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Abstract 

 

The Copper Basin area of the Battle Mountain district in north-central Nevada contains a 

porphyry Mo-Cu deposit (Buckingham), several porphyry-related Au ± Cu deposits in skarn and 

silica-pyrite bodies (Labrador, Empire, Northern Lights, Surprise, Carissa), and three supergene 

Cu deposits (Contention, Sweet Marie, Widow). This study uses the results of field mapping, U-

Pb dating of zircons from igneous rocks, and structural analysis to assess the age, original 

geometry, depth of emplacement, and degree of tilting and dismemberment of the Late 

Cretaceous and Eocene hydrothermal systems the Copper Basin area and the source of the 

supergene copper. 

The Copper Basin area consists primarily of clastic rocks of the Cambrian(?) Harmony 

Formation overlain unconformably by Pennsylvanian-Permian clastic and carbonate rocks of the 

Antler overlap sequence. On the eastern side of Copper Basin, the Antler overlap sequence is 

overlain by the late Eocene tuff of Cove Mine, in which the compaction foliation dips 15 to 25° 

east. The pre-Tertiary strata are intruded by several phases of Late Cretaceous monzogranite 

porphyries and Eocene granodiorite porphyriess. The Late Cretaceous monzogranite porphyries 

crop out as an east-west band of stocks and related dikes, whereas the Eocene granodiorite 

porphyriess occur as two swarms of north-south trending dikes and plugs. New U-Pb dates on 

zircon from Late Cretaceous monzogranite porphyries of the Buckingham system bracket the age 

of mineralization between a pre-mineral unit with dates as old as ~99 Ma and a late mineral unit 

that is dated at ~92 Ma. New U-Pb dates on intrusions cut by skarn veins in the Surprise and 

Labrador deposits yield ages of ~39Ma, suggesting that the Au ± Cu deposits are Eocene, similar 
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in age to granodiorite porphyry in the Copper Canyon (Fortitude, Phoenix) area nine km to the 

south.  

The Battle Mountain mining district is structurally complex, consisting of a stack of 

thrust plates of Paleozoic rocks that are deformed into a broad anticline and cut by several sets of 

normal faults. The oldest fault may be the Contention fault, which strikes N55W and dips 

~15°NE and has a minimum of 165 m of displacement. The Contention fault remains poorly 

understood, but new observations are consistent with Tertiary movement. The Buckingham, 

Second, and Long Canyon faults, strike northwesterly, dip northeast at 50-60°, and have 

estimated slips of 495 m, 360 m, and ~50 m, respectively. The Elvira fault strikes N35E, dips 

69°NW, and has 335 m of displacement. A palinspastic reconstruction indicates ~26% net east-

west extension across Copper Basin, a small portion of which may have been broadly 

synchronous with emplacement of the Eocene granodiorite porphyries at ~39 Ma, the balance of 

which was associated with faults that cut the late Eocene (34.2 Ma) tuff of Cove Mine and that 

could have formed in the middle Miocene.  

The Buckingham porphyry molybdenum deposit is large and low grade (~1.3 Gt at an 

average grade of 0.058% Mo and 0.034% Cu). Mo, Cu, Ag, and W are distributed in the Late 

Cretaceous intrusions and surrounding hornfels, but with little or no associated Au. Mo is 

concentrated in the western part of Copper Basin, forming an east-west elongate zone as a result 

of slip and eastward tilting of post-ore normal faults with the potential for additional, undrilled 

Mo mineralization in the footwall of the Second and Long Canyon faults. Cu is depleted in the 

near-surface zone of oxidation to ~30 m below the present surface, but its hypogene distribution 

generally follows the distribution of Mo and extends further eastward. A west-dipping swarm of 

Eocene granodiorite porphyry dikes that cut Mo-Cu-mineralized Late Cretaceous monzogranites 
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on the western side of Copper Basin is largely barren of both Cu and Mo but is associated with 

anomalous spikes in Au grades. A second swarm of Eocene granodiorite porphyry dikes and 

plugs on the eastern side of Copper Basin is associated with the northerly trend belt of small 

porphyry-related Au ± Cu deposits in skarn and silica-pyrite bodies, which may continue 

southward under cover beyond the limit of significant drilling. Based on projection of the 

unconformity at the base of the late Eocene (34.2 Ma) tuff of Cove Mine, structural 

reconstructions indicate that the top of the Buckingham stock formed at a minimum depth of 

1.25 km. In contrast, the Eocene porphyry-related gold deposits, which are hosted primarily by 

skarn and silica-pyrite bodies, formed at shallow levels in the crust (minimum of ~300 to 400 m 

below the paleosurface). Temporal and geometric relationships suggest that the principal source 

of copper in the supergene Cu deposits was by weathering of the tilted, upper levels of the 

Buckingham Mo-Cu system, with a possible eastward lateral component of transport down the 

hydrologic gradient toward the eastern swarm of Eocene granodiorite porphyry dikes and 

associated gold deposits, either during development of the present gently east-dipping 

topographic surface or somewhat earlier during eastward tilting of the area by normal faulting. 

The results underscore the usefulness of combined structural and geochronologic studies for 

metallogenic understanding and exploration application in areas with spatially overlapping 

hydrothermal systems such as Copper Basin. 

 

Introduction 

 

North-central Nevada contains numerous ore-forming systems of various ages (e.g., Cox 

et al., 1991). Genetically unrelated systems, potentially of widely differing ages, may locally 
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spatially overlap (e.g., Norby and Orobona, 2002). In addition, the Great Basin has been affected 

by normal faulting, in some cases in multiple episodes (e.g., Wernicke et al., 1987; Seedorff, 

1991a; McQuarrie and Wernicke, 2005), which may dismember and tilt mineralized systems 

(e.g., Dilles and Einaudi, 1992). The superposition of mineralized centers, especially if combined 

with faulting and tilting, can greatly complicate zoning patterns, thereby obscuring the number 

and original geometry of mineralized centers.  

The Copper Basin area of north-central Nevada contains a porphyry molybdenum deposit 

(Buckingham), several porphyry-related gold ± copper deposits in skarn and silica-pyrite bodies 

(Labrador, Empire, Northern Lights, Surprise, Carissa), and supergene copper deposits 

(Contention, Sweet Marie, Widow) of less certain genetic affiliation (Blake, 1992). The area is 

structurally complex, with Paleozoic thrust faults cut by one or more sets of normal faults 

(Roberts, 1964; Theodore et al., 1992; Doebrich, 1995), resulting in a lack of agreement among 

previous workers regarding the structural history and the timing of mineralization of the different 

deposits in the Copper Basin area. Pre-existing K-Ar and 40Ar-39Ar geochronology (McKee, 

1992) indicates that the porphyry molybdenum deposit is Late Cretaceous in age and that at least 

some of the gold ± copper deposits are of mid-Tertiary age, but the ages of many deposits remain 

uncertain. 

In this study, we identify multiple generations of normal faults in the Copper Basin 

district, reconstruct movement on the associated faults, provide new geochronology on Late 

Cretaceous and Eocene intrusions that constrain the age of hypogene mineralization, establish 

the geometry and minimum depth of formation of the mineralized systems, and address the 

sources of metals in deposits, particularly the source of copper in supergene deposits. U-Pb 

dating of zircon grains from selected intrusions provides better constraints on the absolute timing 

6 
 



of emplacement, thereby constraining the ages of mineralizing and extensional events in the 

Copper Basin area. Structure contour maps with overlays showing the geology of the hanging 

wall and footwall surfaces of each major fault using data from drill holes and surface geologic 

maps are used to constrain the direction and amount of slip.  

 

Location and Previous Work 

 

The Copper Basin area is located 15 km southwest of Battle Mountain, Nevada, and 9 km 

north of Newmont’s Phoenix project in Copper Canyon, within the Battle Mountain mining 

district (Figs. 1 and 2). Additional gold deposits occur to the northwest and west of Copper 

Basin, including Marigold (McGibbon and Wallace, 2000), Lone Tree (Braginton, 1996; 

Bloomstein et al., 2000), Trenton Canyon (Felder, 2000), and Buffalo Valley (Seedorff et al., 

1991; Kizis et al., 1997). Additional molybdenum prospects occur to the west and southwest of 

Copper Basin at the Trenton Canyon (Theodore, 2000) and Buffalo Valley (Thomas, 1985) 

molybdenum prospects, respectively (Fig. 1).  

The Copper Basin area has been mined extensively, though its production to date is 

smaller than its southern neighbor, Copper Canyon (Table 1). Production from Copper Basin 

began with small-scale mining from the late 1800’s, and large-scale, open-pit mining for copper 

and gold commenced in 1967 (Theodore et al., 1992). The open pit mines at Copper Basin have 

been reclaimed, but the area contains large known resources of Mo, significant resources of Cu 

and Au, and potential for further exploration. 

The Battle Mountain mining district has been the subject of considerable prior geologic 

work, including some classic studies of Nevada geology. Previous work on the Copper Basin 
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portion of the district includes Roberts (1964), Roberts and Arnold (1965), Tippett (1967), 

Sayers et al. (1968), Blake et al. (1979), Schmidt et al. (1988), Theodore et al. (1992), Blake 

(1992), Loucks and Johnson (1992), Hammarstrom (1992), and McKee (1992), a progress report 

on this project (Keeler and Seedorff, 2007), and unpublished work by numerous geologists 

working for Duval, Climax, Battle Mountain Gold, and Newmont. 

 

Regional Geology 

 

Tectonic setting 

Multiple tectonic episodes of various structural styles have created a complex geologic 

history in the Great Basin by overprinting and offsetting older structural features by younger 

ones. Beginning shortly before the onset of Phanerozoic time, delineation of the Cordilleran 

margin by rifting initiated the deposition of a westward-thickening sequence of miogeoclinal 

sedimentary rocks, composed of shallow to deep marine strata of Neoproterozoic to Devonian 

age (Stewart and Poole, 1974; Dickinson, 2006). Sedimentation patterns were disrupted by 

orogenic events, principally the Devonian-Mississippian Antler orogeny that formed the Roberts 

Mountains allochthon (Roberts et al., 1958; Roberts, 1964; Speed and Sleep, 1982) and the 

Permian-Triassic Sonoma orogeny that formed the Golconda allochthon (Silberling and Roberts, 

1962), although alternate interpretations have been presented (e.g., Ketner and Smith, 1982; 

Ketner, 1984). Unconformably overlying rocks of the Roberts Mountains allochthon is the Antler 

overlap sequence, which is composed of non-marine to shallow marine rocks. Lateral, deeper-

water equivalents of the Antler overlap sequence comprise the Devonian to Permian Havallah 

sequence (Dickinson, 2000). Most workers (e.g., Dickinson, 2006, but see also Ketner, 2008) 
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interpret that marine rocks of the Havallah sequence in the Golconda allochthon were thrust over 

rocks of the Antler overlap sequence during the Permo-Triassic Sonoma orogeny. 

Subduction of the Farallon plate beneath the North American plate led to magmatism in 

the Great Basin from Middle Jurassic through the mid-Tertiary (Barton, 1996). Late Cretaceous 

magmatism was more intense on the western margin of the Great Basin (Barton, 1990). 

Magmatism began to sweep eastward during the Laramide because of shallowing of the 

subducting slab. Subsequent steepening of the slab caused the arc to sweep back westward 

during the Tertiary, with arc magmatism terminating as a transform margin developed (Lipman 

et al., 1972; Dickinson and Snyder, 1978; Stewart and Carlson, 1978; John, 2001). Large-scale 

extension to form the Basin and Range migrated through the Great Basin with time (Wernicke et 

al., 1987; Seedorff, 1991a), beginning at least as early as the late Eocene and continuing after 

cessation of the subduction of the Farallon plate and development of the San Andreas transform 

fault system (Dickinson, 2002). In north-central Nevada, extension locally began in the late 

Eocene (Seedorff, 1991a) at ~38-42 Ma, though in certain domains the largest magnitude 

extension is considerably younger, e.g., ~16-10 Ma in the vicinity of the Caetano caldera 

(Colgan et al., 2008). 

 

Geologic framework 

The Paleozoic rocks in the district can be subdivided according to their positions with 

respect to regional thrust faults and form three distinct allochthonous plates (Fig. 1). The lowest 

plate is the Roberts Mountains allochthon, composed of the Ordovician Valmy and Devonian 

Scott Canyon Formations (Roberts, 1964). The Scott Canyon Formation, which is the only unit 

in the allochthon that crops out at Copper Basin, contains Devonian radiolarians (Jones et al., 
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1978) and consists predominantly of chert with interbeds of carbonaceous shale, argillite, and 

greenstone. The thicknesses of the Scott Canyon Formation has not been adequately constrained 

due to the lack of complete sections of rock, repetition of sections from folding, and the absence 

of good marker beds (Theodore et al., 1992). 

The Dewitt allochthon, composed of the Cambrian(?) Harmony Formation, is separated 

from the underlying Scott Canyon Formation by the Dewitt thrust fault (Fig. 1), which formed 

during the Antler orogeny and may be a splay of the Roberts Mountains thrust (Roberts, 1964; 

Theodore et al., 1992). Trilobites in the Hot Springs Range, 5 to 10 km west-northwest of the 

Osgood Mountains, suggest that the formation is Late Cambrian in age (Theodore et al., 1992); 

however, conodonts discovered in the Hot Springs Range suggest that the Harmony Formation is 

Devonian (Jones, 1997; Ketner, 2008). The Harmony Formation consists of interbedded quartz 

arenite, subarkose, arkose, shale, and limestone (Theodore et al., 1992, Theodore, 2000). 

Estimates of its stratigraphic thickness range from 600-1300 m (Stewart and Suczek, 1977), and 

Roberts (1964) measured 900 m in the Antler Peak quadrangle. 

Unconformably overlying the Roberts Mountains and Dewitt allochthons is the Antler 

overlap sequence (Fig. 1), which consists of the Middle Pennsylvanian Battle Formation, Upper 

Pennsylvanian and Lower Permian Antler Peak Limestone, and Upper Permian Edna Mountain 

Formation. In turn, the Battle Formation is subdivided into lower, middle, and upper units. The 

lower unit is composed of reddish brown, calcareous conglomerate with chert, quartzite, 

sandstone, limestone, and volcanic fragments as clasts. The middle unit consists of calcareous 

shale, and the upper unit is composed of quartzite and chert-pebble conglomerate (Theodore et 

al., 1992). Roberts (1964) estimates the thickness of the Battle Formation to be 222 m at Antler 

Peak, 8 km southwest of Copper Basin. The Antler Peak Limestone consists of two major facies: 
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a carbonate-dominant facies composed mostly of dark gray micrite, and a silica-dominated facies 

mostly composed of lighter gray, well bedded, carbonate-rich siltite. The Golconda allochthon 

occurs in the western portion of the Battle Mountain mining district (Fig. 1) and consists of 

tectonically interleaved rocks of the Devonian to Permian Havallah sequence (Stewart et al., 

1977; Miller et al., 1982; Murchey, 1990), formerly assigned to the Pumpernickel and Havallah 

Formations (Roberts, 1964). The chert, shale, and greenstone lithologies were assigned to the 

Pumpernickel Formation, whereas the Havallah Formation mostly consisted of calcareous 

sandstone, quartzite, shale, and minor amounts of chert and sandy limestone (Roberts, 1964; 

Theodore et al., 1992). A subalkaline rhyolitic welded ash-flow tuff unconformably overlies the 

Antler Peak Limestone east of Copper Basin at Elephant Head (Figs. 1 and 2). The tuff formerly 

was assigned to the Caetano Tuff (Gilluly and Masursky, 1965; Stewart and McKee, 1977; 

Burke and McKee, 1979; Doebrich, 1995), but recent work shows that the tuff exposed near 

Copper Basin is the late Eocene tuff of Cove Mine, dated at ~34.2 Ma. A sample collected at 

Elephant Head on the eastern edge of Copper Basin was dated by the 40Ar/39Ar method at 34.21 

± 0.07 Ma (John et al., 2008). The source of the tuff of Cove Mine is unknown but probably lies 

in or near the northern Fish Creek Mountains (John et al., 2008). In contrast, the type Caetano 

Tuff is slightly younger (~33.8 Ma), slightly more silicic (71-77 wt % SiO2 versus 68-74 wt % 

SiO2), and has a known eruptive source farther south, from the Caetano caldera (John et al., 

2008).  

The major intrusions in north-central Nevada are principally Cretaceous and Eocene-

Oligocene in age (Stewart, 1980). Copper Basin is one of four major felsic intrusive centers in 

the Battle Mountain mining district. The other three are at Copper Canyon (~39 Ma), Trenton 
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Canyon (~89 Ma), and Elder Creek (~39 Ma) (McKee, 1992). Dikes of various compositions, 

including diabase, also crop out in the district. 

 

Geology of the Copper Basin Area 

 

 The Copper Basin area contains local exposures of the Devonian Scott Canyon 

Formation but consists primarily of Cambrian(?) Harmony Formation and upper Paleozoic rocks 

of the Antler sequence, intruded by Late Cretaceous and Eocene stocks and dikes, as shown in 

Figure 2. The Harmony Formation is deformed into a broad, north to northwesterly trending 

anticline (Roberts and Arnold, 1965), which probably occurred during emplacement of the 

Golconda allochthon (Theodore et al., 1992, p. D95), and is converted to hornfels throughout 

much of Copper Basin. In the central and eastern parts of Copper Basin, the Harmony Formation 

is unconformably overlain by rocks of the Antler sequence, which dip eastward at shallow to 

moderate angles. The lower member of the Battle Formation is locally altered to skarn, but skarn 

is generally restricted to the basal 5 m of the unit. The upper Battle Formation does not crop out 

but is present in drill holes east of the Labrador and Surprise deposits. The Antler Peak 

Limestone is present, but the overlying Edna Mountain Formation is not present at Copper Basin. 

The tuff of Cove Mine crops out prominently at Elephant Head, where the compaction foliation 

dips east at 15 to 25°. These dips on compaction foliation likely record the amount of post-

depositional eastward tilting of the tuff, given that these dips are subparallel bedding in 

underlying rocks of the Antler overlap sequence (Fig. 2). 
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Small diabase dikes and plugs that intrude the Cambrian Harmony Formation but that are 

not in contact with any younger rocks may be lower Paleozoic in age. Less altered, undated 

diabase dikes have been observed in small outcrops around the Surprise and Labrador deposits.  

Felsic intrusions in the Copper Basin area range in age from Late Cretaceous to Tertiary. 

The characteristics of the various units are summarized in Table 2. Late Cretaceous igneous 

rocks are monzogranites with quartz, plagioclase ± K-feldspar, biotite ± (hornblende), with 

accessory apatite, sphene, magnetite, and zircon. Fresh and weakly altered versions contain 

between 66-70% SiO2 (Table l4 of Loucks and Johnson, 1992). In this study, four units were 

mapped: quartz monzonite porphyry, K-feldspar-quartz monzonite porphyry, large K-feldspar 

porphyry, and aplite (Fig. 2).  

Quartz monzonite porphyry is the oldest unit in the Buckingham deposit (largely or 

entirely predating molybdenum mineralization) and also forms east-west trending dikes on Vail 

Ridge east of the deposit. K-feldspar phenocrysts are rarely present, and quartz eyes are not 

obvious in hand samples of this unit; it contains small distinct biotite phenocrysts and <1 vol % 

hornblende phenocrysts set in an aplitic groundmass. The second unit, the K-feldspar-quartz 

monzonite porphyry, is similar in mineralogy and texture to the quartz monzonite porphyry unit 

except that it contains K-feldspar phenocrysts and lacks hornblende. It may be equivalent to the 

phase at depth that Loucks and Johnson (1992) logged in drill core, which contains crenulate 

quartz layers and is inferred to have been the main mineralizing intrusion. The third unit, the 

large K-feldspar porphyry is distinctive because of its abundant, large K-feldspar phenocrysts, 

moderately large quartz phenocrysts; it is an intermineral intrusion, as it cuts off many quartz-

molybdenite veins but does contain weak molybdenite mineralization. The fourth and final unit, 

aplite, consists of dikes of aplite that commonly occur as composite dikes with porphyry. Aplite 
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dikes have minor quartz phenocrysts and rare plagioclase and biotite phenocrysts in an aplitic 

groundmass. This unit crops out mostly within the eastern part of the Buckingham deposit.  

Tertiary intrusions are more compositionally diverse than the Late Cretaceous rocks. The 

Tertiary intrusive units include monzogranite, porphyritic leucogranite, granodiorite, rhyolite, 

granodiorite porphyry, and dikes of hornblende porphyry, biotite feldspar porphyry, and quartz-

biotite feldspar porphyry. Generally, quartz phenocrysts in Tertiary intrusive rocks at Copper 

Basin are distinctly bipyramidal and are larger and more abundant than those in the Cretaceous 

intrusions. The petrographic characteristics of the various Tertiary map units of Figure 2 also are 

summarized in Table 2.  

Several intrusive centers occur at the northern end of Copper Basin (Figure 2 and Table 

2), but these are barren to weakly mineralized and will not be discussed here. The granodiorite 

porphyry, however, is by far the most widespread intrusive unit in the Copper Basin area and 

locally is well mineralized. It is only observed in elongate dikes that range from 1 to 100 meters 

in thickness and as small plugs. Granodiorite porphyries (66-68% SiO2) contain phenocrysts of 

plagioclase, quartz, hornblende and/or biotite, and large K-feldspar phenocrysts set in a greenish-

gray aphanitic groundmass (Theodore et al., 1992; Loucks and Johnson, 1992). The dikes can 

vary in strike and dip and are commonly bounded by faults. The overall trend of the granodiorite 

dikes appears to be about N 10° E, and they have present-day dips of 30-50° west (Loucks and 

Johnson, 1992). 

Pebble dikes formed during the close of Tertiary igneous activity in the Copper Basin 

area. The dikes contain clasts of monzogranite porphyry, granodiorite porphyry, and Harmony 

Formation but are dominated by clasts of Scott Canyon Formation, suggesting a source beneath 

the Dewitt thrust (Loucks and Johnson, 1992). The dikes commonly are matrix supported, and 
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the grayish black color of the rock flour matrix is imparted by black chert and comminution of 

carbonaceous clasts from the Scott Canyon Formation. 

Several normal faults occur in Copper Basin, most of which have northerly to 

northwesterly strikes and easterly dips. According to previous workers (e.g., Theodore et al., 

1992; Loucks and Johnson, 1992), t most of the faults cut the Late Cretaceous monzonitic 

intrusions, the Eocene granodiorite porphyry dikes and plugs, and the related hypogene mineral 

deposits, thereby complicating the interpretation of the nature of the intrusive centers and 

associated mineral deposits.  

 

Geochronology 

 

Previous studies and sampling 

Prior to this study, twenty-one samples from the Copper Basin area have been dated 

using various methods (Table 3). McKee (1992) dated seventeen samples using K/Ar dating 

techniques and one sample using the 40Ar/39Ar method. Additionally, Newmont geologists had 

three samples from the southern portion of the Contention pit dated, one using the 40Ar/39Ar 

technique and two using U-Pb (M. Ressel, written comm., 2001).  

In this study, five additional samples were collected and dated at the University of 

Arizona using the multiple-collector laser-ablation inductively coupled plasma-mass 

spectrometry (MC-LA-ICP-MS) method on zircons from felsic intrusions. Two of the samples 

are from the Buckingham porphyry molybdenum deposit of Late Cretaceous monzogranite 

porphyries (McKee, 1992), and three are granodiorite porphyries, previously thought to be 

Oligocene in age (McKee, 1992), two of which are from the Surprise and Labrador porphyry-
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related gold ± copper deposits. Sample locations are recorded in Table 3 and plotted on Figure 2.  

 

Analytical methods 

Zircons were liberated from whole rock samples using a jaw crusher and wheel 

pulverizer and separated using a Wilfley table, Franz magnetic mineral separator, and methylene 

iodide heavy liquid. Inclusion-free (mostly) zircons were hand picked under a binocular 

microscope from the remaining non-magnetic fraction. The zircons were then mounted in a 

plastic disk by pouring epoxy over grains organized on double-sided tape and polished with a 

series of grits to a diamond finish. Cathodoluminescence (CL) images of the grain mounts were 

obtained using a scanning electron microscope (SEM), as the CL images reveal zoning patterns 

in zircon grains and later are used to map the locations of points analyzed on each grain. After 

CL images were obtained, the carbon coating was removed, and the sample was repolished with 

diamond powder and etched with 3000 grit paper to aid in focusing the laser beam during 

analysis. 

The U-Pb analyses involve ablation of zircon with a New Wave DUV193 Excimer laser 

operating at a wavelength of 193 nm, using a spot diameter of 35 μm. The ablated material is 

carried in a mixture of argon (80%) and helium (20%) into the plasma source of a Micromass 

Isoprobe, which is equipped with a flight tube of sufficient width that U, Th, and Pb isotopes are 

measured simultaneously. All measurements are made in static mode, using Faraday detectors 

for 238U, 232Th, and 208-206Pb and an ion-counting channel for 204Pb. Ion yields are 0.5-1.0 mv per 

ppm. Each analysis consists of one 20-second integration on peaks with the laser off (for 

background measurements), 20 one-second integrations with the laser firing, and a 30-second 

delay to purge the previous sample and prepare for the next analysis. The ablation pit is ~15 μm 
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in depth. For each analysis, the errors in determining 206Pb/238U and 206Pb/204Pb result in a 

measurement error of ~2% (at 2σ level) in the 206Pb/238U age. The errors in measurement of 

206Pb/207Pb and 206Pb/204Pb also result in ~2% uncertainty (at 2σ level) in age for grains that are 

>1.0 Ga, but the uncertainty is substantially larger for younger grains due to low intensity of the 

207Pb signal. For most analyses, the cross-over in precision of 206Pb/238U and 206Pb/207Pb ages 

occurs at ~1.0 Ga. Common Pb correction is accomplished by using the measured 204Pb and 

assuming an initial Pb composition from Stacey and Kramers (1975), with uncertainties of 1.0 

for 206Pb/204Pb and 0.3 for 207Pb/204Pb. Our measurement of 204Pb is unaffected by the presence 

of 204Hg because backgrounds are measured on peaks (thereby subtracting any background 204Hg 

and 204Pb) and because very little Hg is present in the argon gas. Inter-element fractionation of 

Pb/U is generally ~20%, whereas fractionation of Pb isotopes is generally <5%. In-run analysis 

of fragments of a large concordant zircon crystal (generally every fourth or fifth measurement) 

with known age from conventional isotope dilution-thermal ionization mass spectrometry of 564 

± 4 Ma (2σ error) is used to correct for this fractionation. The uncertainty resulting from the 

calibration correction is generally 2-3% (2σ) for both 206Pb/207Pb and 206Pb/238U ages.  

 

Results 

Using the zonation patterns observed in the CL images, both tips and cores of zircon 

grains were analyzed. The cores were analyzed as a test for inheritance. Inherited cores were 

relatively uncommon and, where present, were mid-Proterozoic in age. Inherited cores and 

analyses of tips on these grains that appeared to be affected by inherited cores were discarded 

from the analysis to give a more accurate crystallization age. In addition, discordant grains were 

rejected from the date calculation. Concordance was determined using Isoplot/Ex version 3.0 of 
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Ludwig (2003) (Fig. 3). Ages were determined using weighted averages of concordant data (Fig. 

4) and are listed in Table 3. Tables 4 to 8 contain data for individual spot . 

Two samples of Late Cretaceous rocks from the Buckingham deposit were collected. The 

first sample (DAK-06-004) is from a dike of quartz monzonite porphyry in the northern highwall 

of the Sweet Marie pit (Fig. 2; Table 3). As noted in an earlier section, this rock type is regarded 

as an early, weakly mineralized to barren intrusion in the Buckingham system, and it yielded an 

age of 96.7 ± 1.4 Ma. The dike lies in the hanging wall of and is cut off by the Contention fault. 

The feldspars and mafic minerals have been altered to sericite. No quartz veins related to the 

intrusion cut the fault zone, suggesting that the Contention fault initiated after emplacement of 

the dike. A broad syncline, possibly a drag fold related to faulting, composed of Harmony 

Formation comprises the footwall. The second sample of Late Cretaceous rocks (DAK-06-003) 

is of the large K-feldspar porphyry unit, which is a late, weakly mineralized unit in the 

Buckingham deposit. The sample was collected on the western side of the Buckingham deposit 

(Fig. 2), near where the first sample of McKee (1992) was collected (Table 3). McKee’s sample 

yielded a K-Ar age of 61.3 ± 1.5 Ma, whereas the U-Pb age is 92.2 ± 1.4 Ma (Table 3).  

Three samples of granodiorite porphyry, previously regarded as being early Oligocene in 

age (McKee, 1992), were collected from various locations (Fig. 2; Table 3). The resulting U-Pb 

ages, 38.7 ± 0.6 Ma, 39.7 ± 0.6 Ma, and 39.9 ± 0.7 Ma, are within error of one another. The first 

granodiorite porphyry sample (DAK-06-001), collected ~680 m west of Vail Peak in the hanging 

wall of the Long Canyon fault (Fig. 2), contains phenocrysts of plagioclase altered to copper-

bearing halloysite and chrysocolla, similar to characteristics observed in the granodiorite at 

Copper Canyon (Clement, 1968). This sample yielded an age of 38.7 ± 0.6 Ma, three million 

years older than the K-Ar date previously obtained for this unit and similar to the weighted mean 

18 
 



of several K-Ar ages (recalculated for new decay constants) of the granodiorite porphyry at 

Copper Canyon, 39.2 ± 0.02 Ma (Theodore et al., 1973). The second sample of granodiorite 

porphyry (DAK-06-002) was collected from the northwestern highwall of the Surprise pit (Fig. 

2) and yielded an age of 39.7 ± 0.6. This intrusive body crops out next to Antler Peak Limestone, 

which locally contains veins of garnet skarn. Samples of relatively fresh granodiorite were 

collected within one meter of the contact. Small amounts of garnet endoskarn were observed 

along the contact. Similarly, the third granodiorite sample (DAK-06-005) was collected from a 

dike that cuts across the Labrador pit (Fig. 2) and that is cut by skarn veins and is bounded by 

faults. This sample yielded an age of 39.9 ± 0.7 Ma. 

 

Structural geology 

 

Overview and methods 

The Copper Basin area has been affected by several generations of faults that dissect the 

mineral deposits, which are described in a later section, and disrupt the hypogene zoning 

patterns. In an attempt to constrain the directions and amounts of slip on the Buckingham, 

Second, Long Canyon, Contention, and Elvira faults, faults were remapped on the surface, and 

data from ~2400 drill holes in the area were reviewed. Nearly all core from these holes, drilled 

by various companies over a period that spanned more than five decades, has been lost or 

damaged and thus is no longer available to relog, but a nearly complete record of geologic logs 

and assays is available.  

Structure contour maps were generated for each major fault by using elevation data from 

the outcrop traces and drill hole piercements of fault intercepts (Figs. 5-7, 9). All of the faults 
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turn out to be relatively planar, rather than strongly listric in geometry (Figs. 5-7, 9). Maps of the 

horizontal projections of the hanging wall and footwall surfaces of faults also were produced, 

using both rock types and Mo grades, where applicable, as structural markers (Figs. 5-7, 9). 

Because of inadequate geologic descriptions on drill logs, the phases of the Buckingham stock 

identified by Loucks and Johnson (1992) could not be reproduced, so the fault surface geologic 

maps mainly show contacts of undivided Cretaceous monzogranite porphyry with Harmony 

Formation and Tertiary granodiorite porphyry dikes. To minimize the effects of local fractures or 

small high- or low-grade zones, Mo assays were averaged over 100-ft (~30-m) intervals above 

and below a fault, and intervals of late dikes that greatly dilute overall Mo grades were omitted 

when calculating average grades.  

 

Contention fault 

The Contention fault is mainly exposed in the Contention pit (Figs. 2, 12). Breccias along 

the Contention fault contain cobbles of quartz-veined porphyry and Harmony Formation, but 

new observations indicate that quartz veins are confined to the clasts (cf. Theodore et al., 1992). 

Quartz veins do not cut the matrix of the breccia nor do veins of the dike (DAK-06-004) cut the 

Contention fault (Fig. 12B, F); hence, movement on the fault appears to postdate intrusion and 

hypogene alteration. The Contention fault can be traced west of the pit for ~450 m before 

apparently dying out (Fig. 2). Measurements on the fault have been taken throughout the strike 

length of the fault, from a wash south of Vail Peak to the current eastern wall of the Contention 

Pit, including numerous temporary exposures produced during mining operations (Fig. 5). The 

strike measurements range from roughly east-west to west-northwest, and dips range from ~15 to 

35° north.  
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The structure contour map of the Contention fault indicates that the down-dip projection 

of the fault has an average strike of ~N55W and average dip of 15° north (Fig. 5). The direction 

of slip can be determined, but the amount of slip is conjectural despite numerous drill hole 

piercements of the fault. The direction of slip is N32E, as indicated by the outcrop of lower 

Battle Formation and occurrences of lower Battle in drill holes, two in the hanging wall and one 

in the footwall (Fig. 5). Offset of Late Cretaceous dikes on Vail Ridge can be used to estimate 

the amount of slip on the Contention fault. The dikes are steep but their actual dips are not well 

constrained, so it was assumed for this calculation that the dikes are vertical and that movement 

was dip slip, resulting in projections of the dike on the hanging wall and footwall map to match 

identically with the shapes mapped at the surface. A point in Dike A at the surface in the hanging 

wall was projected along the estimated displacement direction to a point in Dike 2 in the footwall 

(Fig. 5). This moved the dike observed in the hanging wall of the fault in a drill hole to be moved 

roughly along strike of Dike 1 in the footwall. The offset was determined to be ~165 m of slip 

down dip. This calculation also assumed that the dike in the drill hole was related to Dike 1 and 

that Dike A was related to Dike 2. Should Dike A be related to Dike 3 and the drill hole related 

to Dike 2, the displacement instead would be ~235 m. Should the dikes dip north, the amount of 

slip is underestimated; should they dip south, the slip is overestimated.  

 

Buckingham, Second and Long Canyon faults 

The Buckingham, Second, and Long Canyon faults are subparallel, north-northwest 

striking, moderately northeast dipping faults that dissect the Buckingham Mo-Cu deposit (Fig. 

2). The Buckingham fault, the westernmost member of this set of faults, has a surface strike 
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length of ~3000 m and measured orientations with strikes ranging from N45W to N20W and 

dips of 25-30° northeast (Figs. 2 and 6).  

The structure contour map for this fault (Fig. 6) shows an overall strike of ~N20-25W 

with a dip of ~50° northeast. Using Mo assay data and geologic units as structural markers, slip 

on the fault is calculated to be ~495 m with little or no strike-slip component (Fig. 6). The 

amount and direction of slip were primarily constrained by higher grade zones in the hanging 

wall needing to be restored far enough to be separated from low-grade zones in the footwall, as 

well as offsets along geologic contacts in drill holes. 

The Second fault is the next major fault to the east in this set of north-northwest striking 

faults and has a mapped strike length of ~1000 m (Fig. 2). Theodore et al. (1992) mapped this 

fault an additional 1160 m to the south, but the continuation could not be confirmed. No field 

measurements on the orientation of the fault are known. 

A structure contour map created from drill hole data indicates an average strike of N20W 

with a dip of ~55° to the northeast (Fig. 7). The geologic fault surface maps for rock type and 

Mo assay contours are similar in appearance to those created for the nearby Buckingham fault. 

The slip direction is not well constrained, but it was assumed that movement was dip slip. The 

calculated amount of slip on the Second fault is ~360 m, much less than the estimate for the 

Buckingham fault.  

The Long Canyon fault, the third fault in the set, does not crop out, and its location is 

largely inferred from apparent offset of dikes on opposite sides of Long Canyon (Fig. 2). The 

fault is concealed by alluvium but appear to follow the wash in Long Canyon with a surface trace 

of ~N35W. 
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Only one drill hole in the hanging wall of the fault appears to be deep enough to pierce 

the fault. Because the location of the fault at the surface is uncertain within the width of the 

alluvium-covered wash, the dip calculated on the basis of this drill piercement is between 55 and 

75°. Assuming a dip of 60°, a cross section on the 2,135,800 northing indicates that an Eocene 

dike is offset ~50 m. This displacement is conjectural and assumes the dike at the surface in the 

hanging wall is related to the closest dike projected into the footwall (Fig 8). Should Dike A 

projected from the surface in the hanging wall be related to Dike 1 projected from drill holes in 

the footwall, the slip would be ~50 m. Should Dike A be associated with Dikes 2 and 3 (these 

two dikes are merged into one dike on the 2,135,800 northing), the slip would be ~210 m.  

 

Elvira fault 

The Elvira fault, which transects the Labrador and Surprise deposits on the eastern side of 

Copper Basin (Fig. 2), is a northerly striking fault that previous workers (e.g., Schmidt et al., 

1988; Theodore et al., 1992) have interpreted as a steep reverse fault. Although faults near the 

Elvira fault that have small offsets dip steeply to the southeast, relatively recent, mine-related 

exposures and drill hole piercements show that the main fault is a moderately north-dipping 

normal fault. In the northern part of the Surprise pit, the Elvira fault places unaltered, 

fossiliferous Antler Peak Limestone on garnet skarn of the Harmony and lower Battle 

Formations. In the southern part of the Surprise pit, middle Battle Formation overlies the 

Harmony Formation. Between these two areas, the Elvira fault is offset by the ESE-striking 

Surprise fault (Schmidt et al., 1988; Theodore et al., 1992), whose displacement increases from 

southeast to northwest.  
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The Elvira fault is now exposed in the northern end of the Surprise pit (Fig. 2). Here, the 

fault strikes N57E and dips 55°N. A structure contour map constructed from drill hole data and 

surface mapping suggests that the fault has an irregular form or is cut by younger (both known 

and potentially unrecognized) faults, as the apparent strike of the fault ranges from N20E to 

N50E (average ~N35E), with an average dip of 69°NW (Fig. 9). The fault surface maps (Fig. 9) 

indicate ~335 m of slip, oriented approximately in the down-dip direction.  

 

Ore deposits 

The mineralization at Copper Basin consists of hypogene Cu, Mo, W, Ag, and Au 

mineralization and supergene Cu deposits in an area intruded by several phases of a composite 

Late Cretaceous monzogranite porphyry stock and multiple Eocene granodiorite porphyry plugs 

and dikes. The distribution of metals and intrusions is further complicated by post-mineral 

faulting and weathering (Fig 2). The principal deposits include the Buckingham Mo-Cu deposit, 

the Contention, Sweet Marie, and Widow supergene copper deposits, and gold-copper deposits at 

Surprise and Carissa, and the gold (± copper) deposits at Labrador, Northern Lights, and Empire. 

Additional  deposits are described by Roberts and Arnold (1965) and Theodore et al. (1992).  

Buckingham porphyry molybdenum system: The western side of Copper Basin contains 

the Buckingham porphyry molybdenum deposit (Fig. 2), which is estimated to contain a mineral 

resource of 1.3 billion tonnes at an average grade of 0.058% Mo and 0.034% Cu (Carten et al., 

1993). Figure 10 depicts the geology of the Buckingham deposit in an east-west cross section. 

The Buckingham deposit is related to an east-west band of monzogranitic intrusions, as 

described above, emplaced into the Cambrian(?) Harmony Formation (Fig. 2).  
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Loucks and Johnson (1992) identified seven main igneous phases at Buckingham that 

intruded surrounding rocks of the Harmony Formation, metamorphosed them to hornfels, and 

altered and variably mineralized them with Mo, Cu, W, and other metals. Pre-mineral and syn-

mineral phases are all similar mineralogically and include rocks that were termed quartz 

monzonite porphyry, K-feldspar-quartz monzonite porphyry, quartz-K-feldspar porphyry, fine-

grained quartz-feldspar porphyry. Intermineral phases include large K-feldspar porphyry and two 

types of intermineral dikes: aplite dikes and intermineral porphyry dikes (Loucks and Johnson, 

1992). U-Pb ages on various phases are all Late Cretaceous, ranging from 92.2 to 98.8 Ma (Table 

3). Although Loucks and Johnson (1992) refer to the intrusions as the East and West stocks (cf., 

their Fig. 51), cross sections indicate that Tertiary normal faulting has tilted and dismembered a 

single, albeit composite, intrusive center into several fault blocks (Fig. 10).  

All Late Cretaceous phases are inferred to have carried Mo and formed shells of 

molybdenite mineralization that overlap locally to produce higher Mo grades. Younger, post-

mineral granodiorite porphyry dikes that are Eocene in age, with U-Pb dates that range from 38.7 

to 39.9 Ma (Table 3), cut the composite stock and dilute the Mo and Cu grades, particularly on 

the eastern side of the deposit (Loucks and Johnson, 1992). As shown by Loucks and Johnson 

(1992, Figs. 69, 70), the granodiorite porphyry dikes typically have Mo grades of only ~10 ppm 

and Cu grades of <10 to 50 ppm, compared with 0.03-0.1 wt % Cu in adjacent rocks of the 

Buckingham stock or Harmony Formation. Au assays in drill holes in the Buckingham stock are 

sparse, and most values are at or below the detection limit (mostly 0.001 oz Au/t, i.e., ~0.03 

ppm). Nonetheless, there are examples of high individual assays, such as 0.9 ppm, 2.0 ppm, and 

4.8 ppm Au, but nearly all significant gold intercepts occur within 10 m of an Eocene 
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granodiorite porphyry dike. A similar increase in silver grade in and near granodiorite porphyry 

dikes also is observed (Loucks and Johnson, 1992). 

Mineralization is hosted by the Harmony Formation and Late Cretaceous stock. 

Molybdenite (Mo), chalcopyrite (Cu), tetrahedrite (freibergite) (Cu, Ag), and scheelite (W) are 

the most significant hypogene ore minerals (Loucks and Johnson, 1992).  

The Harmony Formation has mostly been altered to biotite hornfels, overprinted by lesser 

amounts of sericite and converted to calc-silicate hornfels and skarn. The Late Cretaceous stock 

exhibits variable alteration types, including potassic, propylitic, and weak to strong intermediate 

argillic alteration (Loucks and Johnson, 1992).  

Supergene copper deposits: Supergene copper deposits at Copper Basin contain minor 

silver and little to no gold (Table 1). Contention, Sweet Marie, and Widow occur in the center of 

Copper Basin, and Mesa and Copper Queen occur on the periphery; as a group, the supergene 

copper deposits are arrayed around the east-west trending dikes of Late Cretaceous quartz 

monzonite on Vail Ridge, due east of the Buckingham Mo deposit (Fig. 2). Consistent with the 

observations of Blake (1992), the deposits are hosted principally by Harmony Formation, which 

becomes somewhat more calcareous up section to the east, containing local skarn beds, such as 

within the Contention and Sweet Marie deposits. Beneath the supergene deposits where 

hypogene minerals are preserved, the hypogene sulfide content decreases away from the dike 

swarm, i.e., decreases northward in the Contention pit and vicinity (Blake, 1992). The principal 

hypogene sulfide minerals are pyrite, pyrrhotite, chalcopyrite, galena, sphalerite, molybdenite, 

marcasite, and rare arsenopyrite; the total sulfide abundance is generally low (~2 vol %) except 

in certain sandstone beds (5-10 vol %). Blake (1992) noted the overall similarity of the hypogene 

sulfide mineralogy to the Buckingham area, except for a higher chalcopyrite : molybdenite ratio. 

26 
 



Clastic rocks, which make up the majority of the deposits, are converted to biotite hornfels. 

Calcareous rocks are converted to skarn and calc-silicate hornfels. Anhydrous skarn contains 

garnet and pyroxene, which are in turn variably replaced by actinolite, tremolite, and epidote 

(Blake, 1992). Quartz veins with K-feldspar envelopes, quartz + pyrite + (chalcopyrite ± 

molybdenite) veins with sericitic envelopes, and pyrite veins sericitic envelopes are 

superimposed on biotite hornfels and other early hydrothermal features. 

The supergene copper deposits primarily occur as enrichment blankets overlying 

hypogene mineralization and consisting of supergene chalcocite, which replaces pyrite and lesser 

pyrrhotite and chalcopyrite, with minor covellite accompanying chalcocite in the lower portions 

of the zone of enrichment (Sayers et al., 1968; Blake, 1992). The deposits form tabular bodies 

oriented subparallel to the pre-mining surface, varying in thickness from as thin as 2 m to as 

thick as 70 m. At both the Contention and Sweet Marie deposits, the base of the enrichment 

blanket is fairly sharp and conforms to the Contention fault zone; elsewhere, there is a more 

gradual transition downward to rock with only hypogene sulfides. Within the blanket, small 

faults and fractures localize higher copper grades. The chalcocite blankets commonly underlie a 

leached capping that typically is a few tens of meters thick. The leached capping is locally 

maroon colored and hematitic, consistent with formation of the supergene blanket in a two-stage 

process, with an earlier cycle developed prior to deposition of the late Eocene tuff of Cove Mine 

and a later cycle developed during and after erosion of the tuff to the present day (Sayers et al., 

1968; Tippett, 1967; Blake, 1992). Various oxide copper minerals (e.g., chrysocolla, turquoise, 

malachite) are present in the leached capping or near the interface with underlying chalcocite and 

in partially oxidized skarn and calc-silicate hornfels; indeed, the Sweet Marie deposit consists 

mainly of oxide copper minerals with lesser residual chalcocite (Sayers et al., 1968).  
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Porphyry-related gold-copper deposits: The Surprise and Carissa deposits (Fig. 2; Table 

1) are structurally-controlled deposits spatially associated with weathered skarn, gossan, and 

silicified sedimentary rocks that contain significant amounts of both gold and copper (Schmidt et 

al., 1988). Both deposits occur in a northerly trending body of skarn that forms along the 

unconformable contact between the Harmony Formation and overlying lower Battle Formation, 

the skarn D of Hammarstrom (1992), which is present along the western side of Copper Basin. 

At the Surprise deposit, which is the better described of the two deposits, gold is contained in 

weathered rocks containing garnet skarn beds of the Harmony Formation and conglomerate of 

the bottom 10 m of the lower Battle Formation, where present. Skarn consists of earlier 

grossularitic garnet and later andradite skarn with only minor pyroxene and amphibole, although 

much of the garnet was replaced by subsequent quartz-chlorite-calcite-magnetite-specular 

hematite (Schmidt et al., 1988; Hammarstrom, 1992). Gold occurs with goethite, quartz, and 

oxide copper minerals, and copper occurs as oxide copper minerals, chrysocolla and lesser 

malachite, filling open spaces and fractures in skarn. Ore appears to be localized by two 

mineralized normal faults: (1) the Copper King fault, which strikes north-northeast and dips 

steeply east, and (2) the Surprise fault, which strikes west-northwest and dips steeply north. 

Devonian-Ordovician diabase and granodiorite porphyry cut the Harmony Formation in 

the Surprise pit. A granodiorite porphyry dike cut by veins of garnet endoskarn, which crops out 

in the northwestern highwall of the Surprise pit, has a U-Pb zircon age of 39.7 ± 0.6 Ma (see 

above). 

Porphyry-related gold ± (copper) deposits: The Labrador, Northern Lights, and Empire 

deposits (Fig. 2; Table 1) were mined for gold but contained only small amounts of copper at the 

time they were mined (Schmidt et al., 1988), although later drilling indicate that copper grades 
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generally increase with depth beneath the mined levels (Fig. 11). Labrador is located near the 

northern end of the same skarn horizon, skarn D of Hammarstrom (1992), that hosts the Surprise 

and Carissa Au-Cu deposits. As at Surprise, gold in the Labrador deposit is contained in highly 

altered and oxidized garnet skarn of the Harmony Formation and of the basal 10 m of the lower 

Battle Formation. The garnet skarn at Labrador also has largely been replaced during skarn-

destructive alteration, but the assemblage of chlorite-quartz-calcite±(epidote) lacks the 

magnetite, specular hematite, and abundant copper mineralization, which are present at Surprise 

(Schmidt et al., 1988). Gold is associated with gossan that follows steeply dipping, north-

northeast and west-northwest striking normal faults. A granodiorite porphyry dike in the 

Labrador pit that is bounded by faults and cut by garnet endoskarn veins was dated in this study 

by the U-Pb zircon method at 39.9 ± 0.7 Ma (see above). 

The Northern Lights and Empire deposits occur in the southeastern part of Copper Basin. 

Skarn is not reported at either Northern Lights or Empire, as the deposits are hosted by siltstones 

and sandstones of the Harmony Formation, probably formed at a slightly lower stratigraphic 

level in the Harmony Formation than the other, skarn-bearing, gold-copper and gold ± (copper) 

deposits (Fig. 2). Gold is contained in fine-grained silica and iron oxides, inferred to have been 

silica-pyrite alteration prior to weathering (Schmidt et al., 1988). As at Labrador, gold in the 

Northern Lights and Empire deposits appears to be related to steeply dipping, north-northeast 

and west-northwest striking normal faults. Sills of Devonian-Ordovician diabase and felsic sills 

that some workers have assigned to Late Cretaceous units (e.g., Theodore et al., 1992) have been 

mapped in and near the Northern Lights and Empire deposits (Schmidt et al., 1988).  

 

Interpretations 
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Age of hypogene mineral deposits and the genetic relationship of metals to intrusions 

Copper Basin is an area where temporally distinct hydrothermal systems overlap, thereby 

obscuring the assignment of certain geologic features to any particular hydrothermal system and 

sometimes also making it more difficult to obtain a precise age on a specific event. The new U-

Pb age dates provide additional and more accurate time constraints on events in the Copper 

Basin area, and the geologic relationships documented in this study also provide a framework for 

revising the ages of various geologic features.  

Earlier K-Ar ages for the Buckingham deposit range from 61.3 ± 1.5 Ma to 88.0 ± 2.0 

Ma, whereas U-Pb ages from both this study and unpublished Newmont data range from 92.2 ± 

1.4 Ma to 98.8 ± 2.0 Ma (Table 3). The young K-Ar dates presumably reflect thermal effects 

from Tertiary intrusions that partially reset ages in K-bearing minerals of Late Cretaceous rocks. 

The U-Pb dates bracket the age of mineralization between a pre-mineral unit with dates as old as 

~99 Ma and a late mineral unit that is dated at ~92 Ma. These U-Pb ages do not overlap within 

the margins of error, suggesting that multiple, distinct pulses of Late Cretaceous magmatism, 

perhaps separated by several million years, formed the composite Buckingham stock.  

Molybdenum (as molybdenite) and tungsten (as scheelite) are unequivocally related to 

the Buckingham stock, and exhibit higher grades on the western side of Copper Basin than on 

the eastern side (Loucks and Johnson, 1992), which corresponds to deeper levels of the Late 

Cretaceous system. The distribution of hypogene copper grades (Fig. 11) follows the easterly 

trends of Late Cretaceous monzogranite porphyry intrusions. The copper grade pattern confirms 

earlier interpretations of Theodore et al. (1992) and Blake (1992) that the Buckingham system, 

though disrupted by the Buckingham, Second, and Long Canyon faults, extends all the way to 
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the western edge of Copper Basin. The Late Cretaceous hydrothermal effects included formation 

of skarns in the calcareous beds in the upper part of the Harmony Formation and at the base of 

the Battle Formation (Hammarstrom, 1992; Theodore et al., 1992), although skarn formed 

locally around and in Eocene granodiorite porphyry dikes. The map patterns of Late Cretaceous 

hydrothermal features nonetheless display system-scale zoning (e.g., Fig. 61-65 of Loucks and 

Johnson, 1992), and this zoning includes an eastward increase in the abundance of chalcopyrite 

relative to molybdenite hosted by clastic rocks of the Harmony Formation (e.g., Blake, 1992) and 

a northward decrease in hypogene copper grade in skarn (Fig. 11).  

The new U-Pb dates on granodiorite porphyry dikes in the Surprise and Labrador pits, 

where they are gold-bearing and are cut by garnet veins, have dates of 39.7 ± 0.6 and 39.9 ± 0.7 

Ma, respectively, and another granodiorite porphyry west of Vail Peak has an age of 38.7 ± 0.6 

Ma. Another swarm of these Eocene granodiorite porphyry dikes also cuts the Buckingham Mo-

Cu deposit (Figs. 2, 10), where they generally are propylitically altered. The granodiorite 

porphyry dikes are dramatically depleted in Mo and Cu compared to the mineralized Late 

Cretaceous monzogranitic rocks that they cut (Fig. 10). Though this swarm of Eocene 

granodiorite porphyry dikes is not as highly mineralized as the swarm farther east, spikes in Au 

and Ag grades occur in and near the Eocene dikes, as described above. Crosscutting relationships 

suggest that granodiorite porphyry dikes are among the youngest, if not the youngest, intrusive 

rock in the Copper Basin area. The resulting ages suggest that there may have been no magmatic 

activity in the Copper Basin area during the Oligocene as previously reported (e.g., McKee, 

1992); considering that the Eocene-Oligocene boundary is currently placed at 33.9 Ma (Walker 

and Geissman, 2009), the Tertiary activity may be solely Eocene. 
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There has been considerable uncertainty as to the ages of the major gold-bearing deposits. 

The age of the Surprise deposit is commonly regarded as Late Cretaceous (e.g., Schmidt et al., 

1988; Blake, 1992), although Labrador is generally regarded as largely or entirely Eocene or 

Oligocene in age (Schmidt et al., 1988; Blake, 1992), and the silica-pyrite hosted deposits at 

Northern Lights and Empire are assumed to have formed in the Late Cretaceous (D. P. Cox, 

written comm., 1989, cited in Blake, 1992) or in the Late Cretaceous or Eocene (Schmidt et al., 

1988). The porphyry-related gold deposits are associated with northerly striking normal faults, 

and many of the deposits contain granodiorite porphyry dikes, which are now dated as Eocene. 

The above observations are consistent with an interpretation that all of the porphyry-related gold-

copper and gold ± (copper) deposits are Eocene in age and are at least broadly related to 

emplacement of swarms of west-dipping granodiorite porphyry dikes. The gold occurs mostly in 

iron oxide veins; prior to weathering, these presumably were pyritic veins formed at very high 

levels of a porphyry system. The Eocene gold mineralization, nonetheless, was superimposed on 

the edge of the Buckingham hydrothermal system, and the bulk of the skarn in the skarn-bearing 

deposits, Surprise and Labrador, formed in the Late Cretaceous at high levels in the Buckingham 

system. However, the granodiorite porphyry dikes locally are cut by endoskarn garnet veins that 

must also be Eocene in age; hence, there may be small volumes of exoskarn and replacement 

deposits of Eocene age in these deposits. Although the gold deposits in Copper Basin are similar 

in age to the Copper Canyon-Fortitude area nine km to the south (Theodore et al., 1973; Wotruba 

et al., 1988; Myers and Meinert, 1991; Cary et al., 2000), most of the skarn at Copper Basin is 

unrelated to the Eocene gold system and thus is not analogous to Fortitude. There are no 

crosscutting relationships to constrain the age of the weathered silica-pyrite bodies at Northern 
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Lights and Empire, but their close spatial association with gold (Schmidt et al., 1988) suggests 

that they may be a product of the Eocene system.  

The hypogene origin of significant copper at several of the gold deposits (e.g., Carissa 

and Surprise), as well as smaller amounts of copper in other gold deposits, is obscured by the 

fact that the copper is contained in supergene minerals. The district-scale copper zoning patterns 

(Fig. 11) suggest that nearly all of the copper in those deposits is a product of weathering of the 

Late Cretaceous system and was not introduced by the Eocene system. This interpretation is 

consistent with the fact that the Eocene granodiorite porphyry dikes at Buckingham have only 

background levels of copper, commonly ~10 ppm. Hence, the presence of copper at the present 

level of exposure in the gold deposits is largely, if not entirely, a function of superposition of the 

Eocene gold system on the copper-bearing fringe of the Late Cretaceous Buckingham porphyry 

Mo-Cu system. Nonetheless, the Eocene hydrothermal system could become copper-bearing at 

depth. Conversely, Au probably would be a by-product if the Buckingham porphyry Mo-Cu 

system were to be mined in the future; however, the Late Cretaceous Buckingham system does 

not contain significant gold; the presence of gold is a result of the superposition of the Eocene 

gold system on parts of the Late Cretaceous Mo-Cu system. 

 

Source and timing of supergene copper mineralization 

The evidence cited above indicates the source of virtually all of the hypogene copper in 

Copper Basin is from the Late Cretaceous Buckingham system. This faulted and moderately 

east-tilted system exhibits Mo-Cu mineralization at depth that grades upward, prior to faulting 

and tilting, into Mo-poor copper mineralization. The Contention, Sweet Marie, and Widow 

deposits are chalcocite blankets that that formed in a two-stage process, with the first cycle prior 
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to deposition of the late Eocene tuff of Cove Mine at ~34.2 Ma (John et al., 2008) and the second 

cycle after emplacement of the tuff, continuing to the present day. The deposits underlie a 

leached capping that typically is a few tens of meters thick, and the attitude is parallel to present 

surface (Sayers et al., 1968; Tippett, 1967; Blake, 1992).  

As documented by earlier workers, supergene enrichment is due at least in part to 

downward leaching of copper from the exposed and eroded levels of the leached capping (Sayers 

et al., 1968; Tippett, 1967; Blake, 1992). A comparison of the distribution of supergene copper 

grades and the underlying hypogene grades (Fig. 11) suggests that the transport of copper in 

groundwater may also have had a lateral component of movement, i.e., a “bedrock exotic” 

component (e.g., Münchmeyer, 1996; Sillitoe, 2005), although this hypothesis has not been 

evaluated quantitatively. Inferred flow directions would be eastward, from the area of the 

Buckingham molybdenum mineralization parallel to the present surface drainage direction, and 

perhaps also northward toward the Surprise and Labrador deposits, along small-offset, northerly 

striking Tertiary normal faults broadly coincident with the Eocene gold deposits. A component 

of lateral transport parallel to the present surface has been documented at other supergene copper 

deposits in Nevada, including MacArthur in the Yerington district (Heatwole, 1978) and in the 

Robinson district (Seedorff et al., 1996; E. Seedorff, unpub. data). 

 

Timing of normal faulting 

 Theodore et al. (1992) suggested that the Contention fault is cut by Late Cretaceous 

geologic features and thus is pre-Late Cretaceous in age. This fault was remapped and the 

evidence carefully reexamined. In all breccias and fault zones related to the Contention fault, 

alteration, hypogene mineralization, and veins are cut off and do not penetrate any part of the 
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breccias matrix or fault zone (Fig. 12). The Contention fault also cuts a Tertiary pebble dike in 

the northern wall of the Sweet Marie pit. This evidence indicates that movement was post-

mineralization and probably is Tertiary in age. Although not seen in outcrop, it is inferred from 

cross sections that the Contention fault also offsets Eocene granodiorite porphyry dikes (Fig. 13). 

Projecting the dikes from known piercements in drill holes in the Buckingham stock at angles 

that are consistent with those observed leads directly toward known outcrops of granodiorite 

porphyry near the Surprise deposit. In Figure 13, following offset along the Buckingham, 

Second, Long Canyon, and Contention faults, the dikes continue and are inferred to pinch out 

below the surface directly to the south of known outcrops of granodiorite porphyry (now covered 

by dump) mapped by Theodore et al. (1992).  

The moderately east-dipping Buckingham, Second, and Long Canyon faults dismember 

the Buckingham Mo-Cu system and offset Eocene granodiorite porphyry dikes, and the Elvira 

fault offsets gold mineralization at Labrador and Surprise, indicating that movement on all of the 

major faults probably occurred after ~40 Ma. The age of the east-dipping faults is otherwise 

poorly constrained, but the west-dipping faults cut and tilt the tuff of Cove Mine by 15-25° and 

thus must be younger than 34.2 Ma (John et al., 2008). These could be Miocene in age (e.g., 

Colgan et al., 2008).  

  

Constraints on depth of formation of the porphyry systems  

The restoration of the cross section allows estimation of the minimum depth of 

emplacement for both the Late Cretaceous Buckingham Mo-Cu and the Eocene Au deposits. In 

the case of the Buckingham Mo-Cu system, the top of the Buckingham stock was at a depth of 

~1250 m below the late Eocene surface at the base of the post-ore tuff of Cove Mine (Fig. 13), 
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which would be a minimum depth of emplacement of the stock. Of course, some of the deposit, 

especially the Mo-poor, Cu-bearing portion of the system, extends to considerably shallower 

levels. Several kilometers of overlying rock could have been eroded between formation of the 

deposit at ~92-99 Ma and its exposure in the late Eocene. The Eocene Au±Cu system may have 

been emplaced at much shallower levels, as the gold deposits on the western side of Copper 

Basin generally lie only 300 - 400 m below that erosion surface, which would be a minimum 

depth of formation of those deposits. One might expect there to have been considerably less 

erosion, compared to the Buckingham case, between formation of the gold deposits at ~39 Ma 

and development of the erosion surface at ~34.2 Ma (John et al., 2008).  

 

Mineral resource and explorations implications 

The Buckingham porphyry Mo-Cu system, in spite of its giant mineral resource of ~1.3 

Gt, has not been fully delineated by drilling. The northern edge of the mineral deposit is not well 

defined by drilling. Moreover, the base of the system in its present configuration, i.e., the lower 

eastern side prior to eastward tilting, remains open (Figs. 10, 13). 

The gold deposits are related to west-dipping dikes and plugs of Eocene granodiorite 

porphyry and probably are the shallow parts of porphyry Cu-(Au-Mo) systems, as classified by 

Seedorff et al. (2005). The gold deposits in Copper Basin are aligned north-south, from Labrador 

on the north to Empire on the south (Fig. 2). There is exploration potential for gold 

mineralization to continue under alluvial cover to south of the southernmost occurrence of the 

Empire mine (Fig. 2). Somewhat to the west, it is possible that another such north-south trend 

could exist, south of the granodiorite porphyry that crops out at the southern end of Vail Ridge at 
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the mouth of Long Canyon (Fig. 2), which is another area where the depth of cover is probably 

shallow.  

 

Discussion 

 

Spatial overlap of temporally distinct mineralized systems 

Especially in intensely mineralized areas such as the Great Basin, temporally distinct 

mineralizing events locally overlap spatially, complicating interpretation of zoning patterns and 

genetic interpretations of the associated deposits.  In some cases, distinguishing between the 

products of the two types of systems may be fairly straightforward, such as where Miocene 

epithermal mineralization of low-sulfidation or adularia-sericite type, including the Tiger vein 

system, is partially superimposed on the San Manuel-Kalamazoo porphyry copper system in the 

Mammoth district, Arizona (Kamilli, 1997). In other cases, such as in some districts containing 

Carlin-type mineralization, making such distinctions historically has been problematic (Seedorff, 

1991a; Cline et al., 2005).  

Overlapping of systems at Copper Basin has obscured the sources of metals and 

complicated further exploration of the district. The Late Cretaceous Buckingham deposit is the 

largest system in Copper Basin and introduced most of the Mo, Cu, W, and some of the Ag when 

it formed at ~92-99 Ma. Considering its age, the Buckingham system was probably first uplifted 

and partially eroded in the Late Cretaceous and early Tertiary. The gold deposits were formed in 

the Eocene at ~39 Ma. The Eocene systems did not deposit much copper at the present level of 

exposure; the copper that these deposits contain is mostly related to the upper part of the earlier 

Buckingham system on which the gold systems were superimposed. The Buckingham system 
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likely was further uplifted, eroded, and weathered (as were the gold deposits) from the mid-

Tertiary to the present, consistent with evidence for two cycles of supergene copper enrichment. 

As the upper, Cu-rich portion of the Buckingham system was weathered in the second cycle, 

copper was leached downward and may have traveled down dip to produce the supergene Cu 

deposits and potentially deposited exotic supergene copper on the Eocene gold deposits. 

Superposition of mineralized systems of different ages is likely a common phenomenon. In 

central and eastern Nevada, partial overprint of Late Cretaceous systems by late Eocene systems, 

as in the Copper Basin area, may be especially common. At Trenton Canyon 10 km west of 

Copper Basin, late Eocene age gold mineralization is partially superimposed on the weakly 

mineralized Late Cretaceous Trenton Canyon granitoid stock and associated skarns (Theodore et 

al., 1973; Felder, 2000). At Twin Creeks, located a few tens of kilometers north of Copper Basin, 

Eocene adularia and Cretaceous illite are both associated with gold mineralization (Hall et al., 

2000). Gold mineralization of late Eocene age is superimposed on plutons and skarns of 

Cretaceous age at the Mike deposit in the Carlin trend of Nevada (Norby and Orobona, 2002; 

Bawden et al., 2003). In the Eureka district, Carlin-type mineralization of probable Eocene age 

of the Archimedes, Windfall, Rustler, and Ratto Canyon deposits is partially superimposed on a 

mid-Cretaceous porphyry Mo-Cu system with associated Pb-Zn-Ag carbonate replacement 

deposits in the Ruby Hill area (Dilles et al., 1996; Barton et al., 1997; Vikre, 1998; Mortensen et 

al., 2000).  

 

Dismemberment and tilting 

Many porphyry systems in western North America, from British Columbia to western 

Mexico, have been dismembered and tilted by post-ore normal faulting (Wilkins and Heidrick, 
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1995; Seedorff et al., 2005; Maher, 2008). The amount of tilting ranges from a few tens of 

degrees or less, as at Christmas (Koski and Cook, 1982; Einaudi, 1982), to 90° or more, as at 

Florence (Poston Butte) (Nason et al., 1982; Seedorff et al., 2005) and in the Yerington district 

(Proffett, 1977; Dilles and Proffett, 1995). The orebody may be largely intact and be preserved in 

one or two large, tilted fault blocks, as at San Manuel-Kalamazoo (Lowell, 1968; Sandbak and 

Alexander, 1995) and Ann-Mason and the Yerington mine in the Yerington district (Dilles and 

Einaudi, 1992; Dilles et al., 2000), or may be highly dismembered and/or variably tilted, as at 

Hall (Shaver and McWilliams, 1987) and Robinson (Seedorff et al., 1996; Gans et al., 2001). 

The nature of the post-ore deformation has a large impact on interpreting empirical data, such as 

rock patterns on geologic maps, geochemical analyses, and geophysical responses, and on the 

likelihood that the roots of the porphyry system might be exposed (e.g., Carten, 1986; Stavast et 

al., 2008; Seedorff et al., 2008). Recognition of post-ore deformation also may be critical to 

exploration targeting (Seedorff, 1991b; Maher, 2008). 

The Buckingham deposit is dismembered into several major fault blocks, mainly bounded 

by the east-dipping Buckingham and Long faults. In addition, the system is cut by west-dipping 

faults such as the Elvira fault, especially on the western end. The net tilting of the system appears 

to be ~20-30° east, based largely on the plunge of the intrusion, which is also consistent with the 

eastward elongation of the system with geologically deeper features (e.g., region with most 

abundant quartz veins) on the east and shallower features on the west. This amount of net tilting 

is similar to the present-day dip of the 34.2-Ma tuff of Cove Mine. Understanding the original 

upward extent of the Buckingham system, currently with an eastward component, is necessary to 

understand the nature of the Eocene gold-rich deposits on the eastern side of Copper Basin.

 The situation at Copper Basin underscores the need not only to decipher any effects 
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caused by superimposed systems, but also to assess the degree of dismemberment and amount of 

tilting when interpreting the geometry of porphyry metal zoning patterns, especially in western 

North America. Of the four biggest porphyry deposits mined to date in the Great Basin 

(Yerington, Robinson, Hall, and Bingham), only Bingham is not significantly tilted (Seedorff et 

al., 2005). A reevaluation of the post-ore structural history of the many porphyry prospects (e.g., 

Wendt and Albino, 1992) might result in discovery of new orebodies.  

 

Timing of extension 

Extension in some parts of the Great Basin occurred at least as early as the Eocene (e.g., 

Wernicke et al., 1987; Seedorff, 1991), and petrologic and thermochronologic studies in 

metamorphic core complexes in the Great Basin suggest the possibility that crustal extension 

may have begun in the Late Cretaceous (e.g., McGrew et al., 2000). In some places there are 

multiple periods of extension, but the age(s) of extension are still poorly constrained in many 

parts of the Great Basin. Eocene faulting has been documented nearby; indeed, the Copper 

Canyon-Fortitude (e.g., Wotruba et al., 1988) and Cove-McCoy (Johnston et al., 2008) deposits 

are associated with porphyry dikes that intruded concurrent with movement on late Eocene 

normal faults. Likewise, some of the faulting in the region is Miocene in age and broadly related 

to the northern Nevada rift (Colgan et al., 2008), whereas other faults clearly cut young gravels, 

as at Buffalo Valley (Seedorff et al., 1991), and may have Quaternary movement.  

All workers at Copper Basin acknowledge that at least many of the faults are Tertiary in 

age, although Theodore et al. (1992) argued that movement on the gently northeast-dipping 

Contention fault predated Late Cretaceous intrusion. In all breccias and fault zones related to the 

Contention fault, alteration, hypogene mineralization, and veins are cut off and do not penetrate 
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any part of the breccias matrix or fault zone (Fig. 12), indicating that movement was post-

mineralization and thus probably Tertiary in age. The moderately east-dipping Buckingham, 

Second, and Long Canyon faults dismember the Buckingham Mo-Cu system and offset Eocene 

granodiorite porphyry dikes, and the Elvira fault offsets gold mineralization at Labrador and 

Surprise, indicating that movement on all of the major faults probably occurred after ~39 Ma. 

The age of the east-dipping faults is otherwise poorly constrained, but the west-dipping faults cut 

and tilt the tuff of Cove Mine by 15-25° and thus must be younger than 34.2 Ma (John et al., 

2008) and could be Miocene in age (Colgan et al., 2008).  

Further work will be needed to determine if one or more of the extension events at 

Copper Basin could be part of a more regional pattern. For example, maps of the northern 

Shoshone Range near Mt. Lewis (Gilluly and Gates, 1965), due east of Copper Basin, show 

steeply dipping Tertiary sedimentary rocks, the age of which is not well constrained.  

 

Characteristics of the Buckingham deposit and implications for characterizing porphyry Mo-Cu 

systems 

Porphyry molybdenum deposits have been classified in a variety of ways (e.g., White et 

al., 1981; Theodore and Menzie, 1984; Seedorff et al., 2005), and Seedorff et al. (2005) classify 

this low-fluorine, calc-alkaline system as a porphyry molybdenum deposit of the quartz 

monzonitic to granitic porphyry Mo-Cu subclass, one of their six subclasses of porphyry 

molybdenum deposits. These Mo-Cu deposits are the most common and the most widespread 

subclass of porphyry molybdenum deposit globally, with many examples in Nevada (e.g., 

Schilling, 1980; Barton 1990; Wendt and Albino, 1992. One attribute of this subclass of deposits 

is that the overall systems have subequal quantities of Mo and Cu. Indeed, the Hall (Nevada 
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Moly) deposit is an example from Nevada in which the hypogene ore has been mined and milled 

for Mo and lesser Cu, and the supergene blanket has been mined and leached for recovery of Cu 

(Shaver, 1991; Mears et al., 2000). In spite of the abundance of examples, many aspects of this 

subclass of deposits, such as the hypogene metal zoning, are still poorly documented. Indeed, the 

Buckingham deposit is one of the best characterized examples in the world, largely because of 

the monograph of Theodore et al. (1992).None of the Mo from the Buckingham Mo-Cu system 

has been significantly mined, and only a small fraction of the copper, mainly from the supergene 

enrichment blankets of the Contention, Carissa, and Sweet Marie deposits, has been mined. The 

hypogene orebody has a mineral resource of 1.3 billion tonnes at an average grade of 0.058% Mo 

and 0.034% Cu (Carten et al., 1993). Assays of drill holes within the Buckingham deposit 

generally have Mo : Cu ratios within the range of 3:1 to 1:1, with an even lower Mo: Cu ratio in 

hypogene rocks representative of higher pre-tilt levels  in the system on the eastern side of 

Copper Basin (Blake, 1992), and this part of the system was an important source of Cu for the 

supergene orebodies. Data on metal zonation (e.g., Climax Molybdenum Company, unpublished 

data, 1980) shows that the highest Cu assay values generally lie near or on the low-grade side of 

the 0.03% Mo grade isopleth, and tungsten, as scheelite, may show a similar behavior (Loucks 

and Johnson, 1992). Much of the copper in the Buckingham system occurs in quartz-

molybdenite-chalcopyrite veins and quartz-chalcopyrite veins that crosscut quartz-molybdenite-

chalcopyrite veins (Loucks and Johnson, 1992). Virtually all of the gold that currently lies in the 

Late Cretaceous Buckingham deposit is genetically unrelated to it, having been deposited by a 

partially overlapping, Eocene system related to dike swarms of granodiorite porphyry.  

Hence, if the Buckingham deposit is representative of the quartz monzonitic to granitic 

porphyry Mo-Cu subclass of porphyry molybdenum, then the hypogene distribution of copper 
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may be zoned upward and outward from molybdenum in these deposits, tungsten can be an 

important byproduct, but Au is virtually absent. The mineral resource of Mo-Cu mineralization 

at Buckingham has not been completely delineated. 

 

Porphyry-related Eocene gold systems 

 

A variety of hydrothermal systems in north-central and northeastern Nevada are known to 

be Eocene in age, including Carlin-type deposits in the Carlin trend (Tretbar et al., 2000; Cline et 

al., 2005), the Tuscarora adularia-sericite Ag-Au deposit (Castor et al., 2003), the Elder Creek 

porphyry system (Theodore, 1996), the Copper Canyon-Fortitude (Phoenix) porphyry-skarn 

system (Theodore et al., 1973), the Cove-McCoy Ag-Au skarn and replacement systems 

(Johnston et al., 2008), and probably the Buffalo Valley porphyry-related Au system (Doebrich, 

1995; McKee, 2000). 

Probably all of the gold deposits on the eastern side of Copper Basin now can be regarded 

as Eocene in age. They are spatially associated with a swarm of Eocene granodiorite porphyry 

dikes and plugs dated in this study by U-Pb at ~39 Ma, and they occur along northerly striking, 

small-displacement normal faults. At Empire and Northern Lights, gold is associated with silica–

pyrite; at Carissa, Surprise, and Labrador it is associated with iron oxide after pyritic veins and 

local garnet endoskarn, superimposed on earlier Late Cretaceous skarns. A structural 

reconstruction presented here indicates that these gold deposits occur only ~300-400 m below an 

erosion surface dated at 34.2 Ma, which represents a minimum depth of formation. This suggests 

that these deposits probably represent the shallow levels of a porphyry-related gold system.  
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Detailed comparisons of the deposits at Copper Basin with other deposits, such as Copper 

Canyon-Fortitude (Phoenix) and Buffalo Valley, are made difficult by the shallow level of 

exposure available at Copper Basin. Exploration opportunities for additional gold deposits occur 

nearby in the district, including under cover south of Empire along the southerly trend of Eocene 

granodiorite porphyry intrusions. 

 

 

Conclusions 

 

U-Pb zircon age dates indicate that the Buckingham Mo-Cu deposit, related to a 

composite stock of monzogranite porphyries, formed between 99 and 92 Ma. The Buckingham 

system was zoned upward and outward to lower Mo : Cu ratios and higher W, and the system 

deposited virtually no gold. U-Pb zircon age dates on granodiorite porphyries indicate that 

several gold-bearing porphyry-related deposits in skarn and silica-pyrite on the eastern side of 

Copper Basin at Labrador, Empire, Northern Lights, Surprise, and Carissa formed at ~39 Ma. 

The supergene copper deposits of Contention, Sweet Marie, Widow are products of two cycles of 

supergene enrichment and derived most of their copper by weathering of the upper, copper-

bearing part of the Late Cretaceous Buckingham Mo-Cu system. The deposition of supergene 

copper subparallel to the pre-mining surface suggests that the final movement of copper may be 

fairly recent.  

Copper Basin contains both east-dipping and west-dipping normal faults, as well as 

smaller faults with other orientations. The east-dipping faults have dismembered the 

Buckingham Mo-Cu system and tilted it eastward. The Buckingham, Second, Long Canyon, and 
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Contention faults are all post-Late Cretaceous but are of otherwise uncertain age. The west-

dipping faults, including the Elvira fault, are responsible for the current eastward dip of the tuff 

of Cove Mine (34.2 Ma), and these faults may be Miocene in age. 

Partial superposition of the Eocene gold system associated with granodiorite porphyry 

dikes on the eastern side of the Late Cretaceous Buckingham porphyry molybdenum system 

associated with a composite monzogranite porphyry stock, coupled with structural 

dismemberment and tilting, produced the complex geologic relationships at Copper Basin.  
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Figure Captions 

 

FIG. 1. Tectonic map of the Antler Peak quadrangle, showing locations of Copper Basin and 

Copper Canyon areas and other mineral deposits (modified from Roberts, 1964).  

 

FIG. 2. Geologic map of the Copper Basin area, showing lines of cross section, locations of 

mineral deposits, and sample locations for radiometric dates. Modified from Theodore (1992), 

Loucks and Johnson (1992), Doebrich (1995), Theodore and Jones (1992), and unpublished 

Newmont maps. 

 

FIG. 3. Concordia diagrams of samples from Copper Basin that were dated by the U-Pb method. 

Diagrams in the left column include all analyses, whereas diagrams in the right column, which 

are enlarged views of the lower intercept, include only ages used in weighted average 

calculations.  

 

FIG. 4. 206Pb/238U crystallization ages of igneous rocks from Copper Basin. Each bar represents a 

single spot analysis, including spots in cores and tips of grains; red bars are ages included in the 

weighted mean calculation for the entire sample; blue bars are analyses discarded from the 

weighted mean calculation.    

 

FIG. 5. Fault surface maps for the Contention fault, showing the surface projection of rock types 

in the hanging wall and footwall of the fault. Circles represent drill hole piercements of the fault. 
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Red lines represent 200-ft structure contour intervals. Stars represent locations in the hanging 

wall and footwall of the fault that restore on top of one another. 

 

FIG. 6. Fault surface maps for the Buckingham fault, showing the surface projection of both rock 

types and molybdenum grades in the hanging wall and footwall of the fault. Circles represent 

drill hole piercements of the fault. Red lines represent 200-ft structure contour intervals. Stars 

represent locations in the hanging wall and footwall of the fault that restore on top of one 

another. 

 

FIG. 7. Fault surface maps for the Second fault, showing the surface projection of both rock types 

and molybdenum grades in the hanging wall and footwall of the fault. Circles represent drill hole 

piercements of the fault. Red lines represent 200-ft structure contour intervals. Stars represent 

locations in the hanging wall and footwall of the fault that restore on top of one another. 

  

FIG. 8. Cross section of the 2,135,800 N showing displacement of Eocene dikes along the Long 

Canyon fault based on surface geology and drill hole intercepts. 

 

FIG. 9. Fault surface maps for the Elvira fault, showing the surface projection of rock types in the 

hanging wall (A) and footwall (B) of the fault. Circles represent drill hole piercements of the 

fault. Red lines represent 200-ft structure contour intervals. Stars represent locations in the 

hanging wall and footwall of the fault that restore on top of one another. 
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FIG. 10. Cross section 2,135,000 N through the Buckingham deposit, showing rock type, 

structure, drill hole traces, and molybdenum grade contours. Inset shows an enlargement of the 

geology to show the impact of Tertiary granodiorite porphyry dikes on coppergrades.  

  

FIG. 11. Surface projections of highest Cu grades down hole for the Copper Basin area relative to 

locations of open pits and approximate outline of mineralization for the Buckingham and Mesa 

deposits. The same drill holes were reviewed for hypogene and supergene Cu; however, less than 

half of the examined holes were drilled into the hypogene zone. A) Hypogene map based on 

analysis of 683 holes. B) Supergene map based on analysis of 1401 holes. 

 

FIG. 12. A) Contention fault in Sweet Marie pit. B) Enlargement of photograph in A, showing 

quartz ± pyrite veins terminating at the plane of the Contention fault. C) Zoomed out view of 

Contention fault zone in Sweet Marie pit, showing Late Cretaceous dikes and a Tertiary pebble 

dike cut off by the Contention fault. D, E) Additional photographs showing a Late Cretaceous 

dike and Tertiary pebble dike being cut off by the Contention fault. F) Piece of Contention fault 

breccia collected near Vail Ridge, composed of Harmony clasts; a quartz vein, ~2.5 cm wide, 

terminates at the breccia matrix.   

 

FIG. 13. A) Current cross section across Copper Basin area, showing rock type, structure, and 

locations of mineral deposits. B) Reconstructed cross section showing rock type, structure, and 

depth of ore deposits beneath the late Eocene surface (base of tuff of Cove Mine) after sequential 

unfaulting and untilting of system to geometry at 34.2 Ma. 
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Keeler Table 1 
 
 

TABLE 1. Past Production from Deposits in the Copper Basin Area 
Deposit Au (oz) Ag (oz) Cu (lbs) Dates of Production 
Contention 90 2,963 1,209,305 1927-1954 
Carissa 4,543 19,574 538,975 1936-1954 
Sweet Marie 138 6,220 4,248,226 1929-1954 
Widow 14 631 465,009 1927-1945 
Empire 88,416 289,677 N/A 1982, 1991-1994 
Northern Lights 19,964 73,587 N/A 1993 
Labrador 96,180 276,699 N/A 1987-1993 
Surprise 157,534 1,301,669 404,502 1936-1954, 1987-1993 
Bailey Day 11,982 2,642 54,974 1934-1948, 1993 
Copper Queen 100.17 3,554 1,523,235 1917-1951 
Other Small Workings1 604 7,165 2,407,713 1916-1953 
Copper Basin Production 379,565 1,984,381 308,340,9442 1917-1994 
Copper Canyon Production and Reserves 8,763,522 58,660,998 651,026,000 1871-19973 

1Smaller mines that did not have detailed records of total production. Number was calculated by using total 
production numbers from Roberts and Arnold (1965). 

2Total copper production includes total copper production by Duval Corp. from 1965-1981 published by 
Blake (1992). Production numbers were not divided by pit. 

3Production at Copper Canyon has continued through the present date. 
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TABLE 2. Descriptions of Igneous Rocks from Copper Basin Area1 (plotted on FIG 2) 
Map Unit 
Symbol Name 

Phenocrysts (Volume %) 
Groundmass Mineralogy Quartz Plagioclase K-feldspar Biotite Hornblende Clinopyroxene

Kqmp Cretaceous quartz monzonite porphyry 5-8 23-24 N/A 4-7 Tr-1 N/A Quartz, K-feldspar 
Kkqmp Cretaceous k-feldspar quartz monzonite porphyry 5-10 20-25 Tr-3 3-5 N/A N/A Quartz, K-feldspar 

Klkp Cretaceous large k-feldspar porphyry 6-8 26-28 3-7 4-7 N/A N/A Quartz, K-feldspar 
Kap Cretaceous aplite 2-5 Tr-1 Tr-1 N/A N/A N/A Quartz, K-feldspar 
Tmb Tertiary biotite-hornblende monzogranite of Bluff area2 ? ? ? ? ? ? Quartz, K-feldspar 
Tpl Tertiary porphyritic leucogranite 4-18 22-38 Tr Tr Tr-16 Tr-16 Quartz, K-feldspar, Plagioclase 
Tr Tertiary rhyolite 10-14 13-15 9-12 1-2 N/A N/A Quartz, K-feldspar 

Tgp Tertiary granodiorite 8-11 31-33 5-10 5-10 Tr-10 N/A Quartz, K-feldspar, Plagioclase 
1Modified from Loucks and Johnson (1992), McKee (1992), and Theodore (1992) 
2Data not available 
 

 
 
 
 



TABLE 3.  Sample Locations for Dated Igneous Rocks from Copper Basin 
Sample1 Field Sample2 Northing Easting Age (Ma) Error Date Type Rock Type3 Mineral Dated 

McKee (1992) 
1 79C74 2136004 387450 61.3 1.5 K/Ar Monzogranite porphyry (Klkp) Muscovite 
2 79C75 2135400 391977 68.6 1.7 K/Ar Monzogranite porphyry (Kqmp) Muscovite 
3 Buck-1 2135017 387749 65.1 1.6 K/Ar Monzogranite porphyry (Klkp) Biotite and chlorite 
3a Buck-2 2135017 387749 85.7 0.4 40Ar/39Ar Monzogranite porphyry (Klkp) Biotite 
4 79C79 2134794 395790 88.0 2.0 K/Ar Megacryst porphyry (Klkp) Muscovite 
4a 79C79A 2134794 395790 86.1 2.0 K/Ar Megacryst porphyry (Klkp) Muscovite 
5 82TT80 2134770 395232 85.5 1.9 K/Ar Megacryst porphyry (Klkp) Muscovite 
6 82TT84 2134674 394005 77.4 1.6 K/Ar Megacryst porphyry (Klkp) Muscovite 
7 82TT81 2136697 390791 61.7 1.5 K/Ar Megacryst porphyry (Klkp) Muscovite 
8 82TT83 2137384 389675 75.7 1.6 K/Ar Megacryst porphyry (Klkp) Muscovite 
9 79C90 2135535 390876 70.3 1.7 K/Ar Aplite (Kap) Whole rock 

10 78C22 2142589 392664 39.9 1.1 K/Ar Monzogranite (Tmb) Hornblende 
11 78C89 2140635 393164 39.3 1.0 K/Ar Monzogranite (Tmb) Biotite 
12 78C121 2139589 397259 37.7 1.4 K/Ar Porphyritic leucogranite (Tpl) Hornblende 
13 78C1 2131317 385869 39.1 1.0 K/Ar Rhyolite (Tr) Biotite 
14 78C18 2132959 385805 37.3 1.1 K/Ar Rhyolite (Tr) Biotite 
15 B-27;192 2132098 386428 38.8 1.1 K/Ar Porphyritic biotite monzogranites (Tmb) Biotite 
16 79C143 2139568 400444 35.4 1.1 K/Ar Granodiorite porphyry (Tgp) Hornblende 

Newmont unpublished data (2001, 2002) 
17 NWRA4556 2133916 397026 93.63 0.5 40Ar/39Ar Sericitized monzonitic porphyry (Kqmp) Sericite 
18 NWRA4557 2133880 396865 98.8 2.0 U-Pb Fine-grained monzonitic porphyry dike (Kqmp) Zircon 
19 NWRA4558 2133900 396901 95.3 2.0 U-Pb Veined monzonite (Kqmp) Zircon 

This study 
20 DAK-06-001 2136744 393520 38.7 0.6 U-Pb Granodiorite porphyry (Tgp), west of Vail Peak Zircon 
21 DAK-06-002 2137738 400010 39.7 0.6 U-Pb Granodiorite porphyry (Tgp), Surprise pit Zircon 
22 DAK-06-003 2136074 387365 92.2 1.4 U-Pb Monzogranite porphyry (Klkp), Buckingham deposit Zircon 
23 DAK-06-004 2134158 397806 96.7 1.4 U-Pb Monzogranite porphyry dike (Kqmp), Sweet Marie pit Zircon 
24 DAK-06-005 2138448 399575 39.9 1.7 U-Pb Granodiorite porphyry (Tgp), Labrador pit Zircon 
1Number plotted on FIG. 2 
2Number given to sample when collected 
3Rock type as described by sample collector. Unit in parentheses assigns rock types used in this study. 
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TABLE 4.  Results of LA-MC-ICPMS U-Pb Dating of Sample DAK-06-0011 
Sample Description2 Concentration  Isotopic ratios  Apparent ages (1 sigma, Ma) 

  U 206Pb/ U/Th  207Pb/ ± 206Pb/ ± Error  206Pb/ ± 207Pb/ ± 206Pb/ ± 
  (ppm) 204Pb   235U (%) 238U (%) corr.  238U (Ma) 235U (Ma) 207Pb (Ma) 

1 2T1 1158 1768 6.8  0.03667 5.8 0.00591 3.5 0.61  38.0 1.3 36.6 2.1 -55.3 112.9 
2 3T1 2208 5881 8.0  0.03942 3.9 0.00601 2.2 0.55  38.7 0.8 39.3 1.5 76.6 78.2 
3 3C1 463 1354 2.2  0.04131 5.7 0.00593 2.0 0.36  38.1 0.8 41.1 2.3 217.5 123.8 
4 4T1 1902 4654 6.9  0.03920 2.1 0.00608 1.0 0.49  39.1 0.4 39.0 0.8 35.0 42.9 
5 4C1 1720 5503 8.9  0.03948 3.6 0.00605 1.3 0.37  38.9 0.5 39.3 1.4 65.9 80.8 
6 5T1 1054 2104 9.0  0.03948 2.4 0.00609 1.4 0.56  39.1 0.5 39.3 0.9 51.6 47.9 
7 7T1 1618 4003 10.0  0.03940 3.7 0.00607 2.7 0.73  39.0 1.1 39.2 1.4 52.4 60.0 
8 7C1 187 271 1.9  0.03335 17.5 0.00616 2.7 0.15  39.6 1.1 33.3 5.7 -400.0 452.7 
9 7T2 941 2803 5.1  0.03873 3.2 0.00609 1.5 0.47  39.1 0.6 38.6 1.2 4.7 67.1 
10 8T1 712 2226 6.9  0.04211 4.5 0.00600 2.3 0.51  38.6 0.9 41.9 1.9 236.3 90.1 
11 8C1 599 1849 7.7  0.03998 7.1 0.00607 2.3 0.32  39.0 0.9 39.8 2.8 88.7 160.6 
12 8T2 798 1740 6.7  0.04229 9.9 0.00624 1.8 0.19  40.1 0.7 42.1 4.1 155.8 228.1 
13 10T1 1609 6724 2.6  0.04264 2.6 0.00638 1.7 0.65  41.0 0.7 42.4 1.1 122.1 46.9 
14 10C1 1167 2975 4.1  0.04049 3.6 0.00620 2.1 0.58  39.9 0.8 40.3 1.4 66.6 69.7 
15 10T2 1803 1804 5.2  0.03879 2.9 0.00612 1.9 0.65  39.3 0.7 38.6 1.1 -3.9 53.1 
16 11T1 1538 3551 9.3  0.03912 2.7 0.00600 1.9 0.70  38.6 0.7 39.0 1.0 64.1 45.8 
17 12T1 916 1633 6.4  0.04004 3.3 0.00600 2.0 0.60  38.5 0.8 39.9 1.3 120.1 62.2 
18 12C1 600 2386 3.0  0.04266 4.6 0.00612 1.8 0.39  39.3 0.7 42.4 1.9 221.4 97.6 
19 12T2 1117 6591 7.4  0.04381 5.6 0.00611 3.1 0.54  39.3 1.2 43.5 2.4 283.7 107.7 
20 13T1 1456 5516 4.1  0.04015 2.9 0.00595 1.7 0.58  38.2 0.6 40.0 1.1 145.9 56.1 
21 13C1 352 1464 2.6  0.04944 6.0 0.00644 1.8 0.30  41.4 0.7 49.0 2.9 440.2 126.5 
22 14T1 1836 4351 5.8  0.03985 4.2 0.00594 1.6 0.38  38.2 0.6 39.7 1.6 132.6 90.5 
23 14C1 310 919 2.2  0.03827 8.1 0.00621 2.4 0.30  39.9 1.0 38.1 3.0 -73.1 189.4 
24 16T1 1004 2914 6.8  0.04191 4.2 0.00597 1.1 0.25  38.4 0.4 41.7 1.7 237.2 93.2 
25 17T1 1258 2869 6.2  0.03837 3.3 0.00597 2.3 0.68  38.3 0.9 38.2 1.2 31.6 58.6 
26 18T1 995 2616 8.4  0.03865 4.6 0.00590 1.7 0.37  37.9 0.6 38.5 1.7 76.6 101.4 
27 18T2 1562 2381 5.9  0.03694 4.2 0.00587 1.5 0.36  37.7 0.6 36.8 1.5 -19.9 94.3 
28 19T1 2393 578 8.0  0.03300 14.1 0.00559 1.9 0.13  36.0 0.7 33.0 4.6 -180.6 350.0 
29 19C1 1633 1669 3.6  0.03880 7.1 0.00594 1.8 0.25  38.2 0.7 38.6 2.7 66.2 164.9 
30 20T1 990 1599 6.6  0.03761 4.5 0.00590 1.4 0.30  37.9 0.5 37.5 1.7 11.4 104.0 

1Only concordant data used in weight analyses from FIG. 4 shown. 
2First number refers to the grain number; C refers to a spot analysis from the core of a grain; T is a spot analysis from the tip of a grain; the second number is 

the analysis number from the tip or core of the grain. 
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TABLE 5.  Results of LA-MC-ICPMS U-Pb Dating of Sample DAK-06-0021 

Sample Description2 Concentration  Isotopic ratios  Apparent ages (1 sigma, Ma) 
  U 206Pb/ U/Th  207Pb/ ± 206Pb/ ± Error  206Pb/ ± 207Pb/ ± 206Pb/ ± 
  (ppm) 204Pb   235U (%) 238U (%) corr.  238U (Ma) 235U (Ma) 207Pb (Ma) 

1 1C1 216 770 1.9  0.04615 8.8 0.00616 4.2 0.47  39.6 1.6 45.8 3.9 385.7 174.1 
2 1T1 677 1351 3.1  0.03987 6.1 0.00617 1.7 0.28  39.7 0.7 39.7 2.4 41.1 140.9 
3 2T1 822 2613 2.2  0.04268 4.1 0.00619 1.7 0.42  39.7 0.7 42.4 1.7 197.2 86.8 
4 2C1 362 1157 3.9  0.04574 8.6 0.00617 3.4 0.40  39.6 1.4 45.4 3.8 362.8 177.0 
5 3T1 482 286 2.5  0.03486 8.3 0.00576 1.6 0.19  37.0 0.6 34.8 2.9 -115.6 202.0 
6 4T1 914 4103 5.8  0.04558 4.2 0.00620 1.1 0.27  39.9 0.5 45.3 1.8 340.7 90.6 
7 5T1 1351 13852 4.4  0.04325 3.8 0.00612 2.2 0.58  39.3 0.9 43.0 1.6 251.8 70.8 
8 5C1 260 575 2.4  0.04146 13.1 0.00624 3.4 0.26  40.1 1.3 41.3 5.3 109.9 300.9 
9 7T1 1312 3781 6.5  0.04291 3.0 0.00629 1.3 0.44  40.5 0.5 42.7 1.2 168.9 62.0 
10 8T1 1115 2415 6.3  0.03941 5.2 0.00611 1.2 0.23  39.2 0.5 39.2 2.0 39.9 121.8 
11 8C1 349 820 2.4  0.04148 10.3 0.00636 1.9 0.18  40.9 0.8 41.3 4.2 63.9 241.9 
12 9T1 1230 3074 5.3  0.04220 4.6 0.00612 1.6 0.34  39.4 0.6 42.0 1.9 193.9 101.2 
13 11T1 2083 1383 5.3  0.03894 3.5 0.00610 2.4 0.69  39.2 0.9 38.8 1.3 12.2 60.6 
14 11C1 1595 5318 5.1  0.04249 5.1 0.00636 3.1 0.61  40.9 1.3 42.3 2.1 122.3 96.0 
15 12T1 1010 2514 4.6  0.04198 4.9 0.00648 2.5 0.51  41.6 1.0 41.8 2.0 48.9 101.5 
16 12C1 1317 1859 3.5  0.04074 10.3 0.00625 2.0 0.20  40.1 0.8 40.5 4.1 63.9 241.8 
17 14T1 1094 2121 7.6  0.04027 4.9 0.00619 1.2 0.23  39.8 0.5 40.1 1.9 56.7 114.2 
18 14C1 448 899 1.5  0.03600 10.6 0.00610 1.1 0.10  39.2 0.4 35.9 3.8 -178.0 264.4 
19 15T1 1135 2287 8.0  0.04055 4.9 0.00612 1.2 0.25  39.3 0.5 40.4 2.0 103.8 113.0 
20 16T1 1067 3029 6.3  0.04398 7.7 0.00626 1.6 0.21  40.3 0.6 43.7 3.3 237.1 173.1 
21 17T1 1760 1967 4.4  0.04024 2.3 0.00629 1.0 0.44  40.4 0.4 40.1 0.9 16.9 49.7 
22 17C1 451 2234 3.2  0.05012 8.1 0.00642 2.3 0.28  41.3 0.9 49.7 3.9 476.8 172.3 
23 18T1 887 1534 3.8  0.03657 6.0 0.00585 1.2 0.20  37.6 0.4 36.5 2.1 -39.3 142.5 
24 18C1 211 636 2.6  0.04512 19.6 0.00610 2.8 0.14  39.2 1.1 44.8 8.6 356.5 442.5 
25 19T1 1299 2841 7.1  0.03948 4.3 0.00608 2.4 0.56  39.1 0.9 39.3 1.7 54.4 85.6 
26 20T1 1911 2692 4.7  0.03804 3.0 0.00594 1.1 0.36  38.2 0.4 37.9 1.1 22.4 66.2 
27 21T1 1051 2342 5.6  0.04047 5.1 0.00624 1.9 0.38  40.1 0.8 40.3 2.0 49.6 111.9 
28 21C1 469 745 3.2  0.03617 10.0 0.00618 2.4 0.23  39.7 0.9 36.1 3.6 -201.6 244.7 
29 22T1 1216 2471 5.2  0.04163 4.4 0.00626 2.1 0.47  40.3 0.8 41.4 1.8 109.2 91.9 
30 22C1 763 1545 3.2  0.04049 6.2 0.00621 2.5 0.40  39.9 1.0 40.3 2.4 63.2 135.1 

1Only concordant data used in weight analyses from FIG. 4 shown. 
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2First number refers to the grain number; C refers to a spot analysis from the core of a grain; T is a spot analysis from the tip of a grain; the second number is 
the analysis number from the tip or core of the grain. 



 
TABLE 6.  Results of LA-MC-ICPMS U-Pb Dating of Sample DAK-06-0031 

Sample Description2 Concentration  Isotopic ratios  Apparent ages (1 sigma, Ma) 
  U 206Pb/ U/Th  207Pb/ ± 206Pb/ ± Error  206Pb/ ± 207Pb/ ± 206Pb/ ± 
  (ppm) 204Pb   235U (%) 238U (%) corr.  238U (Ma) 235U (Ma) 207Pb (Ma) 

1 1T1 1135 4556 2.3  0.09553 2.4 0.01458 1.5 0.63  93.3 1.4 92.6 2.1 75.0 43.8 
2 2T1 661 6355 5.1  0.10348 2.8 0.01480 1.4 0.51  94.7 1.4 100.0 2.7 227.7 56.3 
3 3T1 976 5224 2.8  0.09884 2.3 0.01486 1.0 0.44  95.1 0.9 95.7 2.1 111.4 48.8 
4 4T1 816 4141 3.8  0.09490 4.5 0.01439 1.5 0.32  92.1 1.3 92.1 4.0 90.5 101.4 
5 5T1 864 6027 2.3  0.10018 2.5 0.01471 1.2 0.49  94.1 1.2 96.9 2.4 166.8 52.0 
6 6T1 783 8488 2.3  0.09903 2.5 0.01465 1.4 0.56  93.7 1.3 95.9 2.3 149.5 49.0 
7 6C1 679 3575 3.1  0.09850 3.2 0.01471 1.7 0.52  94.1 1.5 95.4 2.9 126.8 63.6 
8 7T1 1027 7938 3.7  0.09899 1.8 0.01448 1.2 0.63  92.7 1.1 95.8 1.7 175.5 33.4 
9 8T1 914 5576 6.8  0.10203 2.9 0.01487 1.9 0.65  95.1 1.7 98.7 2.7 184.7 51.0 
10 8C1 604 4610 1.5  0.09937 4.9 0.01463 1.5 0.30  93.6 1.4 96.2 4.5 161.0 109.7 
11 9T1 747 4607 3.8  0.09836 2.9 0.01454 1.5 0.52  93.1 1.4 95.3 2.6 150.2 58.4 
12 10T1 682 8561 4.3  0.10018 3.0 0.01451 1.7 0.55  92.8 1.5 96.9 2.8 199.0 59.2 
13 10C1 1212 8455 9.8  0.09433 3.0 0.01446 2.3 0.76  92.5 2.1 91.5 2.6 65.5 46.3 
14 11T1 1086 5191 3.4  0.09369 2.3 0.01411 1.2 0.53  90.3 1.1 90.9 2.0 107.6 45.2 
15 12T1 681 4626 6.8  0.09576 2.5 0.01418 1.5 0.58  90.8 1.3 92.9 2.3 147.3 48.4 
16 12C1 674 3647 4.5  0.09578 3.3 0.01429 1.7 0.51  91.4 1.5 92.9 2.9 129.9 66.9 
17 13T1 1424 8760 5.6  0.09728 1.9 0.01456 1.4 0.71  93.2 1.3 94.3 1.7 120.9 31.9 
18 14T1 1108 4669 4.0  0.09008 2.4 0.01389 1.2 0.51  89.0 1.1 87.6 2.0 50.2 50.2 
19 14C1 864 4968 2.6  0.09993 5.6 0.01403 3.3 0.60  89.8 3.0 96.7 5.2 270.3 102.9 
20 15T1 1204 3144 5.3  0.08809 2.8 0.01368 1.0 0.36  87.6 0.9 85.7 2.3 34.0 62.6 
21 17T1 1165 7027 6.8  0.09615 2.9 0.01420 1.9 0.67  90.9 1.7 93.2 2.5 153.2 49.7 
22 19T1 1047 8953 6.1  0.09418 2.5 0.01406 1.1 0.44  90.0 1.0 91.4 2.2 127.2 52.8 
23 19C1 753 6169 6.4  0.09421 3.6 0.01393 1.3 0.36  89.2 1.1 91.4 3.1 150.5 78.1 
24 20T1 867 3313 5.1  0.09455 3.3 0.01424 1.3 0.40  91.2 1.2 91.7 2.9 106.1 71.1 
25 20C1 643 3086 5.1  0.10030 6.8 0.01443 4.5 0.67  92.3 4.1 97.1 6.3 214.4 116.8 

1Only concordant data used in weight analyses from FIG. 4 shown. 
2First number refers to the grain number; C refers to a spot analysis from the core of a grain; T is a spot analysis from the tip of a grain; the second number is 

the analysis number from the tip or core of the grain. 
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TABLE 7.  Results of LA-MC-ICPMS U-Pb Dating of Sample DAK-06-0041 

Sample Description2 Concentration  Isotopic ratios  Apparent ages (1 sigma, Ma) 
  U 206Pb/ U/Th  207Pb/ ± 206Pb/ ± Error  206Pb/ ± 207Pb/ ± 206Pb/ ± 
  (ppm) 204Pb   235U (%) 238U (%) corr.  238U (Ma) 235U (Ma) 207Pb (Ma) 

1 1T1 793 23283 4.8  0.10242 2.5 0.01496 2.1 0.86  95.7 2.0 99.0 2.3 178.9 29.1 
2 2T1 730 3642 3.4  0.09651 7.9 0.01526 1.4 0.18  97.6 1.3 93.5 7.1 -9.5 188.0 
3 2C1 303 3910 2.3  0.12452 7.1 0.01562 2.1 0.30  99.9 2.1 119.2 8.0 523.2 149.2 
4 3T2 826 17699 5.4  0.10861 2.3 0.01554 1.7 0.73  99.4 1.7 104.7 2.3 226.5 36.5 
5 5T1 577 8134 4.6  0.10544 3.8 0.01509 2.0 0.52  96.6 1.9 101.8 3.7 225.6 75.6 
6 6T1 538 7150 6.0  0.10484 2.7 0.01517 1.2 0.45  97.0 1.2 101.2 2.6 201.2 55.7 
7 6C1 599 4857 3.3  0.10288 3.9 0.01474 1.6 0.41  94.3 1.5 99.4 3.7 223.1 81.3 
8 7T1 625 5813 4.6  0.09739 4.2 0.01448 1.2 0.28  92.7 1.1 94.4 3.8 136.9 95.6 
9 8T1 811 3289 6.0  0.09641 3.8 0.01476 1.5 0.41  94.4 1.4 93.5 3.4 68.7 81.9 

10 9T1 905 1384 5.1  0.09138 5.6 0.01432 2.4 0.43  91.7 2.2 88.8 4.8 12.0 122.6 
11 9C1 486 2811 2.8  0.10339 6.4 0.01515 2.8 0.43  96.9 2.6 99.9 6.1 171.0 134.0 
12 10T1 863 3907 4.6  0.10360 4.1 0.01571 2.2 0.54  100.5 2.2 100.1 3.9 90.3 82.8 
13 10C1 515 1872 5.1  0.09695 11.4 0.01542 2.3 0.21  98.7 2.3 94.0 10.2 -23.9 269.6 
14 11T1 673 4943 4.9  0.10199 2.7 0.01510 1.3 0.46  96.6 1.2 98.6 2.6 146.8 57.4 
15 12T1 1353 9043 4.7  0.10118 1.8 0.01518 1.0 0.55  97.1 1.0 97.9 1.7 116.2 36.2 
16 12T2 630 3690 8.2  0.10382 2.9 0.01528 1.3 0.44  97.8 1.2 100.3 2.8 160.7 61.2 
17 13T1 735 2454 3.9  0.09543 4.4 0.01486 1.0 0.23  95.1 0.9 92.5 3.9 28.1 102.4 
18 13C1 684 3280 2.6  0.09628 3.9 0.01463 2.5 0.65  93.6 2.4 93.3 3.5 85.4 70.2 
19 14T1 560 3731 2.4  0.09992 4.0 0.01518 1.9 0.47  97.1 1.8 96.7 3.7 85.9 83.7 
20 15T1 735 3706 2.7  0.10229 3.2 0.01536 1.8 0.58  98.3 1.8 98.9 3.0 113.8 61.0 
21 16T1 537 2395 4.2  0.10104 4.0 0.01492 1.8 0.45  95.5 1.7 97.7 3.8 152.8 84.7 
22 16C1 654 3183 3.4  0.09733 4.9 0.01475 4.3 0.87  94.4 4.0 94.3 4.4 92.5 58.2 
23 17T1 969 5723 3.5  0.09980 2.5 0.01503 1.3 0.52  96.2 1.3 96.6 2.3 107.3 51.4 
24 17C1 376 2345 2.3  0.10821 5.5 0.01540 1.3 0.25  98.5 1.3 104.3 5.4 238.6 122.2 

1Only concordant data used in weight analyses from FIG. 4 shown. 
2First number refers to the grain number; C refers to a spot analysis from the core of a grain; T is a spot analysis from the tip of a grain; the second number is 

the analysis number from the tip or core of the grain. 
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TABLE 8.  Results of LA-MC-ICPMS U-Pb Dating of Sample DAK-06-0051 

Sample Description2 Concentration  Isotopic ratios  Apparent ages (1 sigma, Ma) 
  U 206Pb/ U/Th  207Pb/ ± 206Pb/ ± Error  206Pb/ ± 207Pb/ ± 206Pb/ ± 
  (ppm) 204Pb   235U (%) 238U (%) corr.  238U (Ma) 235U (Ma) 207Pb (Ma) 

1 3T1 458 1217 5.6  0.04586 6.7 0.00641 2.4 0.36  41.2 1.0 45.5 3.0 279.0 143.3 
2 4T1 952 705 3.4  0.03555 13.1 0.00615 2.0 0.15  39.5 0.8 35.5 4.6 -229.6 327.6 
3 4C1 233 697 4.0  0.04266 12.2 0.00628 3.9 0.32  40.3 1.6 42.4 5.1 161.8 270.9 
4 5T2 1042 1873 10.3  0.03929 5.2 0.00612 2.5 0.48  39.3 1.0 39.1 2.0 28.0 109.8 
5 5C2 81 151 3.8  0.02183 46.7 0.00604 6.3 0.13  38.8 2.4 21.9 10.1 -1595.9 1644.5 
6 6T1 972 2585 6.2  0.04544 3.6 0.00685 1.6 0.46  44.0 0.7 45.1 1.6 106.2 75.7 
7 6T2 786 2071 6.8  0.04593 5.4 0.00678 2.2 0.40  43.6 0.9 45.6 2.4 153.6 116.4 
8 7T1 1303 1901 6.9  0.03805 4.1 0.00605 2.7 0.66  38.9 1.0 37.9 1.5 -21.6 74.4 
9 8T1 811 1867 7.0  0.04428 6.0 0.00633 2.6 0.44  40.7 1.1 44.0 2.6 228.3 125.3 

10 8C1 160 477 3.5  0.04738 19.7 0.00626 4.4 0.22  40.2 1.8 47.0 9.1 408.6 434.0 
11 9T1 1033 1035 7.4  0.03737 7.1 0.00619 1.3 0.19  39.8 0.5 37.3 2.6 -122.7 171.6 
12 9C1 403 2287 3.7  0.05637 10.5 0.00633 3.1 0.30  40.7 1.3 55.7 5.7 761.9 211.4 
13 10T1 221 1632 4.1  0.06618 7.2 0.00617 4.4 0.61  39.7 1.7 65.1 4.6 1140.3 114.3 
14 10C1 195 623 2.9  0.05376 12.4 0.00650 3.7 0.30  41.7 1.5 53.2 6.4 604.6 257.5 
15 11T1 2118 3456 4.4  0.03928 2.8 0.00616 1.2 0.42  39.6 0.5 39.1 1.1 10.5 61.0 
16 11C1 685 329 8.4  0.01912 64.5 0.00580 6.0 0.09  37.3 2.2 19.2 12.3 -1921.7 2597.5 
17 12T1 552 1057 4.3  0.04524 9.9 0.00653 5.4 0.54  42.0 2.3 44.9 4.4 205.7 193.3 
18 13C1 447 1838 3.2  0.05060 7.6 0.00625 2.1 0.28  40.2 0.9 50.1 3.7 555.6 160.2 
19 14C1 981 2070 3.3  0.04191 6.1 0.00648 2.7 0.44  41.6 1.1 41.7 2.5 46.3 130.2 
20 15C1 1851 2962 8.0  0.03800 5.0 0.00597 4.0 0.79  38.4 1.5 37.9 1.9 6.0 74.0 
21 16C1 1470 1443 18.6  0.04041 4.1 0.00637 1.7 0.40  40.9 0.7 40.2 1.6 -0.4 91.4 
22 17C1 432 763 2.4  0.03493 13.0 0.00596 3.4 0.26  38.3 1.3 34.9 4.5 -198.2 316.2 
23 18C1 638 894 3.2  0.04016 5.1 0.00646 1.5 0.30  41.5 0.6 40.0 2.0 -50.9 119.2 
24 19C1 1564 3357 3.1  0.05976 14.0 0.00714 6.0 0.43  45.8 2.7 58.9 8.0 629.3 274.2 
25 20C1 526 1212 4.9  0.04014 6.1 0.00601 1.0 0.17  38.7 0.4 40.0 2.4 119.0 142.8 

1Only concordant data used in weight analyses from FIG. 4 shown. 
2First number refers to the grain number; C refers to a spot analysis from the core of a grain; T is a spot analysis from the tip of a grain; the second number is 

the analysis number from the tip or core of the grain. 



Appendix 

Samples of McKee (1992) were processed by U.S. Geological Survey laboratories at 

Menlo Park, CA, using standard sample preparation and analytical procedures (Dalrymple and 

Lanphere, 1969).  Bulk samples were crushed, sieved, and separated using magnetic and heavy 

liquid separators.  Purity of the separate was 99 percent or better, excluding one sample that used 

an approximate 50/50 biotite-chlorite mix. 

Sample NWRA-4556 is from the south end of the Contention pit and was analyzed by 

Terry Spell of the Nevada Isotope Geochronology Laboratory using 40Ar/39Ar step-heating 

methods (M. Ressel, written comm., 2002). The sample produced a large spectrum of ages, with 

initial low steps between 50 and 60 Ma rising to a “plateau” age of 93.63 +/-0.52 Ma.  The total 

gas age of the sample is 86.45 +/- 0.52 Ma. During the steps comprising the plateau, fifty percent 

of gas was released; however, the gas was highly radiogenic, causing the initial value of 

40Ar/39Ar to remain relatively unconstrained. The isochron defined by this data is atmospheric 

within error and yields an age identical to that of the plateau.  The minimum age of the intrusion 

is Cretaceous, but the range in ages suggests that the Cretaceous sericite was reheated, partially 

resetting the radiogenic argon, or that two populations of sericite exist, one Cretaceous and the 

other Eocene (M. Ressel, written comm., 2002).   

Samples NWRA-4557 and NWRA-4558 were also collected near the south end of the 

Contention pit and dated using U-Pb methods on zircons (M. Ressel, written comm., 2001). The 

samples were run by the U.S. Geological Survey laboratories at Stanford University using the 

Sensitive High Resolution Ion Micro-Probe (SHRIMP) method.  The data were reduced using 

the Squid Excel macro of Ludwig (2001) and yielded ages of 98.8 ± 2.0 and 95.3 ± 2.0 Ma, 

respectively (J. L. Wooden, written comm., 2002). Samples 4556 and 4557 are from the same 
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unit, which is cut by a fine-grained porphyry dike from which sample 4558 is taken (M. Ressel, 

written comm., 2001). The resulting ages are consistent with the field relationships and are 

considerably older than the previous K-Ar dates obtained by McKee (1992). 

Hand samples of skarn in the lower member of the Battle Formation near the contact with 

the Harmony Formation (equivalent to “Skarn D” of Hammarstrom, 1992) with at least three 

generations of garnet present in the Surprise pit confirm multiple phases of skarn formation at 

the Surprise deposit.  The first is the alteration of the groundmass to a greenish-brown or brown 

garnet, with garnet being darker brown in the nearby Harmony Formation. This garnet is cut by 

veins of yellow-brown garnet as well as open-space filled veins of large red garnet, calcite, ± 

green garnet, ± hematite, ± chalcopyrite.  An additional phase of garnet veins is dark green; 

however, these green garnet veins were only observed in float material, where crosscutting 

relationships were not apparent. Green garent veins also were not observed in the Battle 

Formation. 

Sample DAK-06-001 was collected approximately 670 m west of Vail Peak in the 

hanging wall of the Long Canyon fault.  The sample is a granodiorite porphyry containing 

phenocrysts of plagioclase altered to copper-bearing halloysite and chrysocolla, similar to one of 

the types of alteration observed in granodiorite at Copper Canyon (Clement, 1968). This sample 

yielded an age of 38.7 ± 0.6 Ma, three million years older than the K-Ar date previously obtained 

for this unit and close to the ages of the granodiorite at Copper Canyon, for which the mean of 

several K-Ar determinations (recalculated for new decay constants), is 39.2 ± 0.02 Ma (Theodore 

et al., 1973). 

Sample DAK-06-002 was collected from the northwestern highwall of the Surprise pit 

and determined to have a crystallization age of 39.7 ± 0.6 Ma.  This granodiorite porphyry crops 
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out next to Antler Peak Limestone, which is altered locally along structures to garnet skarn.  

Samples were collected ~0.3 - 1 m below the contact, along which small amounts of garnet 

endoskarn were observed.  The age of this sample suggests that more of the skarn at Surprise is 

Tertiary than previously believed and is either associated with this intrusion or a possibly 

younger one, although previous K-Ar dates suggest this is the youngest exposed unit in the area.  

Sample DAK-06-003 was a monzonite porphyry collected in the west stock (Loucks and 

Johnson, 1992) area of the Buckingham deposit, near where McKee’s first sample was collected.  

McKee’s sample yielded an age of 61.3 ± 1.5 Ma, whereas the U-Pb date is 92.2 ± 1.4 Ma. The 

nearest exposed Tertiary rock is approximately two kilometers away, illustrating the thermal 

aureole for Tertiary magmatism is larger and more important than may have been previously 

thought. 

Sample DAK-06-004, a 96.7 ± 1.4 Ma monzonite porphyry dike in the north highwall of 

the Sweet Marie pit, lies in the hanging wall of and is cut off by the Contention Fault. The 

feldspars and mafic minerals have been altered to sericite. No quartz veins related to the 

intrusion were observed in the fault zone, suggesting that the Contention fault initiated after the 

emplacement of the dike. A broad syncline, possibly a drag fold related to faulting, composed of 

Harmony Formation comprises the footwall.   

Sample DAK-06-005 is a 39.9 ± 0.7 Ma granodiorite porphyry dike that cuts across the 

Labrador pit. Similar to the sample from Surprise, this dike is bounded by faults and cut by 

garnet skarn veins. 



Keeler, Figure 1 

78 
 



Keeler, Figure 2 
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Keeler, Figure 2 continued 
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Keeler, Figure 3 
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Keeler, Figure 3 continued 
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Keeler, Figure 4 
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Keeler, Figure 5 
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Keeler, Figure 6 
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Keeler, Figure 7 
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Keeler, Figure 8 
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Keeler, Figure 9 
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Keeler, Figure 10 
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Keeler, Figure 11 
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Keeler, Figure 12 
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Keeler, Figure 13 
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