property show that the Mason Valley 

Limestone consists of massive blue-gray limestone, the Gardnerville Formation contains 

a wide array of calcareous siliciclastic rocks and tuffs, and the Ludwig Mine Formation 

limestone is massive and blue-gray. Though the gypsum member of the Ludwig Mine 

Formation is not exposed at Pumpkin Hollow, a gypsum mine in the Ludwig Mine 

Formation is located 5 km to the east of the site, and it is possible that this Ludwig 

gypsum member was present prior to Tertiary erosion (Matlock and Ohlin, 1996). Most 

samples of the sedimentary units are pervasively altered, so units observed in hand 

sample from drill core are not assigned formational names. The least altered sedimentary 

samples consist of white to gray marble locally containing black chlorite disseminated 

along 3 mm-thick carbonaceous bands (Fig. 16). 
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Intrusive Rocks 

At least three intrusive rocks crop out west and south of the Pumpkin Hollow 

deposit – quartz monzodiorite sills and granite porphyry dikes which are likely part of the 

Yerington batholith, and a widespread younger porphyritic granodiorite that postdates the 

Yerington batholith (Proffett and Dilles, 1984; Dilles and Wright, 1988). Two extensively 

altered intrusive rocks are known from drilling at the East and North deposits at Pumpkin 

Hollow: quartz monzodiorite and granite porphyry. These are inferred to be related to the 

main units in the Yerington batholith based on relict textures and mineralogy in the least 

altered examples. 

Quartz monzodiorite, presumably the McLeod Hill quartz monzodiorite, is fine-

grained (1-2 mm) and equigranular with 15-25% mafic minerals (hornblende greater than 

biotite), 60-70% feldspars (plagioclase greater than K-feldspar, but original proportions 

uncertain), 10-20% quartz, and less than 1% magnetite, titanite, zircon, and apatite. All 

samples were altered, complicating identification of original mineralogy and proportions. 

Thin intercepts of granite porphyry, similar to Luhr Hill granite porphyries, 

contain 60-65% aplitic groundmass (<0.1 to 0.1 mm), 30-35% plagioclase phenocrysts 

from 0.5 to 4 mm, 1-2% up to 0.5 cm K-feldspar phenocrysts, no more than 2% (0.5 to 1 

mm) quartz phenocrysts, 2-5% biotite phenocrysts from 0.5 to 1 mm, 2-5% hornblende 

phenocrysts from 0.5 to 2 mm, and <1% apatite, titanite, magnetite and zircon. Given the 

ubiquitous alteration in this rock, the original proportions are unclear; magnetite and 

titanite, if originally present, have been destroyed. 
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Metamorphism and Mineralization 

Alteration of the sedimentary units can be split into two major groups: an early 

thermal metamorphic event and later hydrothermal events that created Fe oxide-

mineralization. The intrusive units at Pumpkin Hollow contain a variety of alteration 

assemblages (Table 3). The McLeod Hill quartz monzodiorite contains the most variety 

and volume of alteration, and late granite porphyry dikes are associated with minor 

volumes of hydrothermal alteration. 

Early thermal metamorphism affected the Triassic-Jurassic sedimentary rocks. 

White calcite marbles replaced original pure carbonates, though dolomite is also present 

at Pumpkin Hollow. The dolomite present at Pumpkin Hollow was not observed in this 

study, but it has been documented from drill core by Einaudi (1975). Dolomite is 

associated with calcite-talc, and sometimes with massive magnetite, with chalcopyrite-

pyrite-pyrrhotite in talc-dolomite zones, or it occurs between talc-amphibole assemblages 

along the contact with calcite marble/limestone (Einaudi, 1975). Based on encroachment 

of calcic skarn onto dolomitized marble, Einaudi (1975) concluded that the dolomite was 

not formed by the 'skarn fluid' but with the early hornfels event (thermal metamorphism) 

associated with the emplacement of the McLeod Hill quartz monzodiorite. At Pumpkin 

Hollow, Mg-silicates and Mg-bearing carbonates are most commonly found at the 

transition between pure marble and magnetite replacement. 

Garnet hornfels and pyroxene hornfels at Pumpkin Hollow represent early thermal 

metamorphism of the sedimentary rocks. These hornfelsic textures and comparison with 

work done throughout the district (Einaudi, 1977; Einaudi, 2000; Dilles et al., 2000) 
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allows for some confidence in assigning garnet- and pyroxene-dominated hornfelses to 

the Gardnerville Formation. The hornfelses are fairly massive and lack obvious bedding. 

Hornfels also forms angular clasts in breccias. Green hornfelses can be diopside-

dominated with minor quartz-plagioclase-calcite-actinolite-apatite-titanite or actinolite-

dominated with minor garnet-quartz-plagioclase-calcite-apatite-titanite. Fine-grained 

actinolite ± epidote ± chlorite replaces pyroxene in hornfels, and magnetic pyrrhotite with 

chalcopyrite dispersed along grain boundaries can partially replace garnet and pyroxene. 

The cores of pyroxene crystals in pyroxene hornfelses typically cluster from Di54 to Di78, 

but commonly have more Mg-rich pyroxene (Di75 to Di91) or actinolite to ferro-actinolite 

rims. In amphibole-dominated hornfelses, amphibole compositions range from 

magnesiohornblende to actinolite to ferro-actinolite with actinolite rims. Fine-grained 

buff garnet in the hornfelses from Pumpkin Hollow is unzoned and intermediate in 

andradite composition (Ad44 to Ad55) and is associated with minor diopside-actinolite-

quartz-calcite-plagioclase-apatite-titanite. Later buff to pink euhedral zoned garnet in 

veins or as rims on the hornfelsic clasts show variable Fe content and are zoned outward 

into open space from Ad51 to Ad99 (Fig. 24). There is little sulfide in the hornfels clasts. 

The sulfide that is present commonly occurs with magnetite and calcite in what may be 

replacement or vug fill; it does not appear to be interstitial to the calc-silicate 

replacement: it is typical for pyroxene hornfels to be replaced more pervasively than fine-

grained garnet hornfels. 

Magnetite mineralization at Pumpkin Hollow affects the metamorphosed 

sedimentary rocks as well as the McLeod Hill quartz monzodiorite and occurs as 
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pervasive replacement of host rock, as veins, and as breccia matrix. 

Magnetite mineralization in carbonate rocks contains contacts zoned between the 

remaining white calcite marble and the fine-grained magnetite (Fig. 16). In the common 

zoning pattern between marble and fine-grained magnetite, marble grades into coarse 

tremolite-actinolite/fine-grained actinolite ± chlorite ± pyrite/magnetite ± fine-grained 

pyroxene. In some cases, fine-grained magnetite contains coarser pyroxene (± 

chalcopyrite in pyroxene cores) with bladed pyrite. Fine-grained magnetite commonly 

contains amphibole replacing coarse, dark green pyroxene crystals, with pyrite in the 

center of these amphibole crystals: in rare instances fine-grained magnetite contains <1% 

pyroxene with small (0.2 x 2 mm) blades of pyrite or pyrrhotite, possibly as a 

replacement texture of earlier mushketovite/specularite blades or filling open space 

between mushketovite blades (Figs. 18 and 19). In some samples, fine-grained magnetite, 

with pervasive textural destruction, is all that remains. Magnetite mineralization can also 

occur as massive magnetite ± pyroxene ± pyrite, or magnetite ± pyroxene ± pyrrhotite 

replacement.  

Breccias with magnetite are also observed in younger sedimentary units: calcite 

with blades of mushketovite (magnetite pseudomorphs after hematite) cements pyrite and 

chalcopyrite clasts, or gray-black talc-chlorite-calcite cement chalcopyrite and pyrite 

clasts (Fig. 18; Table 4). The timing of sulfides and oxides is complex: in calcite-

cemented pyrite-chalcopyrite clast breccias that contain mushketovite blades, 

chalcopyrite occurs as anhedral masses in the base of the mushketovite crystals. 
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Both garnet- and pyroxene-hornfels units are commonly found as angular clasts in 

breccias. These hornfels-clast breccias can be supported by a matrix of magnetite, 

magnetite-sulfide (pyrite-chalcopyrite ± pyrrhotite), diopside-actinolite-garnet, diopside-

actinolite-garnet-magnetite, or garnet-diopside-actinolite-sulfide (pyrite-chalcopyrite ± 

pyrrhotite) (Fig. 20). In magnetite-cemented hornfels-clast breccias, garnet-pyroxene 

clasts contain garnet cores (Ad39-Ad55) that are overgrown by slightly more Fe-rich 

garnet (Ad51-Ad61). Some of these garnet overgrowths are again covered by open-space 

fill garnets (Ad46-Ad58), with rims of Ad80-Ad100. The pyroxene present in these hornfels 

clasts ranges from Di76-Di84, whereas later veins contain Di59. Amphiboles commonly 

occur interstitial to the pyroxene-garnet clasts, or replace pyroxene, and are typically 

zoned from cores of ferro-actinolite or magnesiohornblende to rims of actinolite. Apatite 

is a common accessory mineral within magnetite and contains up to 1.6 wt% ∑REE. U 

and Th are also present in fine-grained (~0.5 - 2 µm) minerals, and these occur as late 

oxides in calcite-chlorite vug fill and replacement of higher temperature calc-silicate 

material in magnetite-cemented breccias. 

Another type of breccia is the sulfides-clast magnetite-matrix breccia, as element 

maps show clearly broken rims of higher Ni concentration in the pyrite clasts (Fig. 21). 

Magnetite cementing sulfide ± hornfels clast breccias contains minor amounts of Ti (less 

than 0.2 wt%), and V is higher in relict igneous magnetite (0.39-0.40 wt%) than in 

magnetite in massive Fe oxide-replacement (0.01-0.06 wt%). Ni is present up to 0.02 

wt% in magnetite, but only in areas where magnetite is cementing sulfide clast breccias. 

Pyrite in these sulfide clast breccias can contain up to 0.01wt% Ni, which is also 
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coincident with the highest Co compositions (0.004 wt%). Though the Ni-Co contents are 

low, there is a correlation between areas of highest Ni and highest Co. Rare blades of 

actinolite also occur interstitially with some of the layered magnetite growth around 

sulfide clasts in these breccias. Trace amounts of scheelite occur as small (~0.5 µm) 

crystals along the grain boundaries of zoned mushketovite blades cementing sulfide 

clasts. When multiple sulfides are present in these sulfide-clast magnetite-cemented 

breccias, the typical sequence from innermost clast to outermost rim is: euhedral pyrite in 

the center, anhedral chalcopyrite and pyrrhotite on the rim of pyrite crystals (Table 4). In 

some instances, pyrrhotite is surrounded by chalcopyrite; in other cases, pyrrhotite lines 

anhedral chalcopyrite masses. There are also samples that show pyrrhotite with equant 

habits (possibly replacing pyrite) and pyrite grains, both surrounded by anhedral 

chalcopyrite, but with no clear timing relationship between the pyrite and pyrrhotite. 

Pyrite tends to be euhedral; pyrrhotite can form equant grains or occur as anhedral rims; 

and chalcopyrite occurs as anhedral rims throughout. 

Magnetite also replaces quartz monzodiorite and occurs as veinlets, commonly 

with accessory actinolite, chlorite, pyrite and calcite (Fig. 22). Where the McLeod Hill 

quartz monzodiorite is replaced, magnetite replaces mafic minerals, and epidote ± 

actinolite-chlorite replaces original feldspars. In areas of less intense magnetite 

replacement, plagioclase replaces K-feldspar, and magnetite-epidote replace the mafic 

minerals. 

Propylitic alteration affects the granite porphyry dikes. In the granite porphyry 
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dikes, actinolite-epidote replace mafic minerals, and epidote-chlorite replace the cores of 

select plagioclase phenocrysts. 

Na-Ca alteration of several types occurs abundantly in quartz monzodiorite and 

selectively in granite porphyry. In weakly altered samples, hornblende is partly converted 

to actinolite (Ca2(Mg3.5Fe1.5)Si 7.5Al0.5O22(OH)2 to Ca2(Mg3.9Fe1.1)Si7.6Al0.4O22(OH)2), 

and plagioclase (An27 to An32) commonly surrounds igneous K-feldspar. Granite 

porphyry dikes from Pumpkin Hollow that have been Na-Ca altered contain 

hydrothermal pyroxenes (Di78 to Di92) and actinolite that have replaced original mafic 

minerals, and oligoclase (An25 to An34) replaces original plagioclase. Rarely, scapolite 

(Na 1.75 Ca 1.25 Al4 Si 8 O 24Cl) replaces original plagioclase (Fig. 23). Hydrothermal 

titanite grains observed in Na-Ca altered granite porphyry dikes contain 0.01-0.10 wt% 

∑REE.  

Na alteration locally overprints Na-Ca alteration in granite porphyry dikes, where 

albitic rims (An11 to An18) overgrow igneous oligoclase. Conversely, Ca-alteration is 

common as an overprint of Na-Ca alteration in the McLeod Hill quartz monzodiorite. In 

pervasively altered samples of the McLeod Hill quartz monzodiorite, hydrothermal 

diopside (Di82 to Di63) cores are replaced by lower Mg-pyroxene (Di54 to Di64) or 

actinolite rims, highly sodic albite to intermediate andesine (An01 to An32) replace 

original K-feldspar, and garnets range from Ad91 to Ad98 (Fig. 24). Garnet veins contain 

cores from Ad49 to Ad57 and slightly more Fe-rich rims of Ad58 to Ad65 and cut the Na-Ca 

altered McLeod Hill quartz monzodiorite (Fig. 24). In Na-Ca altered McLeod Hill quartz 
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monzodiorite, zoned titanite crystals display a wide range of REE composition: low z 

cores contain only 0.14-0.33 ∑REE, but higher z rims contain 1.42-2.93 wt% REE. 

Actinolite in Na-Ca altered McLeod Hill quartz monzodiorite contain between 0.18-0.83 

wt% F and 0.08-0.13 wt% Cl. Apatite in Ca-alteration veins can contain up to 1.17 wt% 

REE and up to 0.19 wt% Cl. 

K alteration rarely occurs in quartz monzodiorite at Pumpkin Hollow. K-feldspar 

replaces all feldspar, and biotite ± chlorite replace original mafic minerals (Fig. 25). 

Associated titanite contains 0.14-0.33 wt%∑REE , whereas titanite in chlorite veins range 

from 0.03-0.66 wt% REE. Sulfides are not present in the groundmass of any McLeod Hill 

quartz monzodiorite samples and only occur localized in later veins. 

Pumpkin Hollow Synthesis 

The McLeod Hill quartz monzodiorite has been pervasively altered at Pumpkin 

Hollow, with multiple different mineral associations present (Table 3). Na-Ca alteration 

of the McLeod Hill quartz monzodiorite (oligoclase-actinolite-titanite ± diopside) is the 

earliest association, cut by later Ca-alteration (garnet-andesine-actinolite-diopside-

titanite), this relationship is documented where garnet-diopside-actinolite veins cut earlier 

Na-Ca alteration (Fig. 26). K-silicate alteration also encroaches on earlier Na-Ca 

alteration, as K-feldspar-biotite-chlorite overprints epidote-actinolite-plagioclase veins 

(Fig. 25). The timing between the K-silicate and Ca-alteration is unclear from the 

samples observed in this study. Altered McLeod Hill quartz monzodiorite clasts appear in 

some breccia samples, where magnetite-sulfide matrix supports strongly Ca-altered or 

chlorite-actinolite clasts, and in other samples pyroxene-actinolite matrix supports Na-Ca 
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to Ca-altered clasts. It is clear from these relationships that magnetite mineralization 

postdated emplacement of the McLeod Hill quartz monzodiorite. The complex 

relationship between sulfides and oxides suggests multiple mineralizing or oxidizing 

events, as euhedral pyrite is found in the center of pyrrhotite with outer edges of 

chalcopyrite in magnetite matrix in some samples. Elsewhere, in samples high in present 

elevation, chalcopyrite replaces mushketovite. Despite the complex relationships, the 

chalcopyrite appears to be the latest forming sulfide, commonly replacing pyrite grains, 

and postdating iron oxide mineralization. Granite porphyry dikes intruded the system 

after the sulfide and oxide mineralization and are associated with Na-Ca to Na to 

propylitic to chlorite-rich alteration. 

CONDITIONS OF FORMATION 

MINNESOTA MINE 

Unlike the case at Pumpkin Hollow, high-temperature, anhydrous minerals are 

absent in the Gardnerville Formation at the Minnesota pit; instead, it consists mainly of 

biotite-chlorite-epidote-actinolite-quartz-calcite-K-feldspar hornfels. Similarly, the 

Mason Valley Limestone does not contain garnet or pyroxene typical of high temperature 

calc-silicate replacement of carbonates: the limestone is recrystallized to marble or 

replaced by a lower-temperature magnetite-calcite-pyrite assemblage or lower-

temperature, hydrous magnetite-chlorite-serpentine-chondrodite breccia assemblages. 

The only observed anhydrous, permissibly high-temperature alteration near the 

Minnesota pit is garnet-bearing hornfels in the Gardnerville Formation that crops out 

northwest of the mine near a granite porphyry dike. This single occurrence suggests that 
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the high-temperature minerals may have been more extensive before the hydrous 

alteration related to magnetite mineralization.  

PUMPKIN HOLLOW 

The hornfelses present in drill core at Pumpkin Hollow contain garnet-pyroxene-

quartz-wollastonite-actinolite/tremolite-apatite-titanite and commonly contain lower 

temperature minerals replacing higher temperature assemblages. Actinolite-chlorite 

commonly replaces original diopside in hornfelsic samples, and calcite-quartz-magnetite 

± pyrite ± chalcopyrite commonly replaces (or fills vug space) in garnet-dominated 

hornfels. This evidence suggests a lower temperature overprint on the original anhydrous 

calc-silicate minerals. 

TIME-SPACE RELATIONSHIPS 

The geologic evidence indicates that the Fe oxide mineralization at both 

Minnesota mine and Pumpkin Hollow deposit formed during or shortly following 

emplacement of the McLeod Hill quartz monzodiorite and thermal metamorphism. Fe 

oxide ± Cu mineralization was then followed by minor hydrothermal alteration related to 

the sparse granite porphyry dikes (Figs. 27 and 28). The Fe oxide-rich systems zone from 

proximal Na-Ca or Ca-alteration and Fe oxide replacement in both intrusive and 

sedimentary units to distal propylitic and shallow sericitic/advanced argillic alteration. 

The Pumpkin Hollow deposit is more complex in detail, with clear evidence for 

hydrothermal pulses that are highlighted by local reversals in Fe oxide and Fe sulfide 

relationships. This section summarizes observations that are combined with earlier work 
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(e.g., Dilles et al., 2000), as a basis for an interpretive synthesis of the time-space 

relationships in the district. 

MINNESOTA MINE 

Na-Ca alteration affected the McLeod Hill quartz monzodiorite, which was 

followed by shallower epidote-chlorite ± actinolite veins and alteration. Either earlier, or 

perhaps concurrently, the calcareous sedimentary and volcaniclastic rocks were converted 

to hornfelses units while the pure carbonates were recrystallized. Postdating or coincident 

with the formation of the hornfels, hydrothermal recrystallized dolomite formed. 

Magnetite mineralization and brecciation occurred after the initial thermal 

metamorphism. Sericitic and advanced argillic alteration in the Artesia Lake Volcanics 

occurred before the Jurassic andesite dikes intruded. The andesite dikes were followed by 

granite porphyry dikes with K-silicate alteration and quartz-pyrite breccias. 

PUMPKIN HOLLOW 

Pumpkin Hollow, located along the southeastern edge of the Yerington batholith, 

is dominated by magnetite. The Pumpkin Hollow deposit is dominantly a carbonate 

replacement deposit that shares many similarities with the Minnesota mine and has 

distinct mineral associations and timing relationships compared to later carbonate 

replacement deposits around the district: lower hydrothermal calc-silicates, abundant Fe 

oxides, early introduction of copper, and weak hydrothermal alteration associated with 

the late intrusion of the granite porphyry dikes. 

Na-Ca alteration of the McLeod Hill quartz monzodiorite is the earliest 
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association, and it is cut by later Ca-alteration. K-silicate alteration also encroaches on 

earlier Na-Ca alteration, but the timing between the K-silicate and Ca-alteration is 

unclear. Sulfide deposition may have occurred after the emplacement of the McLeod Hill 

quartz monzodiorite. Sulfide is not usually present with the McLeod Hill quartz 

monzodiorite itself, unless along veins, and the greatest concentration of sulfides occurs 

in breccias. Based on the timing of these breccias, at least one episode of sulfide 

mineralization occurred before magnetite mineralization, as broken clasts of pyrite and 

chalcopyrite are surrounded by multiple generations of magnetite growth. Similar sulfide 

clasts are found in other breccias supported by chlorite or carbonate, and all of these 

breccias suggest that brecciation followed an early sulfide mineralization event. The 

sulfides display complicated timing relationships, as discussed elsewhere in this paper, 

and in certain samples, unusual bladed sulfide habit suggests sulfide replacement of 

earlier iron oxide (most likely specularite or mushketovite). At this point, it is clear that 

there are at least two generations of chalcopyrite at Pumpkin Hollow, and that sulfide 

relationships require further study. Granite porphyry dikes intruded the Pumpkin Hollow 

deposit late in the sequence and are accompanied by minor Na-Ca or chlorite-epidote 

alteration. Due to the lack of major hydrothermal alteration related to these dikes, and the 

lack of temporal or spatial relation to the breccia bodies, and lack of spatial relationship 

to calc-silicate carbonate replacement, the granite porphyry dikes are interpreted to occur 

late, after the major Cu and Fe oxide mineralization. 

DOLOMITIZATION 

It is reasonable that the dolomitization of the Mason Valley Limestone at the 
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Minnesota Mine and Pumpkin Hollow Deposit was a hydrothermal event closely related 

to the emplacement of the McLeod Hill quartz monzodiorite, but not created with high-

temperature Si-rich fluids exsolved from the cooling intrusion. The lack of high 

temperature minerals and little Si addition suggest dolomitization  occurred when heat 

from the McLeod Hill quartz monzodiorite mobilized Mg-bearing fluids present in the 

country rock. 

DISTRICT TIME-SPACE EVOLUTION 

Dilles et al. (2000) discuss the time-space evolution of distal Cu-bearing deposits 

at length. The authors conclude that voluminous hornfelses formed around the contact 

aureole with the McLeod Hill quartz monzodiorite within 4 km of the paleosurface. Na-

Ca alteration is tied to the deeper expressions of hydrothermal alteration related to the 

Luhr Hill granite, whereas granite porphyry dikes in the Ann Mason and Yerington 

porphyry-Cu deposits created early K-silicate alteration followed by later, lower-

temperature Na-Ca alteration attributed to the circulation of sedimentary brines (Dilles et 

al., 2000). Fe oxide-rich systems and chlorite-dominated alteration are considered to have 

formed later than skarn and advanced argillic porphyry alteration, where deep Na-Ca 

fluids moved upwards and outward from the center of the Yerington batholith. 

The Minnesota mine fits well into this district-wide time-space evolution: early 

hornfels created along the contact aureole with the McLeod Hill quartz monzodiorite, and 

deep Na-Ca alteration grading into shallow K-silicate alteration associated with the late 

granite porphyry dikes. The main differences between the Minnesota mine and the 

proximal deposit evolution outlined in previous works is the timing of hydrolytic 



44 

 

alteration and Fe oxide replacement: in Dilles et al. (2000), magnetite mineralization and 

acid alteration are considered to have occurred with the emplacement of the granite 

porphyry dikes, but new contributions suggest that these events occurred earlier, before 

granite porphyry dike emplacement. Likewise, magnetite mineralization at the Pumpkin 

Hollow deposit predates granite porphyry dikes. Cu-bearing sulfide mineralization at the 

Minnesota mine and Pumpkin Hollow deposit also predate emplacement of granite 

porphyry dikes. 

RELATIONSHIP TO BROADER FE-RICH FEATURES IN THE 

YERINGTON DISTRICT 

Though this study has focused on the Pumpkin Hollow and Minnesota mine 

deposits, the Yerington district contains multiple Fe oxide-rich vein, lode, and 

replacement deposits (Fig. 1). These deposits display similarities in the addition of Fe 

oxide and a lack of notable sulfur addition.  

The Easter prospect is an igneous-hosted, iron-oxide-rich replacement deposit east 

of the Minnesota mine (Fig. 1). Hosted in the McLeod Hill quartz monzodiorite, the 

Easter prospect consists of magnetite-apatite-actinolite (± rare chalcopyrite) veins 

(Reeves et al., 1958; Fig. 29). The Fe oxide-rich deposit occurs in upper propylitic-

actinolite alteration spatially related to deeper Na-alteration of the quartz monzodiorite, 

where scapolite and Na-plagioclase replace original feldspars, and actinolite ± chlorite 

replace original hornblende and biotite (M.D. Barton, unpub. mapping).  

The Blue Jay vein is a copper-gold-bearing quartz-vein system in the upper 

McLeod Hill quartz monzodiorite. Toward the west (Jurassic shallow) end of these veins, 
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the assemblages contain gold in hematite-quartz-chlorite-chalcopyrite-tourmaline veins 

(Fig. 29 (B), Matlock and Ohlin, 1996) whereas they change with greater paleodepth (to 

the east) into fairly intense Na-Ca alteration (M.D. Barton and D.A. Johnson, unpubl. 

data). Just south of the Blue Jay vein, the Copper Ridge mine occurs in the upper 

McLeod Hill quartz monzodiorite, adjacent to granite porphyry dikes. There, similar 

veins of hematite-pyrite-chalcopyrite-quartz occur in chlorite-quartz-hematite altered 

McLeod Hill quartz monzodiorite (Fig. 29 (D)).   

The Buckskin mine in the base of the Fulstone Spring Volcanics contains gold 

and copper with magnetite-hematite-quartz-pyrite-chlorite, and chlorite-epidote-hematite-

feldspar ± actinolite wall-rock alteration (Dilles et al., 2000; Gibson, 1987). The Northern 

Lights mine, like Buckskin, is a shallow expression of Fe oxide-rich deposits in the 

Yerington district. Northern Lights consists of a mushketovite-chalcopyrite-pyrite-calcite 

vein cutting recrystallized, dolomitized limestone of the Ludwig Mine Formation (Fig. 

29). 

VARIATION WITHIN FE OXIDE-RICH DEPOSITS 

The variation within the Fe oxide-rich systems documented in the Yerington 

district can be attributed to at least two major factors: host rock and structural level. 

Igneous hosted deposits occur in veins and lodes and replacements, whereas carbonate-

hosted deposits range from veins and lodes to magnetite-cemented breccias. In carbonate-

hosted deposits, structural level may control the style of mineralization, as shallow 

carbonate-hosted deposits occur as veins and lodes, and intermediate level carbonate-

hosted deposits occur as magnetite-cemented breccia. In both igneous and carbonate-
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hosted systems, structural level dictates the ratio of hematite to magnetite, as hematite is 

only abundant in shallow systems. 

One of the questions fueling the study of Fe oxide-rich deposits is the ability of 

these systems to be both economically enriched in or nearly barren of copper and gold, 

and the Yerington systems enforce the variable occurrence of copper in IOCG systems. 

COMPARISON WITH FE OXIDE-POOR DEPOSITS 

The area between Ludwig and Mason Valley contains multiple Fe oxide-poor, 

Cu-bearing skarn and carbonate replacement deposits (Mason Valley mine, Bluestone 

mine, Douglas Hill mine, Casting Copper mine, and the Ludwig lode). In this manuscript, 

the term Ludwig area deposits refers collectively to all of the above deposits. These areas 

reconstruct to a closely related set of deposits that are related to porphyry dikes. They 

have been studied in detail by Marco Einaudi and students (e.g., Einaudi, 1977, 2000; 

Harris and Einaudi, 1982). 

The Ludwig area deposits and the Fe oxide-rich systems both display early 

thermal metamorphism related to the emplacement of the McLeod Hill quartz 

monzodiorite. This thermal metamorphism marbleized the Mason Valley Limestone, 

created hornfels in the Gardnerville Formation, and locally marbleized the Ludwig Mine 

Formation at the Ludwig lode, the Minnesota mine, and the Pumpkin Hollow deposit. 

The Mason Valley Limestone was also locally dolomitized shortly after or coeval with 

the emplacement of the McLeod Hill quartz monzodiorite in all three areas. The Ludwig 

area deposits did not have a major Fe oxide-mineralizing event, unlike Minnesota or 

Pumpkin Hollow. Late in the evolution of the Ludwig area hydrothermal alteration, Cu 
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mineralization occurred in high-temperature veins temporally related to the emplacement 

of granite porphyry dikes. 

TIME-SPACE EVOLUTION 

Einaudi (2000) reviews the geologic framework and presents a detailed analysis 

of the timing and paragenesis of the Ludwig area. Garnet endoskarn and plagioclase-

diopside endoskarn formed in the McLeod Hill quartz monzodiorite concurrent with 

thermal metamorphism of the Gardnerville Formation. Garnet-pyroxene hornfels formed 

with the dolomitization of the Mason Valley Limestone. Granite porphyry dike 

emplacement was accompanied by formation of salite-dominated skarn with minor 

grandite. Early Na-Ca alteration affected the granite porphyry dikes, followed by 

oligoclase or albite actinolite-quartz-titanite-epidote alteration around the time when 

grandite skarn with minor salite replaced calcareous sedimentary units. In later, shallow 

(<2 km) alteration, chlorite-sericite and chlorite-hematite associations pervasively altered 

the granite porphyry dikes. Late formation of ferrosalite skarn with andradite, and 

common pyrite-chalcopyrite was followed by the main copper ore host. This late copper 

introduction is characterized by andradite skarn with tremolite-actinolite vug fill, and 

associated with epidote-grandite-albite and epidote-chlorite alteration of hornfels and 

skarn. 

COMPARISON 

As expected with replacement deposits associated with the same batholith in the 

same district, there are some similarities between the time-space development of the Fe 

oxide-rich and Fe oxide-poor systems, but there are striking differences in terms of the 
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timing of igneous emplacement and mineralization (Table 5). 

One of the features present at the Minnesota mine, Pumpkin Hollow, and Ludwig-

area deposits is the local dolomitization of the Mason Valley Limestone. The dolomite in 

the Casting Copper area, Pumpkin Hollow deposit, and Minnesota mine has not been 

silicified, and does not contain abundant Mg- or Ca-Mg-silicates. It is reasonable that the 

dolomitization of the Mason Valley Limestone in all three locations was a hydrothermal 

event closely related to the emplacement of the McLeod Hill quartz monzodiorite, but not 

created by high-temperature fluids exsolved from the cooling magma. If the fluids that 

introduced the Mg to form the dolomite were exsolved from the crystallizing McLeod 

Hill quartz monzodiorite, one might expect the fluid to be high-T, and Si-rich, though it is 

possible that the McLeod Hill, which lacks abundant quartz, may not produce Si-rich 

fluids. Thus the lack of high-T, Si-rich features suggest dolomitization may have derived 

from Mg-bearing fluids present in the country rock, possibly those related to Na-Ca 

alteration. 

The Gardnerville Formation is converted to hornfels in all three areas, but there 

are distinct differences between these hornfels. The Ludwig area hornfelses range from 

wollastonite-dominated to monticellite-, and garnet-pyroxene-bearing (Einaudi, 2000). 

The Pumpkin Hollow hornfelses are dominated by garnet-, diopside- or actinolite- with 

the same suite of accessory minerals: quartz-plagioclase-actinolite-titanite-apatite-calcite 

± chlorite. The Gardnerville Formation at the Minnesota mine is dominated by biotite-

chlorite-epidote-apatite-titanite-plagioclase-quartz-k feldspar-calcite. This composition 

may reflect a more K-rich protolith in the lower Gardnerville Formation in the Minnesota 
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mine area, as the surrounding units do not display evidence of K-silicate alteration. 

Northwest of the Minnesota mine, garnet-bearing hornfels with quartz-plagioclase-

actinolite-titanite-apatite associations contain intermediate andraditic garnets, similar to 

those found in the hornfels at Pumpkin Hollow and Ludwig (Einaudi, 2000). 

Magnetite mineralization is one of the most prominent differences between the 

Minnesota, Pumpkin Hollow, and Ludwig-area deposits. As described above, magnetite 

mineralization is prominent at both the Minnesota mine and Pumpkin Hollow deposits, 

dominantly as massive replacement or breccias in the Mason Valley Limestone, but also 

as breccia-veins, veins, and replacement in the Gardnerville Formation, Artesia Lake 

Volcanics, and McLeod Hill quartz monzodiorite. Magnetite is present in the Ludwig-

area deposits, but in much smaller quantity. Though locally with abundances as high as 

30-40% of marbles in marble near Casting Copper, magnetite typically occurs as late vug 

fill or in late apatite-magnetite veins cutting andradite skarn (Harris and Einaudi, 1982). 

One similarity between the Pumpkin Hollow and Ludwig area deposits is that some 

magnetite present in the both systems is bladed, suggesting it is a pseudomorph of 

specular hematite (Harris and Einaudi, 1982). 

Composition of minerals in the Ca-altered McLeod Hill quartz monzodiorite are 

slightly different between the three locations. Ca alteration of the McLeod Hill quartz 

monzodiorite has yet to be observed at the Minnesota mine. However, both Pumpkin 

Hollow and the Ludwig area contain Ca-rich alteration associations of garnet-plagioclase-

actinolite-diopside-titanite-apatite. Garnet compositions from Ca altered McLeod Hill 

quartz monzodiorite at Pumpkin Hollow range from Ad100 to Ad91, whereas crosscutting 
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chalcopyrite-bearing garnet veins range from Ad50 to Ad68 (Fig. 24). The garnets in Ca-

altered McLeod Hill quartz monzodiorite in the Ludwig area are less andraditic in 

composition, ranging from Ad35 to Ad52 and in idocrase- Ti-rich garnet endoskarn range 

from Ad48 to Ad62 (Fig. 30). 

Hydrolytic assemblages also differ in timing relationships between the Fe oxide-

poor deposits in the Ludwig area and the Fe oxide-rich deposit at the Minnesota mine. 

Upper level chlorite-sericite and chlorite-hematite assemblages are temporally and 

spatially linked to the shallow expression of granite porphyry dike-related alteration in 

the Ludwig area. Field relations at the Minnesota Mine, however, show that feldspar-

stable K-silicate altered granite porphyry dikes crosscut and postdate sericite-chlorite and 

sericite-pyrophyllite assemblages. the Artesia Lake Volcanics have not been preserved at 

Pumpkin Hollow, so the presence or absence of acid alteration cannot be determined. 

As documented by Einaudi (2000) and summarized above, the copper present in 

the Ludwig area deposits developed late in the sequence and is convincingly linked to the 

emplacement of the granite porphyry dikes. As illustrated in previous discussion of 

copper occurrences at the Minnesota mine and Pumpkin Hollow deposit, the granite 

porphyry dikes are not associated with pervasive alteration and postdate major copper 

mineralization. At Pumpkin Hollow, at least one episode of (Cu)-Fe sulfide 

mineralization predated magnetite mineralization. Though the sulfide-magnetite timing 

relationships are complex at Pumpkin Hollow, it is apparent that the formation of the 

copper-bearing sulfides and magnetite is early in the emplacement of the batholith; this 

relationship is also demonstrated at the Minnesota mine. As previously discussed, the 
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magnetite mineralization postdates the McLeod Hill quartz monzodiorite but predates the 

granite porphyry dikes, and so the timing of the copper mineralization in the Fe oxide-

rich systems is clearly earlier than the copper mineralization in Fe oxide-poor deposits. 

DISCUSSION 

The Yerington district contains contrasting types of alteration and mineralization. 

The present cross sectional exposure of the Jurassic system allows for a better 

constrained consideration of processes leading to this diversity. 

 FLUID SOURCES AND PATHS 

The Minnesota mine and Pumpkin Hollow deposits contain multiple breccias 

associated with magnetite mineralization, indicating cyclic pulses of fluid flow. Location 

of Pumpkin Hollow and Minnesota at opposite corners of the batholith is consistent with 

the hypothesis by Dilles et al. (2000) that NW-SE striking structural pathways allowed 

deep Na-Ca fluids to rise up and outwards from the batholith, cool, and saturate with Fe 

oxides. Evidence for deep Na-Ca alteration in the McLeod Hill quartz monzodiorite 

associated with both of these major Fe oxide-rich systems supports this idea. Much of the 

older evidence was for Na-Ca alteration occurring during emplacement of the Luhr Hill 

granite and related granite porphyry dikes; although this is correct for certain places in 

the district, the new evidence here suggests that, like the case at Ludwig (Einaudi, 2000), 

considerable calcic to sodic-calcic alteration was early. The formation of large Fe oxide-

rich systems thus appears to predate granite porphyry dikes (Fig. 31). 

The most likely interpretation from the evidence presented here and elsewhere 
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suggests that the McLeod Hill quartz monzodiorite acted as heat engine to circulate 

basinal brines, creating Na-Ca fluids that travelled upwards and outwards along 

northwest-southeast striking structures along a cooling path, forming deep Na-Ca 

alteration that zones upwards Fe oxide-replacement bodies ± chlorite-rich alteration, 

sericitic assemblages, and sulfide-poor advanced argillic assemblages near the 

paleosurface. 

COPPER AND IRON - POSSIBLE SOURCES 

Evidence shows that copper was introduced at the Minnesota Mine in at least two 

discrete events – early with magnetite and the quartz monzodiorite and later with potassic 

veinlets associated with the granite porphyry. Previous work (Harris and Einaudi, 1982; 

Dilles et al, 2000; Einaudi, 2000) concluded that two distinct fluids moved copper: high-

temperature fluids exsolved from cooling granite porphyry magma, and distal, often 

lower temperature external brines circulated by magmatic heat. Copper leached from the 

McLeod Hill quartz monzodiorite by saline external brines seems to be a candidate, but 

as documented by Dilles and Einaudi (1992), it is interpreted that the entirety of the Cu 

leached by Na-Ca alteration of the quartz monzodiorite only accounted for 7 to 30% of 

the Ann-Mason deposit and would only account for 11.5 x 10
11

 g Cu (Dilles et al., 1995). 

Their calculation considered only intensely Na-Ca altered rocks in the vicinity of the 

Ann-Mason cupola; it seems possible that copper could well have been sourced from less 

intensely altered intrusive rocks. It is hypothesized that magmatic sulfides may be 

destroyed in weak alteration, which may suggest that more Cu may have been leached 

from non-pervasively altered areas (M.D. Barton, personal comm.). Further study is 
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needed to address the possible amount of Cu and Fe leached from weakly altered 

McLeod Hill quartz monzodiorite. 

CONCLUSIONS 

In contrast to the late, porphyry related Cu skarns, the Yerington Fe oxide-rich 

systems resemble IOCG mineralization in many parts of the world. They are dominated 

by Fe oxide (magnetite or hematite), with relatively few calc-silicate minerals, and the 

common, but variable copper content. Further, these systems are associated with 

voluminous Na-, Na-Ca, and Ca-alteration of the McLeod Hill quartz monzodiorite and 

do not show any temporal or spatial links with the late granite porphyry dikes commonly 

associated with copper mineralization in the Yerington district. This study suggests that 

the Fe oxide-rich systems and Fe oxide-poor deposits in Yerington are not genetically 

linked and that the two distinct types of deposits are formed from separate processes. As 

documented by Dilles et al. (1995) and others, Na-Ca alteration and the formation of the 

Fe-oxide-rich mineralization was dominated by external brines. 

The variety of deposit types in the Yerington district reflects the variability of 

hydrothermal and mineralized systems associated with the Jurassic arc (Barton et al., 

2011). Multiple different controls affect the types of deposits that develop in a particular 

setting: magmatic composition, for example, is essential in producing porphyry copper 

deposits. The IOCG family, however, occurs in multiple settings, associated with a 

diverse array of magmatic compositions (Barton, 2013). The ability to create an IOCG 

system relies heavily on the availability and composition of basinal and surface fluids, 

particularly requiring highly saline conditions, such as those present in the arid Jurassic 
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paleoenvironment in the Yerington district (Barton and Johnson, 1996, 2000). The 

location of the IOCG systems along a NW-SE strike (Jurassic orientation) suggests these 

basinal fluids travelled preferentially along this path. Whereas saline fluids easily 

transport metals, the deposition of chalcophile elements requires some significant source 

of sulfur. Pumpkin Hollow and Northern Lights, in the southeastern part of the district 

contain abundant copper, whereas the Minnesota mine and the Easter prospect, to the 

northwest, contain far less total copper. This contrast may reflect local differences in 

stratigraphy or diagenetic conditions in strata during the Jurassic that governed 

availability of S, or it may reflect an incomplete knowledge of the distribution of copper 

in the district as a whole. The geochemistry requires highly saline fluids that are variably 

depleted in S suggests that, although a heat engine is necessary for driving circulation of 

fluids, the more essential component of an IOCG system is an appropriately saline 

basinal or groundwater fluid. 
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Table 1. Alteration Mineral Associations in Sedimentary Rocks at the Minnesota Mine 
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Table 2 Alteration Mineral Associations in Igneous Rocks at the Minnesota Mine. 
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Table 3. Alteration Mineral Associations at Pumpkin Hollow 
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Table 5 Comparison of Alteration at Minnesota, Pumpkin Hollow, and Ludwig Deposits 

 

Deposit / Key 
References 

Quartz Monzodiorite 
(feldspar site: mafic 

site) 

Granite Porphyry Dikes 
(feldspar site: mafic 

site) 

 Mason Valley 
Limestone 

 Gardnerville 
Formation 

Mineralization Timing 

Minnesota 
Mine                 
(Fe-rich): this 
study; Reeves, 
1958 

(Albite (An0 to An3)*): 
(actinolite, epidote, and 
titanite). 

K-silicate: (K-
feldspar): (biotite, 
chlorite).                       
Na: (Na-plag (An2 to 
An5)*):, (epidote, 
titanite, and chlorite). 

Calcic marble +/- 
dolomite +/- 
tremolite, or  
magnetite 
cemented 
breccias +/- 
serpentine, 
chlorite, 
chondrodite.* 

Biotite hornfels 
with 
wollastonite, 
quartz, 
plagioclase, and 
actinolite, 
replaced by 
chlorite, epidote 
+/- quartz +/- 
K-feldspar. 

Magnetite, pyrite, 
minor chalcopyrite 
in magnetite-
cemented 
breccias.  

Oxides post-
date the 
McLeod Hill 
quartz 
monzodiorite, 
predate 
granite 
porphyry 
dikes. 

Pumpkin 
Hollow                   

(Fe-rich): this 
study; Ohlin, 
2010; Matlock 
and Ohlin, 1996 

Na-Ca: (oligoclase) : 
(actinolite, epidote, 

titanite +/- diopside).                     
Ca: (Ca-plag): 
(diopside, garnet, 
magnetite). 2                                          
K-silicate: (K-feldspar) 
: (biotite and chlorite). 

Na-Ca: (Intermediate 
oligoclase (An38 to An 

12)*): (actinolite, 
titanite +/- diopside +/- 
epidote).                         
Ca: (Garnet): 
(actinolite, and 
epidote). 

Calcic marble +/-
dolomite,  garnet 

(intermediate 
andradite) and 
pyroxene 
(diopsidic to 
salitic) skarn, or 
magnetite 
cemented 
breccias. 2 

Pyroxene 
(intermediate 

diopside) - 
garnet 
(intermediate 
andradite)  
hornfels and 
siliceous 
hornfels. 

Chalcopyrite, 
pyrite, and 

pyrrhotite in calc-
silicate skarn, in 
matrix of calc-
silicate skarn clast 
breccias, and in 
magnetite-
cemented sulfide 
breccias. 

Sulfides post-
date  the 

McLeod Hill 
quartz 
monzodiorite, 
but timing 
related to  
granite 
porphyry dikes 
is unclear. 

Ludwig                  

(Fe-poor): Harris 
and Einaudi, 
1982; Einaudi, 
2000 

(Labradorite 
(An57)):(Garnet (Ad30 
- Ad40), clinozoisite). 1 

Fe-rich epidote, 
magnetite, minor calcite 
+/- pyrite. 1 

Calcic marble +/- 
dolomite, or calc-
silicate skarn 
(intermediate 
andradite and 
intermediate 
diopside). 1 

Garnet-
pyroxene 
hornfels and 
quartz-
tremolite-
feldspar 
hornfels. 

Sulfides (pyrite, 
chalcopyrite) in  
tremolite-quartz-
apatite 
assemblages 
within andraditic 
skarns. 1 

Sulfides post-
date the 
McLeod Hill 
quartz 
monzodiorite 
and are coeval 
with or post-
date granite 
porphyry 
dikes. 1 

              
* Denotes mineral composition determined by Electron Microprobe Analysis                                                                                                                                         
1) Einaudi, 2000; 2) Ohlin, 2010 
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Figure Captions 

Figure 1: Simplified Yerington district geologic map highlighting both Fe oxide-poor 

deposits (Yerington mine, McArthur mine, Casting Copper mine) and Fe oxide-rich 

deposits (Minnesota mine, Easter prospect, Blue Jay mine, and Pumpkin Hollow deposit) 

(adapted from Stewart and Carlson, 1974). 

Figure 2: Plan view reconstruction of the Yerington district Tertiary erosion surface, 

showing the positions of Fe oxide-rich and poor systems in relation to the McLeod Hill 

and Bear intrusions (modified from Dilles and Proffett, 1995, by M.D. Barton). 

Figure 3: Interpreted geologic map of the Minnesota mine and surrounding hills. Based 

on new reconnaissance mapping, Hudson and Oriel (1979), Reeves et al. (1958), and 

Stewart (1999). 

Figure 4: Interpreted alteration map of the Minnesota mine and surrounding hills. Based 

on new reconnaissance mapping. 

Figure 5: Interpreted cross section and schematic structural reconstruction of Tertiary 

extension (by M.D. Barton) through the northern Buckskin Mountain (Minnesota mine 

area) and Singatse Range. Based on unpublished mapping by John Proffett and John 

Dilles summarized in Stewart (1999). The cross section is shown on the bottom: in panel 

A no reconstruction has taken place. In panel B, the youngest faults have been restored. 

In panel C, intermediate faults are restored, and the section is rotated. In panel D, all 

faults have been restored and 80% rotation has been removed to create a flat-lying 

Tertiary unconformity. 

Figure 6: Magnetite mineralization styles from the Minnesota mine. (A) Pervasive 

magnetite-chlorite replacement of a tuffaceous rock in the Artesia Lake Volcanics. (BA 

magnetite-pyrite-chalcopyrite vein in the Mason Valley Limestone marble with a 

magnetite-calcite inner envelope with an outer envelope of serpentine-calcite. (C), A 

fine-grained magnetite breccia-vein cuts through an earlier epidote vein within Na-Ca 

altered McLeod Hill quartz monzodiorite. Fine-grained tremolite-quartz-calcite-

serpentine matrix with oxidized pyrite cubes support fine-grained magnetite clasts in (D), 

a breccia from the Mason Valley Limestone.  

Figure 7: Magnetite-cemented breccia from the Mason Valley Limestone in the 

Minnesota mine. Siliceous hornfelsic clasts are partially replaced by and supported by a 

matrix of fine-grained magnetite-chlorite-serpentine. 
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Figure 8: Magnetite mineralization from the Mason Valley Limestone within the 

Minnesota mine. Mg-rich silicates such as chlorite, serpentine, and talc support fine-

grained clasts of magnetite with thin bands of pyrite. 

Figure 9: Pervasive propylitic alteration in the McLeod Hill quartz monzodiorite from the 

hills east of the Minnesota mine. Actinolite and epidote replace original mafic minerals; 

feldspars retain original compositions. The sample contains a late quartz vein that cuts an 

actinolite-epidote-pyrite vein. 

Figure 10: Panels A1 and A2 show a sample of the Gardnerville Formation with epidote-

Na-plagioclase-K-feldspar veins surrounded by white K-feldspar-chlorite envelopes 

replacing biotite hornfels. Panel B shows a sample of Na-Ca altered McLeod Hill quartz 

monzodiorite with actinolite replacing mafic minerals and plagioclase replacing all 

feldspars. Panel C shows a sample of Na-Ca altered granite porphyry, with albitic rims on 

K-feldspar phenocrysts and plagioclase-actinolite-chlorite groundmass. 

Figure 11: Sample of McLeod Hill quartz monzodiorite from the Minnesota mine area 

containing actinolite-chlorite replacement of mafic minerals and albite replacement of 

igneous feldspars, with trace rutile and titanite. 

Figure 12: Contrasting examples of K-silicate alteration from the Minnesota mine area. 

Panels 1a and 1b show a K-silicate altered Jurassic andesite porphyry before (A1) and 

after (A2) staining: the yellow color indicates presence of potassium feldspar. Panel B 

shows K-silicate altered granite porphyry dike from within the Minnesota mine pit. 

Biotite ± chlorite replace all mafic minerals, and K-feldspar replaces all original 

feldspars.  

Figure 13: Veins of sericite-quartz-pyrophyllite-barite within replacement of the Artesia 

Lake Volcanics by sericite and pyrophyllite (bright white, around the top and bottom), 

from the Top Claim, southwest of the Minnesota mine. 

Figure 14: Simplified geologic map of the Pumpkin Hollow deposit with orebodies 

outlined, adapted from Barrett and Dilles (1995). 
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Figure 15: Schematic restoration of extension in the Pumpkin Hollow area (by M.D. 

Barton). The map is adapted from Proffett and Dilles (1984). The panels beneath show a 

stepwise reconstruction of the area. Proffett and Dilles (1984) is highlighted to show the 

Tertiary unconformity and the youngest (green), intermediate (blue), and oldest (purple) 

faults. Panel A shows the original cross section. Panel B shows the youngest faults 

restored, and panel C shows the restoration of intermediate faults with some rotation. In 

panel D, all faults are restored, and 65% rotation leaves a flat-lying Tertiary 

unconformity. 

Figure 16: Two altered sedimentary rocks from the East deposit, Pumpkin Hollow. Panel 

A shows drill core containing recrystallized calcite marble with carbonaceous ± talc 

streaks. This is among the least metasomatized carbonate rocks. In Panel B, a zoned 

contact starts with bright white calcic marble on the left, tgrading into an intermediate 

zone of green-brown talc-pyrite-calcite, which in turn grades into a dark zone of pyrite-

chalcopyrite-magnetite-pyroxene. 

Figure 17: Combined garnet and pyroxene compositions from Pumpkin Hollow. Upper 

plot shows garnet and pyroxene rims in hornfels; lower plot shows compositions of cores 

in hornfels. Iron is plotted on the right (andradite/hedenbergite), and Mg or Al is plotted 

on the left (grossular/diopside). 

Figure 18: Samples of chalcopyrite-bearing breccias from the East deposit, Pumpkin 

Hollow. Panel A shows carbonate cementing pyrite and chalcopyrite clasts, with 

mushketovite blades, with chalcopyrite replacing the cores of these blades. Panel B 

shows calcite-talc-chlorite matrix supporting chalcopyrite clasts. 

Figure 19: Photomicrographs of iron oxides from a magnetite-cemented breccia in the 

North deposit of Pumpkin Hollow. Upper photomicrograph depicts bladed hematite with 

euhedral magnetite growth on the edges. Lower photomicrograph depicts multiple 

generations of magnetite growth into open space, between chalcopyrite and pyrite clasts. 

Figure 20: Multiple generations of magnetite growth supports this chalcopyrite, pyrite, 

and garnet-clinopyroxene [or salite]-actinolite clast breccia from the North deposit of 

Pumpkin Hollow.  

Figure 21: Element maps of sample 99-1 901 (North deposit, Pumpkin Hollow): top 

panel shows Fe concentration (magnetite in red, pyrite in yellow, chalcopyrite in green), 

and bottom panel shows Ni concentration (higher concentration in lighter blue). Broken 

bands of higher Ni concentration in pyrite suggest these are brecciated clasts cemented by 

magnetite. 
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Figure 22: Contrasting types of magnetite mineralization from the East deposit, Pumpkin 

Hollow. (A) Bladed pyrite and anhedral chalcopyrite in fine-grained magnetite. (B) 

Bladed pyrite and disseminated pyrrhotite in fine-grained magnetite and pyroxene. (C) 

Clinopyroxene veins and coarse clinopyroxene crystals with pyrite in fine-grained 

magnetite. (D) Magnetite vein with actinolite envelope and pyrite center line cuts Na-Ca 

altered McLeod Hill quartz monzodiorite. 

Figure 23: Pre (upper) and post (lower) stain sample of a granite porphyry dike from 

Pumpkin Hollow. Red stain indicates presence of Ca and highlights the location of 

scapolite throughout this Na altered sample. 

Figure 24: Compositions of garnet and pyroxene from calcic (endoskarn) alteration in the 

McLeod Hill quartz monzodiorite. (A) Garnet and pyroxene in veins cross-cutting the 

McLeod Hill quartz monzodiorite. (B) Garnet and pyroxene compositions within the Ca 

endoskarn further from veins and vein envelopes. 

Figure 25: K-silicate alteration within the McLeod Hill quartz monzodiorite. Secondary 

biotite ± chlorite replace original mafic minerals, and K-feldspar replaces all original 

biotite. In the bottom left, chlorite replaces the actinolite envelope of an epidote vein. 

Figure 26: Two samples of Ca alteration overprinting Na-Ca alteration in McLeod Hill 

quartz monzodiorite from the East deposit, Pumpkin Hollow. In Panel A, a Ca-rich vein 

of andradite-epidote-chalcopyrite-actinolite with epidote-actinolite-titanite envelope cuts 

Na-Ca altered McLeod Hill quartz monzodiorite. In Panel B, an andradite-chalcopyrite 

vein with actinolite-epidote-titanite envelope cuts Na-Ca altered McLeod Hill quartz 

monzodiorite. 

Figure 27: Time-space diagram of the Minnesota mine showing the timing and depth of 

alteration. Modified from Figure 4 in Dilles et al. (2000).  

Figure 28: Time-space interpretation of the southeastern part of the Yerington system 

including the Pumpkin Hollow deposit. Adapted from Dilles et al. (2000) combined with 

insights from this work. 
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Figure 29: Samples of other Fe-oxide-rich mineralization in the Yerington district. A: 

Sample Y12-Ea from the Easter prospect displays crustiform magnetite-apatite growth ± 

actinolite ± chalcopyrite. B: Sample Y12-Bj3 from the Blue Jay vein with K-silicate 

altered McLeod Hill Quartz monzodiorite breccia clasts partially replaced by, and 

supported by a chlorite-hematite-pyrite-chalcopyrite matrix. C: Sample Y12-Nl1 from the 

Northern Lights mine, late calcite fill between magnetite replacing hematite blades. D: 

Sample Y12-GB1 from near the Blue Jay vein: specularite-quartz-pyrite-chalcopyrite 

vein system.  

Figure 30: Combined garnet and pyroxene compositions from Ludwig within altered 

McLeod Hill quartz monzodiorite, Fe is plotted on the right (Andradite/Hedenbergite), Al 

or Mg is plotted on the left (grossular/diopside). The upper plot shows analyses from a 

sample of 'common' endoskarn (garnet-plagioclase-actinolite-titanite-apatite ± pyroxene), 

and the lower plot shows analyses from a sample of garnet-idocrase endoskarn (modified 

from Harris and Einaudi, 1982).  

Figure 31: A schematic cross section showing the general relationships among alteration 

patterns associated with Fe oxide-rich deposits in the Yerington district. 
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Appendix 1: EPMA Tables 

Microprobe data was collected at the University of Arizona's Michael J. Drake Electron Microprobe Laboratory on the 

CAMECA SX100 and CAMECA SX50 Ultra electron probe microanalyzers. Normalization routines vary for different 

mineral groups: amphiboles were normalized to ∑cations (except Ca, Na, K) = 13, feldspars were normalized to ∑T (Al + Si) 

= 4, scapolite is normalized to ∑T (Al+ Si) = 12, and pyroxenes were normalized to ∑cations = 4. Elements Ni, Co, P, Sr, Zn, 

Ba, and S were sought for all mineral analyses, but were left out of tables if they comprised <0.01% of the normalized result.
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Pumpkin Hollow Pyroxene Compositions 

Deposit East East East East East East East East East East East 

Host Rock Gr Por Gr Por Gr Por QMD QMD QMD Grd Grd Grd QMD QMD 

Alt Type Na-Ca Na-Ca Na-Ca Ca Ca Ca Rep Rep Rep Na-Ca Na-Ca 

SiO2 54.72 52.64 53.37 52.85 52.63 53.34 53.23 53.38 52.09 53.04 52.21 

TiO2 0.02 0.05 0.03 0.08 0.21 0.02 0.02 0.03 0.22 0.00 0.00 

Al2O3 0.17 0.92 0.53 1.13 1.59 0.78 0.99 1.19 1.96 0.45 0.33 

FeO 2.46 7.03 6.99 6.01 4.80 5.50 4.02 2.69 3.87 11.53 13.89 

Fe2O3 0.20 1.30 0.95 0.00 1.22 0.86 1.39 1.24 1.96 0.00 0.38 

Cr2O3 0.03 0.04 0.04 0.01 0.01 0.01 0.01 0.01 0.00 0.00 0.00 

MnO 0.18 0.10 0.20 0.15 0.12 0.21 0.13 0.15 0.11 0.29 0.35 

MgO 16.78 13.68 13.54 14.44 14.35 14.43 15.09 15.83 14.57 11.06 9.45 

CaO 25.34 24.42 24.45 25.03 25.08 25.03 25.32 25.26 25.16 23.84 23.38 

Na2O 0.13 0.32 0.29 0.12 0.12 0.09 0.06 0.10 0.07 0.23 0.30 

K2O 0.00 0.01 0.00 0.05 0.01 0.00 0.00 0.01 0.01 0.05 0.00 

P2O5 0.02 0.02 0.03 0.02 0.03 0.03 0.03 0.02 0.03 0.00 0.00 

F 0.01 0.00 0.03 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 

Cl 0.03 0.01 0.00 0.46 0.00 0.00 0.00 0.00 0.00 0.00 0.01 

V2O3 0.01 0.03 0.03 0.00 0.00 0.01 0.01 0.00 0.00 0.00 0.00 

SrO 0.01 0.01 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

BaO 0.00 0.00 0.03 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Subtotal 100.12 100.58 100.52 100.35 100.16 100.31 100.29 99.92 100.06 100.49 100.31 

O=Cl,F -0.01 0.00 -0.01 -0.10 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Total 100.11 100.58 100.51 100.24 100.16 100.30 100.28 99.92 100.06 100.49 100.30 

Component Di92 Di80 Di78 Di81 Di84 Di82 Di86 Di91 Di87 Di63 Di55 
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Gr Por: granite porphyry dike. QMD: McLeod Hill quartz monzodiorite. Grd: Gardnerville Formation.  

Pumpkin Hollow Pyroxene Compositions (Cont'd) 

 Deposit East East East East 

 Host Rock QMD Grd Grd Grd 

 Alt Type Na-Ca Therm Therm Therm 

 SiO2 51.85 52.99 53.17 54.21 

 TiO2 0.01 0.24 0.24 0.01 

 Al2O3 0.59 1.87 1.63 0.18 

 FeO 10.95 3.89 4.60 5.56 

 Fe2O3 1.99 0.68 0.00 0.00 

 Cr2O3 0.00 0.00 0.00 0.00 

 MnO 0.32 0.10 0.09 0.09 

 MgO 10.67 15.19 15.00 14.77 

 CaO 23.53 25.29 25.14 25.11 

 Na2O 0.34 0.03 0.03 0.03 

 K2O 0.00 0.00 0.00 0.00 

 P2O5 0.00 0.03 0.03 0.03 

 F 0.00 0.00 0.01 0.00 

 Cl 0.00 0.00 0.00 0.00 

 V2O3 0.00 0.01 0.00 0.00 

 SrO 0.00 0.01 0.02 0.02 

 BaO 0.00 0.00 0.00 0.00 

 Subtotal 100.25 100.34 99.97 100.03 

 O=Cl,F 0 0.00 0.00 0.00 

 Total 100.25 100.34 99.97 100.03 

 Component Di64 Di87 Di86 Di82 

 Gr Por: granite porphyry dike. QMD: McLeod Hill quartz monzodiorite. Grd: Gardnerville 

Formation.  
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Pumpkin Hollow Amphibole Compositions 

Deposit East East East East East East East East East East East North 

Host Rock Gr Por Gr Por QMD QMD QMD QMD QMD QMD QMD QMD QMD Mt Rep 

Alt Type Na-Ca Na-Ca Ca Ca Ca Na-Ca Na-Ca Na-Ca K K K Mt Rep 

SiO2 53.72 53.87 49.76 53.96 54.71 53.37 53.38 53.16 51.00 53.66 53.21 55.42 

TiO2 0.11 0.06 0.03 0.01 0.02 0.15 0.21 0.19 0.06 0.04 0.07 0.00 

Al2O3 3.84 2.56 4.01 0.62 1.12 2.66 3.21 3.34 3.79 2.05 1.95 1.18 

FeO 9.44 9.34 19.06 15.84 12.50 9.57 6.26 7.57 14.93 12.38 16.03 11.54 

Fe2O3 1.81 1.31 2.75 0.07 0.00 1.89 2.59 2.07 1.67 1.73 0.41 0.16 

Cr2O3 0.00 0.03 0.01 0.01 0.01 0.01 0.01 0.02 0.02 0.01 0.01 0.00 

MnO 0.14 0.17 0.29 0.24 0.50 0.15 0.08 0.07 0.22 0.09 0.27 0.11 

MgO 16.08 16.99 9.40 13.68 15.39 16.44 18.33 17.71 12.64 14.92 13.07 16.44 

CaO 12.55 12.88 12.11 12.79 12.91 12.60 12.78 12.68 12.45 12.55 12.62 12.93 

Na2O 0.51 0.37 0.45 0.06 0.09 0.38 0.57 0.60 0.52 0.23 0.30 0.08 

K2O 0.09 0.13 0.26 0.04 0.06 0.22 0.47 0.44 0.28 0.15 0.15 0.01 

P2O5 0.00 0.01 0.01 0.01 0.02 0.01 0.01 0.02 0.02 0.02 0.02 0.02 

F 0.03 0.09 0.02 0.03 0.08 0.24 0.83 0.52 0.17 0.12 0.08 0.03 

Cl 0.00 0.02 0.04 0.02 0.04 0.11 0.09 0.11 0.17 0.12 0.09 0.01 

V2O3 0.00 0.03 0.03 0.02 0.04 0.04 0.09 0.10 0.07 0.07 0.06 0.01 

NiO 0.00 0.01 0.00 0.00 0.00 0.01 0.02 0.02 0.00 0.01 0.00 0.02 

ZnO 0.00 0.01 0.01 0.01 0.02 0.00 0.00 0.02 0.00 0.02 0.01 0.00 

BaO 0.00 0.04 0.00 0.01 0.03 0.01 0.01 0.00 0.00 0.00 0.00 0.00 

H2O 2.08 2.07 2.00 2.04 2.05 2.01 1.76 1.90 2.00 2.05 2.04 2.09 

Subtotal 100.41 99.99 100.26 99.47 99.58 99.87 100.69 100.55 100.01 100.21 100.38 100.04 

O=Cl,F -0.01 -0.04 -0.02 -0.02 -0.04 -0.13 -0.37 -0.24 -0.11 -0.08 -0.06 -0.01 

Total 100.40 99.94 100.24 99.45 99.54 99.74 100.32 100.30 99.90 100.13 100.32 100.03 

Gr Por: granite porphyry dike. QMD: McLeod Hill quartz monzodiorite. Mt Rep: pervasive magnetite replacement in the Mason Valley Formation. 
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Pumpkin Hollow Amphibole Compositions Cont'd 
 

Sample North North North North 
  

Host Rock Mt Rep Grd Grd Grd 
  

Alt Type Mt Rep Therm Therm Therm 
  

SiO2 52.95 54.24 52.76 54.76 
  

TiO2 0.04 0.00 0.00 0.02 
  

Al2O3 1.83 0.62 1.56 0.53 
  

FeO 13.81 17.96 19.06 16.49 
  

Fe2O3 2.86 0.49 0.30 0.62 
  

Cr2O3 0.01 0.00 0.01 0.01 
  

MnO 0.35 0.24 0.18 0.09 
  

MgO 13.48 12.16 11.19 13.30 
  

CaO 12.36 12.47 12.47 12.62 
  

Na2O 0.19 0.04 0.16 0.04 
  

K2O 0.08 0.04 0.08 0.02 
  

P2O5 0.02 0.02 0.01 0.01 
  

F 0.10 0.00 0.00 0.03 
  

Cl 0.01 0.00 0.01 0.00 
  

V2O3 0.03 0.01 0.00 0.01 
  

NiO 0.00 0.01 0.00 0.00 
  

ZnO 0.00 0.01 0.00 0.01 
  

BaO 0.02 0.00 0.00 0.00 
  

H2O 2.01 2.05 2.02 2.05 
  

Subtotal 100.15 100.37 99.81 100.63 
  

O=Cl,F -0.04 0.00 0.00 -0.01 
  

Total 100.10 100.37 99.81 100.61 
  

Gr Por: granite porphyry dike. QMD: McLeod Hill quartz monzodiorite. Mt Rep: pervasive magnetite replacement in the Mason Valley Formation. 
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Table of Pumpkin Hollow Garnet Compositions 

Deposit East East East East East East North North North North North North 

Host Rock QMD QMD QMD Sed Sed Sed Grd Grd Grd Mt Rep Mt Rep Mt Rep 

Alt Type Ca Ca Ca Therm Therm Therm Mt Bx Mt Bx Mt Bx Mt Rep Mt Rep Mt Rep 

SiO2 35.26 35.27 35.16 36.89 36.92 36.76 37.06 37.35 37.24 36.75 36.29 36.45 

TiO2 0.00 0.00 0.00 0.70 1.11 1.09 0.05 0.00 0.01 0.00 0.00 0.00 

Al2O3 0.01 0.00 0.02 6.38 6.37 5.58 9.36 8.04 10.40 0.03 4.07 0.17 

FeO 0.44 0.68 0.49 2.32 2.49 2.67 0.64 1.40 0.00 0.78 0.94 0.48 

Fe2O3 31.21 31.26 31.47 20.39 19.78 21.00 18.59 19.46 17.84 30.48 25.10 30.47 

Cr2O3 0.01 0.01 0.01 0.03 0.01 0.02 0.01 0.01 0.00 0.00 0.01 0.00 

MnO 0.32 0.29 0.27 0.27 0.25 0.33 0.35 0.27 0.35 0.19 0.22 0.15 

MgO 0.00 0.00 0.01 0.10 0.10 0.14 0.01 0.01 0.05 0.00 0.00 0.01 

CaO 32.26 32.35 32.19 32.85 32.95 32.57 33.83 33.58 34.05 31.65 33.00 32.54 

Na2O 0.03 0.00 0.01 0.00 0.02 0.01 0.03 0.02 0.17 0.07 0.02 0.04 

K2O 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.01 0.00 0.00 

P2O5 0.04 0.04 0.04 0.04 0.04 0.04 0.07 0.06 0.08 0.07 0.05 0.06 

F 0.04 0.03 0.06 0.02 0.00 0.00 0.00 0.01 0.02 0.00 0.00 0.00 

V2O3 0.00 0.00 0.00 0.09 0.05 0.06 0.02 0.01 0.01 0.01 0.03 0.00 

BaO 0.02 0.00 0.00 0.00 0.00 0.00 0.02 0.00 0.00 0.00 0.00 0.00 

Subtotal 99.62 99.92 99.72 100.09 100.09 100.28 100.04 100.22 100.24 100.03 99.72 100.39 

O=Cl,F -0.02 -0.01 -0.03 -0.01 0.00 0.00 0.00 -0.01 -0.01 0.00 0.00 0.00 

Total 99.61 99.91 99.69 100.08 100.09 100.28 100.04 100.22 100.23 100.03 99.72 100.39 

Component Ad98 Ad98 Ad98 Ad69 Ad69 Ad73 Ad56 Ad62 Ad52 Ad100 Ad80 Ad99 

QMD: McLeod Hill quartz monzodiorite. Sed: garnet-dominated hornfels, not broken into formation. Grd: Gardnerville Formation. 

Mt Rep: pervasive magnetite replacement. Mt Bx: magnetite-cemented breccia. 
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Table of Pumpkin Hollow Feldspar Compositions   

Deposit East East East East East East East East East East East 

Host Rock Gr Por Gr Por Gr Por QMD QMD QMD QMD QMD QMD QMD QMD 

Alt Type Na-Ca Na-Ca Na-Ca Na-Ca Na-Ca Na-Ca Ca Ca K K K 

SiO2 66.25 63.75 61.94 59.98 59.60 60.08 59.93 58.80 64.68 64.80 64.40 

TiO2 0.00 0.00 0.00 0.02 0.02 0.01 0.07 0.02 0.01 0.00 0.01 

Al2O3 22.25 23.80 24.72 25.24 25.42 25.19 25.37 25.92 18.88 19.00 19.08 

Fe2O3 0.04 0.00 0.22 0.18 0.21 0.19 0.20 0.21 0.09 0.04 0.01 

Cr2O3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

MnO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.02 

MgO 0.02 0.00 0.00 0.00 0.01 0.00 0.00 0.01 0.00 0.00 0.00 

CaO 2.35 4.03 5.30 5.93 6.83 5.88 6.27 6.83 0.00 0.00 0.00 

Na2O 10.36 9.55 8.86 8.40 7.82 8.45 7.96 7.82 0.62 0.50 0.64 

K2O 0.08 0.11 0.14 0.28 0.24 0.23 0.20 0.24 15.43 15.74 15.52 

P2O5 0.00 0.00 0.00 0.01 0.01 0.01 0.02 0.01 0.00 0.00 0.00 

F 0.00 0.00 0.02 0.00 0.00 0.04 0.00 0.00 0.00 0.00 0.00 

SrO 0.00 0.00 0.00 0.22 0.23 0.24 0.20 0.23 0.04 0.03 0.04 

BaO 0.00 0.00 0.02 0.00 0.02 0.01 0.01 0.02 0.19 0.16 0.39 

Subtotal 101.35 101.23 101.21 100.27 100.41 100.33 100.23 100.11 99.94 100.27 100.11 

O=Cl,F -0.69 -0.72 -0.76 0.00 0.00 -0.02 0.00 0.00 0.00 0.00 0.00 

Total 100.66 100.52 100.45 100.27 100.41 100.32 100.23 100.11 99.94 100.27 100.11 

Component An11 An19 An25 An28 An32 An27 An30 An32 K-Feld K-Feld K-Feld 

Gr Por: granite porphyry dike. QMD: McLeod Hill quartz monzodiorite.  
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Table of Minnesota Mine Feldspar Compositions 

Sample Mn36 Mn36 Mn21 Mn21 Mn21 Mn2 Mn2 Mn2 Mn34 Mn34 Mn29 

Host Rock Gr Por Gr Por Gr Por Gr Por Gr Por QMD QMD QMD QMD QMD QMD 

Alt Type K K Weak Na Weak Na Weak Na Prop Prop Prop Na-Ca Na-Ca Na 

SiO2 64.29 64.54 68.32 67.00 62.92 64.80 66.03 64.12 61.71 59.04 68.45 

TiO2 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.03 0.00 

Al2O3 18.74 18.83 20.50 20.84 19.21 18.91 18.47 22.71 24.15 25.95 20.32 

FeO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.25 0.06 0.00 

Fe2O3 0.01 0.07 0.04 0.07 0.00 0.00 0.00 0.02 0.00 0.22 0.13 

MnO 0.00 0.00 0.02 0.02 0.01 0.00 0.01 0.00 0.04 0.00 0.00 

MgO 0.00 0.00 0.01 0.02 0.00 0.02 0.01 0.00 0.01 0.04 0.00 

CaO 0.00 0.00 0.61 0.54 0.03 0.00 0.18 3.73 5.10 6.88 0.31 

Na2O 0.37 0.42 11.44 11.32 1.06 0.47 0.41 9.33 8.86 7.66 11.67 

K2O 16.01 15.71 0.07 0.12 14.33 16.26 16.19 0.10 0.31 0.42 0.07 

Cl 0.02 0.00 0.00 0.02 0.38 0.00 0.02 0.00 0.04 0.00 0.01 

V2O3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

NiO 0.01 0.01 0.00 0.00 0.01 0.00 0.00 0.00 0.01 0.00 0.01 

CoO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

SrO 0.08 0.07 0.08 0.06 0.09 0.00 0.01 0.41 0.26 0.32 0.06 

BaO 0.78 0.56 0.00 0.00 1.59 0.00 0.00 0.00 0.00 0.13 0.00 

Subtotal 100.32 100.23 101.09 100.02 99.64 100.47 101.34 100.42 100.73 100.75 101.02 

O=Cl,F 0.00 0.00 0.00 0.00 -0.09 0.00 -0.01 0.00 -0.01 0.00 0.00 

Total 100.32 100.23 101.09 100.02 99.55 100.47 101.33 100.42 100.72 100.75 101.02 

Component K K An3 An3 Al10K90 K K An19 An24 An33 An1 

Gr Por: granite porphyry dike. QMD: McLeod Hill quartz monzodiorite. Grd: Gardnerville Formation. 
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Table of Minnesota Mine Feldspar Compositions Cont'd 

Sample Mn29 Mn29 Mn35 Mn35 

Host Rock QMD QMD Grd Grd 

Alt Type Na Na Na Na 

SiO2 68.29 68.75 69.88 70.72 

TiO2 0.00 0.00 0.00 0.01 

Al2O3 20.35 20.23 20.19 20.05 

FeO 0.00 0.00 0.00 0.00 

Fe2O3 0.08 0.03 0.01 0.00 

MnO 0.01 0.00 0.02 0.00 

MgO 0.00 0.00 0.00 0.00 

CaO 0.30 0.31 0.10 0.20 

Na2O 11.76 11.53 11.24 9.69 

K2O 0.06 0.09 0.07 0.06 

Cl 0.00 0.01 0.00 0.00 

V2O3 0.00 0.00 0.00 0.00 

NiO 0.00 0.01 0.01 0.00 

CoO 0.00 0.00 0.01 0.00 

SrO 0.05 0.07 0.00 0.00 

BaO 0.00 0.00 0.00 0.00 

Subtotal 100.91 101.05 101.54 100.73 

O=Cl,F 0.00 0.00 0.00 0.00 

Total 100.91 101.05 101.54 100.73 

Component An1 An1 An0.5 An1 

Gr Por: granite porphyry dike. QMD: McLeod Hill quartz monzodiorite. Grd: Gardnerville Formation. 
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 Table of Minnesota Mine Amphibole Compositions 

Sample Mn2 Mn2 Mn34 Mn34 Mn34 Mn29 Mn29 Mn29 

Host Rock QMD QMD QMD QMD QMD QMD QMD QMD 

Alt Type Prop Prop Na-Ca Na-Ca Na-Ca Na Na Na 

SiO2 54.51 53.60 49.70 50.03 55.48 55.09 55.27 53.25 

TiO2 0.11 0.19 1.25 1.19 0.04 0.10 0.23 0.49 

Al2O3 3.78 4.15 5.34 5.07 1.05 2.06 2.12 3.39 

FeO 0.59 2.74 6.22 6.80 8.31 7.20 4.86 5.82 

Fe2O3 5.58 5.23 5.03 4.31 1.94 1.12 2.03 3.08 

Cr2O3 0.00 0.00 0.01 0.01 0.01 0.04 0.01 0.03 

MnO 0.36 0.55 0.32 0.31 0.57 0.12 0.19 0.27 

MgO 20.10 18.79 16.39 16.33 17.64 18.68 19.78 18.20 

CaO 12.68 12.10 11.73 11.73 12.83 12.95 12.85 12.46 

Na2O 0.57 0.67 1.21 1.20 0.10 0.32 0.39 0.65 

K2O 0.16 0.05 0.49 0.50 0.06 0.14 0.12 0.22 

P2O5 0.00 0.01 0.02 0.01 0.01 0.02 0.02 0.02 

F 0.46 0.42 0.23 0.20 0.06 0.22 0.26 0.25 

Cl 0.00 0.00 0.11 0.11 0.03 0.06 0.10 0.16 

V2O3 0.02 0.02 0.04 0.04 0.02 0.05 0.03 0.05 

SrO 0.15 0.03 0.02 0.02 0.02 0.02 0.01 0.02 

H2O 2.01 1.96 2.01 2.02 2.10 2.04 2.05 2.05 

Subtotal 101.09 100.52 100.11 99.89 100.26 100.24 100.35 100.41 

O=Cl,F -0.20 -0.18 -0.12 -0.11 -0.03 -0.11 -0.13 -0.14 

Total 100.90 100.34 99.99 99.78 100.23 100.13 100.22 100.27 

QMD: McLeod Hill quartz monzodiorite.  
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Table of Scapolite Compositions 

   Easter Prospect Pumpkin Hollow 

 Sample/Deposit Y12-01c Y12-01c Y12-01c East East East  

Host Rock QMD QMD QMD Gr Por Gr Por Gr Por 

 Alt Type Na Na Na Na-Ca Na-Ca Na-Ca 

 SiO2 58.32 58.38 58.50 55.03 54.95 55.17 

 TiO2 0.00 0.01 0.01 0.01 0.00 0.00 

 Al2O3 23.04 23.04 23.07 24.34 24.44 24.37 

 Fe2O3 0.10 0.06 0.04 0.05 0.04 0.10 

 Cr2O3 0.00 0.01 0.00 0.00 0.00 0.00 

 MnO 0.00 0.03 0.00 0.00 0.00 0.00 

 MgO 0.00 0.02 0.01 0.00 0.00 0.00 

 CaO 5.39 5.36 5.21 8.72 8.41 7.92 

 Na2O 10.70 10.75 10.92 8.93 9.08 9.43 

 K2O 0.98 0.92 0.95 0.71 0.69 0.97 

 P2O5 0.01 0.01 0.00 0.00 0.00 0.00 

 Cl 3.66 3.47 3.57 3.02 3.13 3.34 

 SrO 0.16 0.17 0.17 0.00 0.00 0.00 

 BaO 0.00 0.00 0.02 0.00 0.00 0.00 

 CO2 0.00 0.05 0.09 0.96 0.72 0.58 

 H2O 0.00 0.00 0.00 0.00 0.00 0.00 

 SO3 0.33 0.36 0.30 0.30 0.27 0.29 

 Subtotal 102.70 102.63 102.87 102.07 101.73 102.17 

 O=Cl,F -0.83 -0.78 -0.81 -0.68 -0.71 -0.75 

 Total 101.87 101.85 102.06 101.39 101.02 101.42 

 QMD: McLeod Hill quartz monzodiorite. Gr Por: granite porphyry dike. *CO2 is calculated, not measured. 




