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ABSTRACT 

Oatman is a mid-Miocene adularia-sericite (low-sulfidation) epithermal Au system with 

banded, open-space veins and notably low Ag production and primary sulfide content. The 

purpose of this study is to characterize the host rocks, wall-rock alteration, and age of the system 

and then to infer causes for formation of contrasting types of epithermal deposits along the 

Colorado River Extensional Corridor (CREC). Hydrothermal fluids that alter wall rocks and 

precipitate metals in principle may be exsolved from magmas or be derived from diverse non-

magmatic sources (e.g., dilute meteoric water, seawater, alkaline lakes, brines), subsequently 

heated and circulated. Geochemical modeling indicates that the salinity and redox conditions of 

non-magmatic fluids may control the type of deposit formed, perhaps dilute groundwaters 

adularia-sericite deposits versus brines for iron oxide copper-gold (IOCG) deposits.  

The Oatman district, including the active Gold Road and Moss mines, has produced >2 

million oz Au with a Ag : Au mass ratio of 0.66.  Previous studies indicate fluid temperatures of 

~200-250° and salinities of 1.5 wt % NaCl eq. The Silver Creek caldera, the source of the 

regionally extensive Peach Spring Tuff (rhyolitic to trachytic, 76-66% SiO2, 18.78 ± 0.02 Ma), is 

located in the district a few kilometers west of the veins. Veins are hosted by lava flows and 

breccias of the Oatman Andesite and overlying Gold Road Dacite (18.6 ± 0.9 Ma). This study 

utilizes mapping, short-wave infrared (SWIR) spectroscopy, whole-rock geochemistry, and 

petrography of the Gold Road vein and adjacent wall rock from the present surface to depths of 

500 m.  Whole-rock geochemical and SWIR analyses affirm the presence of regional sulfide-

poor propylitic alteration defined by presence of carbonates, epidote, and chlorite. Wall rocks 

exhibit local silicification and adularia within centimeters of veins, giving way laterally to the 

regional propylitic alteration, where illite + montmorillonite ± kaolinite replace feldspars. The 

contact between Oatman Andesite and Gold Road Dacite, obscured by alteration, can be 
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identified from mineralogic and trace-element characteristics. Ore-related adularia formed at 

17.23 Ma (40Ar/39Ar), ~1 m.y. after crystallization of the latest intra-caldera intrusions but only 

slightly younger than a small rhyolite dome several kilometers to the south at Boundary Cone, 

dated at 17.57 Ma (40Ar/39Ar on groundmass). 

The CREC was highly extended in the mid-Miocene, probably forming a topographic 

low, accumulating evaporites that were likely sources of brines that formed “detachment-style” 

gold deposits (e.g., Copperstone) and other deposits in the IOCG family. The Oatman district 

formed slightly earlier on the eastern shoulder of the CREC, likely forming a high-standing 

volcanic center, akin to the modern Jemez Mountains and Valles caldera of New Mexico that 

flank the Rio Grande rift. Oatman might be an ancient analog of the active geothermal system of 

the Jemez Mountains, which contains dilute epithermal fluids. Circulation of fluids in both 

modern and Miocene systems may have been driven by topography and nearby extension, with 

or without magmatic heat and volatiles. 
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INTRODUCTION 

Lindgren (1933) referred to metalliferous deposits formed at shallow depths and 

relatively low temperatures as epithermal deposits. Simmons et al. (2005) note that epithermal 

ore minerals generally precipitate at depths of ~50 m to as deep as 1.5 km and at temperatures of 

~150° to ~300°C, in an environment where near-hydrostatic conditions prevail and thus open-

space mineral textures are common. Many epithermal deposits exhibit strong structural controls 

by faults, such that most of the ore minerals are contained in steep lodes or sheeted veins, such as 

Sleeper, Nevada (Saunders, 1994). In contrast, a few deposits exhibit strong stratigraphic 

controls with a more stratabound and disseminated distribution of ore metals, including Round 

Mountain deposit, Nevada (Sander and Einaudi, 1990).  

Lindgren (1933) identified nine subtypes of epithermal deposits. Today, some of those 

subdivisions have been grouped together or renamed, and new ones have been recognized.  

Magmatic waters are widely regarded as important to the genesis of several modern subtypes 

(Simmons et al., 2005), including “acid-sulfate” deposits (also known as “high-sulfidation” 

deposits and exemplified by Goldfield, Nevada; Ransome, 1909; Heald et al., 1987) and 

“alkaline gold deposits,” for which Cripple Creek, Colorado, is a famous example (Lindgren and 

Ransome, 1906; Jensen and Barton, 2000). In the Oatman district, however, the focus is on two 

other subtypes, where the magmatic contribution is subordinate to absent. Examples of both 

subtypes formed during the mid-Cenozoic in western Arizona and eastern California, within and 

near the CREC (e.g., Varga et al., 2004). 

The first of these includes hematite ± Au ± Cu deposits that commonly occur in the 

hanging walls of normal faults that presently dip at low angles. Deposits of this subtype 

commonly are called “detachment-type” deposits and include Copperstone, Arizona (Salem, 

1993), Planet-Mineral Hill, Arizona (Spencer and Welty, 1989), and Stedman, California 
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(Polovina, 1984). The associated fluids are brines with salinities of ~12-21 wt% NaCl eq. and 

temperatures of ~150°-325°C (Wilkins et al., 1986). Compelling arguments for a magmatic-

hydrothermal origin are presently lacking, and Barton (2014) regards the third subtype as the 

epithermal levels of iron oxide-copper-gold (IOCG) deposits.  

The second subtype is “adularia-sericite” or “low-sulfidation” deposits comprising 

quartz, calcite, adularia, and illite with moderate to low sulfide contents. This subtype includes 

deposits with high Ag : Au ratios such as Tonopah, Nevada (Spurr, 1905) and deposits with low 

Ag : Au ratios, such as Oatman (Ransome, 1923). Indeed, Lindgren (1933) used both the Tom 

Reed and Gold Road veins in the Oatman district in his description of epithermal deposits. 

Broadly coeval igneous rocks are common but not universal in these deposits. Fluid salinities 

commonly are <5 equiv. wt% NaCl, and isotopic studies generally indicate a predominance of 

meteoric water, commonly without any detectable magmatic component (Taylor, 1997). 

Mesquite, California is another mid-Cenozoic deposit of this subtype that formed in the region, 

although earlier than Oatman at ~26 Ma (Manske et al., 1988; Willis and Tosdal, 1992). 

Geochemical modeling indicates that the salinity and redox conditions of non-magmatic fluids 

may control the type of deposit formed, perhaps dilute groundwaters for low-sulfidation 

epithermal gold-silver deposits versus brines for IOCG (iron oxide copper-gold) deposits (e.g., 

Barton and Johnson, 1996, 2000). 

The principal purpose of this study is to characterize the Gold Road vein in the Oatman 

district. I examined the upper, historically mined portion of the vein, which crops out at the 

present surface, and drill core from a deeper portion, up to 500 m below surface. The deposit was 

studied by detailed geologic mapping across the vein, petrography, SEM, and whole-rock 

geochemical analyses of samples from the vein, of adjacent wall rock, and of least-altered 
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equivalents, and by short-wave infrared (SWIR) analysis of fine-grained minerals. A second 

purpose of this study is to use recent geologic maps of the area (Ferguson and Cook, 2016; 

Ferguson et al., 2017) to examine the contemporaneous paleosurface at the time of ore formation 

and characterize the mid-Miocene paleotopography of the greater Oatman district to speculate on 

the hydrologic environment in which the ore-forming fluids potentially originated. A particular 

question is the significance of a large-volume ash-flow tuff, the Peach Spring Tuff, which 

erupted from the nearby Silver Creek caldera at 18.78 ± 0.02 Ma (Ferguson et al., 2013), 

fortuitously mantling the landscape at approximately synchronous with formation of epithermal 

deposits of the Oatman district.  

The Gold Road deposit is restricted to steep veins, has remarkably low sulfide contents, 

has as a low Ag : Au ratio, and has prominent adularia-rich vein fill and vein-adjacent wall-rock 

replacement. Based on previous fluid inclusion studies, paleotopographic analysis of the Oatman 

district and surroundings, and new geochemical data and 40Ar/39Ar dates, I speculate that dilute 

mineralizing waters may have been derived from rain waters falling on a high-standing 

constructive volcanic complex, whereas broadly contemporaneous hematite ± Au ± Cu deposits 

("detachment-type” deposits) formed from brines probably down the topographic gradient, in 

low areas of the Colorado River extensional corridor near extensional basins that were 

accumulating evaporites. 

Location and Mining History 

The Oatman mining district is a historic low-sulfidation epithermal gold and silver 

district situated on the western side of the southern Black Mountains near the town of Oatman, 

Mohave County, Arizona. By far the largest resource of this district is gold, with total production 

of more than 2.3 million ounces of gold. More than 30% of that is from the Gold Road vein, 
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which produced approximately 750,000 ounces of gold (Kehmeier et al., 2018). Silver 

production amounts to over 1.51 million ounces for the district (DeWitt et al., 1991). 

[Figure 1 here] 

The first discoveries of gold in the Oatman district were made during the Civil War. The 

Moss vein was named after John Moss, who first discovered free gold in the district in 1863 

(Ransome, 1923). Subsequent lode discoveries over the next decade included the Tom Reed and 

Hardy veins. After the initial discoveries and earliest few years of mining, there were few new 

discoveries as the district went dormant. In 1902, high-grade gold was located at the Gold Road 

vein, and it quickly went into production, followed by the United Eastern mine along the Tom 

Reed vein in 1915. In the subsequent decades, ownership of the major mines repeatedly changed 

hands. In 1919, a mining dispute between competing operators at the Gray Eagle and Big Jim 

veins resulted in a precedent-setting court case on extra-lateral mining rights.  

By 1942, almost all production at Oatman had already ceased, and Presidential Order L-

208, which directed all gold mines in the United States be shuttered in favor of mining metals 

that could better support the war effort, ended mining in the district. Mining briefly returned in 

the 1970s, but falling gold prices ultimately caused the efforts to fail. In 1993, Addwest resumed 

production at Gold Road that ended in 1998 (Kehmeier et al., 2018). The mine was returned to 

operation from 2010 to 2015 by Mohave Desert Minerals. The mine was then purchased by Para 

Resources Inc., who completed a NI 43-101 technical report (Kehmeier et al., 2018) and then 

sold the property to the current owner, Aura Minerals, who put the mine into operation in late 

2020 and then closed it again in late 2021 after failing to develop new reserves. To the northwest 

of the Gold Road mine, the Moss mine, operated by Northern Vertex Mining Corporation is 

currently active.  
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GEOLOGIC FRAMEWORK 

[Figure 2 here] 
 
Rock types 

Variably alkalic Cenozoic tuffs, lava flows, and breccias volcanic rocks of intermediate 

composition host the gold veins (Thorson, 1971; DeWitt et al. 1991). The volcanic rocks rest 

uncomformably on highly deformed Proterozoic granites and gneisses (Thorson, 1971). Late 

dikes of both rhyolitic and basaltic composition crosscut other Cenozoic volcanic strata.  

The Oatman Andesite and overlying Gold Road Dacite are the two units that host 

mineralization in the Gold Road vein. They are both compositionally latite (Thorson, 1971). The 

Gold Road Dacite, or latite, which has been subdivided into upper and lower units but is 

considered here a single unit, is characterized by 30 – 40 % plagioclase, lesser pyroxene, and 

minor amounts of biotite, quartz and alkali feldspar (DeWitt et al., 1991). The Oatman Andesite, 

which is also dominantly latite and ranges from dacite to basaltic andesite, is composed of lava 

flows, tuffs, and breccias (DeWitt et al., 1991). It is 45% plagioclase, and contains 

orthopyroxene and clinopyroxene phenocrysts (DeWitt et al., 1991). 

[Figure 2 here] 

The Peach Spring Tuff is a prominent capping unit in the volcanic pile, and its source, the 

Silver Spring caldera is exposed on the western flank of the Oatman Quadrangle (Ferguson et al., 

2017). The Peach Spring Tuff does not crop out near the Gold Road vein but does to the west, 

adjacent to the active Moss mine. The temporal relationship between the various gold-hosting 

trachytic lava flows and the Peach Spring Tuff is disputed (Thorson, 1971; Pearthree et al., 2009; 

Frazier, 2013). In some stratigraphic sections, the Peach Spring Tuff is presented as overlying 

both the Oatman Andesite and the Gold Road Dacite. In others, the Peach Spring Tuff 
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stratigraphically occurs between the units. Field mapping (e.g., Ferguson and Cook, 2016) 

tentatively supports the latter interpretation. 

There are two main intrusive units in the Oatman district: The Moss Porphyry and the 

Times Porphyry. The former has been classified as an a monzodiorite and the latter an alkali 

granite (DeWitt et al., 1991). The contact the between these two plutons is elusive. In some 

areas, it appears gradational, so the two units merely represent different sections of a larger 

crystallized magma chamber (Zhang, 2012).  

There is a series of northwest striking, steeply dipping rhyolitic dikes throughout the 

district. There are two prominent rhyolitic landmarks in the district; Elephant tooth, a prominent 

dome in the town of Oatman, and Boundary Cone, a dome with radiating dikes five kilometers to 

the southwest of Oatman.  

[Table 1 near here] 

The timing of mineralization has not been previously well constrained (Table 1). DeWitt 

et al. (1991) recalculated age dates by Thorson (1971) using more recent decay constants on 

biotites from the Gold Road Dacite, yielding an age of 18.6 ± 0.9 Ma. Actinolite from the Times 

Porphyry yielded a K-Ar age of 23.1 ± 1.8 Ma, whereas biotite from the Moss indicated an age 

of 10.7 ± 0.5 Ma. McDowell et al. (2014) published U-Pb zircon ages on trachyte lava flows 

predating the Peach Spring Tuff of 19.01 ± 0.26 Ma.  

Structure 

The youngest volcanic rocks in the southern Black Mountains are relatively flat-lying, 

whereas the oldest units dip 20-35 degrees eastward (DeWitt et al., 1991). Recent research 

suggests that the tilting is a product of two converging regional tilt domains (Varga et al., 2004). 

The east-dipping faults and west-dipping blocks of the Whipple domain converge with the west-
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dipping faults and east-dipping blocks of the Lake Mead domain directly at Oatman. The 

coalescence of these two domains creates a complex geometry of extensional folds in an 

accommodation zone. The result are east-dipping strata near and east of Oatman, and west-

dipping strata to the west (Varga et al., 2004). More recent research has emphasized the 

importance of the emplacement of large, dismembered Silver Creek caldera northwest of Oatman 

(Ferguson et al., 2013). Tilting for mid Miocene units has been constrained using 40Ar/39Ar 

dating on tuffs, with at least 20° of tilting in the eastern limb of the Black Mountains occurring 

between 16.4 and 15.1 Ma (Varga et al. 2004).  

 

Mineral Deposits 

[Figure 3 here] 

Veins are hosted by mid-Miocene volcanic rocks and fit into the “low-sulfidation” or 

“adularia-sericite” epithermal descriptive classification schemes (Berger and Henley, 1989; 

Hayba et al., 1985). Local volcanism and mineralization predate the major extension, though the 

Gold Road vein is hosted in a normal fault.  

Prior work on the deposits has determined that the most productive regions occur in the 

NNW-striking veins in dilatant, right-lateral fault zones with “phyllic” alteration directly 

overhead (Clifton et al., 1980).  Most prior mapping and characterization of alteration were 

based on general descriptive characteristics such as color and textures, not determination of 

diagnostic minerals. Additionally, alteration, characterized by authors as primarily as “phyllic, 

argillic, and propylitic,” was primarily mapped at the surface, as underground mines were not 

active at the time.  
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Previous Work 

The first published work on the Oatman district, as part of larger study on mineral 

deposits in the region, was by Schrader (1909), who described the fissure-filling gold veins that 

cropped out on the surface. Ransome (1923) was the first to describe the geology of the district 

in detail. He named and described the two major volcanic host rocks, Oatman Andesite and Gold 

Road Dacite, as well as the two major intrusions, the Moss and Times Porphyries. He suggested 

that the intrusions may be the intrusive equivalents of the volcanic rocks that host ore. He also 

described the north to northwest trend of the major vein and fault systems, including the Gold 

Road, Tom Reed, and Moss veins, as well as textural detail of the vein fill. Lausen (1931) further 

refined the volcanic stratigraphy in the district, added detail about the mineralogy of the veins, 

and defined five discreet stages of vein filling. Later study of veins in the deposits in the Oatman 

district contributed to the original “boiling model” for low-sulfidation deposits by Buchanan 

(1981).  

Thorson (1971) studied the regional petrology of the Black Mountains and Oatman 

district. He first suggested that a large caldera was present in the district and that was related to 

ore-forming processes. He further refined the rock type designations set out in Ransome (1923) 

and subdivided the volcanic strata. Thorson (1971) also provided the first radiometric dates for 

both intrusive and extrusive units.   

Marsh and McKeon (1983) conducted a remote-sensing study at the Oatman district to 

establish the efficacy of airborne spectral analyses for determined discrete alteration styles. 

Clifton et al. (1980) was the first to describe alteration and ore associations in any significant 

detail. They assert that phyllic alteration is always present in and above ore-bearing zones of the 

vein, though not all areas with phyllic alteration contain ore grade. They also determined 

different styles of vein filling in different host rocks, and that the most productive zones in the 
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veins are concave-north bends. They named multiple types of alteration—some of which they 

associated with productive ore—primarily on the basis of color and texture. They also undertook 

the first fluid inclusion studies to ascertain salinity and temperatures of formation. Smith (1984) 

further refined the fluid inclusion data and focused on specific vein mineralogies and patterns in 

the different fluid pulses as determined by Lausen (1931). Smith (1984) examined fluid 

inclusions in the quartz veins and determined that average salinity of ore fluids is 1.5 equiv. wt. 

percent NaCl. The temperatures of primary fluid inclusion are 205°-255°C, and the secondary 

inclusions range from 175°-335°C (Smith, 1984). Evidence for boiling includes the deposition of 

bladed calcite, and quartz after bladed calcite. DeWitt et al. (1991) further refined the alteration 

nomenclature, and associations between ore and alteration type. They also determined the gold 

grade ore was vertically and laterally restricted. 

Though this district has clearly been the subject of multiple paradigmatic shifting 

publications, questions about some of its fundamental features remain. The focus on surface 

exposures and methods for ore-finding has resulted in a lack descriptive alteration around the 

veins. Changes in alteration patterns through depth have only been cursorily explored. Further, 

the timing of mineralization in the major veins has never been well constrained; this is now 

possible as a result of advances in dating technologies, and widespread interest in the nearby 

Peach Spring tuff. Questions about the source of the mineralizing fluids and its effect on 

depositional characteristics locally and in a broader regional context also remain.  

METHODS 

Analytical techniques used here to characterize wall-rock alteration and infer potential 

sources of the mineralizing fluids include geologic mapping, whole-rock geochemical analysis, 
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40Ar/39Ar age dating, short-wave infrared (SWIR) spectroscopy, petrographic microscopy, and 

scanning electron microscopy.  

In the Oatman district, a particularly fine exposure of the Gold Road vein, with a roughly 

2-m-wide cross-section of the vein occurs on historic U. S. Highway Route 66 on the western 

side of the Black Mountains. I mapped this small section of the vein using a variation on the 

Anaconda method (Brimhall et al., 2006), which includes recording the current mineralogy in the 

principal felsic and mafic mineral sites in the altered host rock.  

In order to ascertain the changes in alteration with depth, I examined 23 core samples 

provided by Aura Minerals from diamond drill holes. These 23 holes cross the Gold Road vein 

and represent the hanging wall and the footwall through 500 m of true length (Table 2). Holes 

within 1,000 m lateral distance from the Route 66 exposure were studied in an attempt examine 

the effect of depth as well as than lateral variation, using the petrographic microscope, scanning 

electron microscope, SWIR, and whole-rock geochemistry to analyze alteration characteristics 

across the holes. 

[Table 2 near here] 

Whole-rock geochemical analyses were conducted at ALS Laboratories on 30 samples, 

comprising 23 core samples, 4 surface samples, 2 samples collected from underground workings, 

and 1 sample from a surface rhyolite dike. The samples were analyzed for major- and trace-

element abundances using lithium borate fusion ICP, aqua regia digestion, and combustion 

analysis.   

Short Wave Infra-red (SWIR) analysis discerns clay types in altered rocks. A FieldSpec 

Pro spectrometer was used to study the spectral mineralogy of spots on 29 samples, comprising 

the 23 drill core samples, 2 underground samples, 3 surface samples, and a sample from the 
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Boundary Cone dike. Each hand sample specimen was analyzed 10 times, and the results were 

averaged. Additionally, the coarse ground samples from geochemical sampling were analyzed. 

This provided a more homogenized mixture for each sample. Each packet of ground material 

was analyzed 5 times, and the results were averaged. Pulps from each rock type were also tested; 

however, most analyses were usually dominated by unusable, aspectral results, so pulps were not 

analyzed with the spectrometer.  

Polished thin sections of 45 different samples were prepared by Spectrum Petrographics. 

The first 20 sections were across the surface exposure of the vein, in one-meter intervals (Figure 

7). Two thin sections were collected from the vein material at the Route 66 exposure, while 22 

were core samples, and one was from Boundary Cone dike.  

All of the hand samples that corresponded to thin sections were first examined under a 

Nikon binocular microscope. Hardness tests, acid tests, and color and habit observations were 

used to determine the major mineral constituents, and to delineate the extent to which plagioclase 

had been altered to various clay minerals. Thin sections then were examined under a Nikon 

Eclipse LV100POL petrographic microscope, and used optical properties under plane- and cross-

polarized light to constrain mineralogy better. Reflected-light microscopy was occasionally used 

to identify oxide and sulfide minerals. A JEOL JSM-6010LA analytical scanning electron 

microscope (SEM) housed at the Lowell Program in Economic Geology at the University of 

Arizona was used to determine mineral compositions via energy-dispersive X-ray spectroscopy 

(EDX) on carbon-coated polished thin sections.  

The 40Ar/39Ar dates were conducted by the Arizona Noble Gas Laboratory and Arizona 

Radiogenic Helium Dating Laboratory (ANGL-ARHDL). The first sample, GRV 1a, is a sample 

of vein-fill material from the Route 66 exposure. It comprises crustiform bands of milky quartz, 
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hematite-stained quartz, adularia, and calcite. The fine-grained adularia (typically <100 μm) was 

first stained with sodium cobaltinitrate to be made visible, then prepared by the lab for analysis. 

The second sample, BCDS, is from the Boundary Cone dike in the southern part of the Oatman 

district. The sample is a porphyritic high-silica rhyolite with <10% partially resorbed quartz eyes 

≤ 2mm, 5% phenocrysts of sanidine ≤ 6mm, <1% oxidized euhedral pyrite cubes <1mm, in a 

slightly oxidized, sanidine and quartz rich aphanitic groundmass. The sanidine from the 

groundmass was prepared and sampled. For further information on sample preparation and 

analyzation, see Schaen et al. (2021). 

[Figures 4 A & B here] 

RESULTS 

Host Rocks 

[Figure 5 here] 

Radiometric dating (Table 1) indicates that the Oatman Andesite, overlying Gold Road 

Dacite and Peach Spring tuff were erupted near-contemporaneously (Lang et al., 2019). The 

Oatman Andesite has been estimated to be over 300 m thick near the Gold Road vein, whereas 

the Gold Road Dacite has been measured to have a maximum thickness of 240 m (DeWitt et al., 

1991, Clifton et al., 1980). The chemical and petrological similarities between the two units can 

obscure the contact, especially at depth. Vein mineralization in the Gold Road Dacite tends to be 

open-space filling, whereas mineralization in the Oatman Andesite tends to comprises stringers 

and breccia zones. These characteristics may be helpful in determining rock type, but they are 

not always diagnostic; In areas of uncertainty, previous work and new geochemical data are used 

to locate important rock contacts. 
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The majority of the samples that I examined are hosted in the Oatman Andesite, well 

below the expected contact with the Gold Road Dacite. The surface samples GR 1, and GR 10 

are mapped by Ferguson and Cook (2016) as Gold Road Dacite in an exposure with at least 180 

m of the unit exposed on the hanging wall block of the Gold Road vein fault. At the site of 

sample collection, the contact with the Oatman Andesite is mapped by Ferguson and Cook 

(2016) as 50 m below. Here, it has been reported that there is 90-120 m of displacement on the 

fault (Lausen, 1931; DeWitt et al., 1991).  

[Figure 6 here] 

[Table 3 here] 

Using the high field strength geochemical data available, there are two clusters on the Al-

Ti-Zr ternary plot, and two outliers. The two clusters probably correspond to two different rock 

units. Using the unit thickness from DeWitt et al. (1991) and Ferguson and Cook (2016), the 

contact between the Gold Road Dacite and Oatman Andesite was inferred at 950 m elevation. Of 

the samples I examined, only the surface samples from the Route 66 exposure on the footwall 

side are above that elevation; the rest of the samples are below it and presumably on the other 

side of the contact. The Oatman Andesite, 300 m thick, has been projected to contact the 

underlying unit at ~650 m above sea level in the footwall, and 550 m above sea level in the 

hanging wall. Geochemically, the high field strength clusters support these depths of contact. 

The depth at which the samples shift from one geochemical cluster to another in the footwall is 

between 605 and 710 m. The depth at which the samples shift from one cluster to another in the 

hanging wall is between 515 and 570 m. Thus, these samples may be from a distinct flow, or 

even a separate unit beneath the Oatman Andesite.  
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There are two outliers on the geochemical diagram. Sample DC 14 is the greatest but is 

explained by the fact that the sample is partly within the vein, and is heavily silicified, and is thus 

not representative of the volcanic wall rock. The other anomaly is DC 7, which represents the 

deepest sample in the data. It is possible that at that depth, there is an entirely different volcanic 

rock type. There are two unexplained anomalies that do not follow the expected pattern: Samples 

DC 21 and DC 19.  

DC 19’s abnormality may be explained by the fact that a small, intermediate intrusion 

cuts through the sampled portion of the core. While the host rock of DC 19 comprises 15% 

phenocrysts, over 60 percent of which are white, tabular altered feldspars, there is also a finer 

grained, <5% phenocrystic, dark intrusion that intermittently appears over a five-foot interval. In 

the geochemical sampling of the rock, it is likely that a small amount of the interfingering 

intrusive material was included in the geochemical analysis. DC 21 has no obvious explanation 

for its anomalous nature.  

 

Alteration 

The Gold Road vein contains dozens of bands of quartz-adularia-calcite from three of the 

five district-wide generations of mineralizing fluid events (Lausen,1931; Smith, 1984).  The fill 

in the Gold Road vein come from Lausen’s (1931) 3rd, 4th and 5th phases of vein filling. Phase 3 

is primarily chalcedonic quartz that is opaque, slightly yellow, and with an oily luster. Phase 4 

comprises yellow to green hued, finely banded quartz and casts of quartz after bladed calcite. 

Phase 5 is yellow to green hued, with coarser quartz, and bands of white adularia. Lausen (1931) 

notes that the gold-rich material comes from phases 4 and 5. The dark yellow to green coloration 

is of the gold bearing quartz phases has been speculated to be a result of micro-inclusions of 

chlorite (Lausen 1931; Clifton et al. 1980; Smith 1984). 
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The wall rock adjacent to the Route 66 surface exposure is heavily brecciated. Multiple 

events of brecciation are recorded by multiple generations of brecciated clasts. Stringer, offshoot 

quartz veins of the main vein body, ranging from 1-10mm thick comprise up to 3 percent of the 

rock volume up to 10 meters away from the main vein, following the same northwest strike and 

sub-vertical dip. The wall rock adjacent to these smaller veins is in prominent relief and is 

notably harder than the crumbly wall rock farther from vein material. All vein types and rock 

types at the surface are crossed by submillimeter-thick veinlets of red iron oxide. SEM and XRF 

analysis indicate that such rocks contain elevated potassium feldspar in the groundmass, 

probably indicating potassic alteration.  As noted by Ransome (1924), the volcanic wall rock of 

this unit has a green hue.  

[Table 4 here] 

[Figure 7 here] 

The principal minerals of the wall rock are plagioclase, hornblende, alkali feldspar, 

biotite, and lesser apatite and augite. Plagioclase phenocrysts have soft, yellowish altered rims. 

Some of the plagioclase sites have been entirely altered to clay, sericite or potassic feldspars, 

whereas original alkali feldspars appear to be unaltered. Biotites are variably altered; some of the 

sites are apparently unaltered, and remain chemically pristine biotite, while others have partially 

or entirely altered to chlorite. Hornblende is also variably altered, with some samples entirely 

altered to chlorite. The groundmass of the rock comprises quartz and potassic feldspar. Thin 

section analysis and staining reveals added fine-grained adularia, and interwoven veins of quartz 

and adularia.  This is the variety of the alteration described by Marsh and McKeon (1983) as 

“phyllic.”  

[Figure 8 A & B here] 
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The deeper material all contains chlorite after biotite, with little to no fresh or altered 

biotite remaining. Most pyroxene phenocrysts have also been partially or entirely converted to 

chlorite. Common amygdules in the andesite are commonly filled with calcite, and biotite and 

chlorite have moderate alteration to epidote. Illite and co-occurring montmorillonite are nearly 

pervasive throughout all elevations. This suite of alteration products comprises a characteristic 

“propylitic” style alteration in porphyry environments.  

[Figure 9 A & B here] 

Only one sample contains visible sulfides. DC 21 has clusters of sub-millimeter, 

subhedral to euhedral pyrite cubes. One section of the core was scanned with a handheld XRF 

analyzer, and indicated a maximum of 0.8% sulfur content. The bulk sulfur content of the 

interval assayed 0.09%, the highest of any of the samples. Sulfides in this sample associated with 

veins with quartz and potassic feldspar. The rock comprises 10 percent feldspar sites altered to 

clay, with abundant green chlorite in ground mass.  

 

Ages 

[Figures 10 A & B here] 

[Figures 11 A & B here] 

GRV 1a 

The date from the GRV 1a sample did not result in a plateau. An adjusted, non-plateau 

age of the adularia in the Gold Road Vein from an inverted isochron is 17.23 ± 0.08 Ma. This 

adjusted non-plateau age excluded eight data points, four of which represent likely argon loss, 

and four of which represent likely recoil. In the unadjusted isochron there is 7 million years of 

dispersion, which is unrealistic for fine-grained adularia vein mineralization; most likely the 

dispersion is the result of argon loss. The final four data points are omitted to remove the 
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influence of recoil. While removing these data points introduces a degree of subjectivity to the 

reported date, the remaining data in the isochron estimate a plateau, with a roughly atmospheric 

intercept at 296.9 ± 1.2.  

BCDS: 

Potassium feldspar in the groundmass was analyzed. The data from the BCDS sample did 

not result in a plateau. An adjusted, non-plateau age of the groundmass in the Boundary Cone 

dike from an inverted isochron is 17.56 ± 0.03. 2 million years of dispersion (diffusive loss of 

argon). This porphyritic rhyolite has 500,000 years of argon loss, indicating a likely loss of argon 

in an expected two-stage cooling.  

The ages from the Boundary Cone rhyolite dike and adularia from the Gold Road Vein indicate 

that mineralization was likely contemporaneous with the latest pulses of volcanism in the district. 

The age of the adularia indicates that mineralization in the district occurred over one million 

years after deposition of the regional Peach Springs Tuff.  

INTERPRETATIONS 

Alteration 

Veins in the Gold Road system range in width from sub-centimeter to two meters. The 

constituents of the major veins are quartz, adularia, and bladed calcite, indicative of boiling of 

ore fluids (e.g., Simmons et al., 2005). A series of breccias, up to 3 m wide, consist dominantly 

of quartz-supported matrix, angular clasts averaging 1-2 cm across, with added fine-grained 

hematite. The width of strong wall-rock alteration enveloping the veins tends to be 

commensurate with the thickness of the veins, indicating a potential causal relationship. The 

selvages immediately surrounding the veins contain fine-grained adularia and quartz, which 

gives the rock increased hardness, causing outcrops of adularia-altered wall rock protrude from 
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the face of the outcrop (Figure 12). Plagioclase phenocrysts are variably altered or rimmed to a 

mixture of illite and lesser montmorillonite. Minor veinlets of hematite crosscut and reopen veins 

of quartz-adularia. Adularia most abundant in veins with brecciated wall-rock (Smith 1984).  

[Figure 12 A & B here] 

[Figure 13 here] 

Propylitic alteration, representing volatile addition without significant addition or 

subtraction of major elements, is present throughout the district and may extend hundreds of 

meters from major veins. This alteration creates crumbly, recessive zones of gray to green 

outcrops in which biotite and hornblende are variably altered to chlorite and minor epidote. 

Calcite is also present in the wall rock as veins, veinlets, amygdule fill, and replacing 

plagioclase. Plagioclase crystals are often entirely replaced or rimmed by a mixture of illite and 

montmorillonite, especially in zones that overlap with the vein selvages. The formation of clay 

minerals accounts for the outcrop-scale crumbly character of the rock beyond the adularia-

bearing vein selvages.  

 

Gains and Losses of Components During Alteration 

Geochemical analysis of samples DC 10, SGR 2, and DC 14, which were taken from the 

hard, adularia-bearing selvages, reveal added potassium, reaching up to 8% K2O in rocks that 

have only 3.5 to 4.8% K2O when relatively fresh (Tables 3, 5a, 5b). Altered samples also contain 

lower sodium compared to the unaltered rocks from previous studies. Anomalously high ratios of 

potassium to sodium in volcanic rocks, along with CaO and MgO < 1%, signify metasomatic 

changes to the original rock. 

[Table 5 here] 
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Samples of Oatman “andesite” collected multiple meters away from the main vein, such 

as samples DC 23 and DC 18, exhibit the geochemical signatures of propylitically altered rocks, 

with higher Na2O, and CaO than samples from the vein selvages. Hydrothermal minerals such as 

epidote and calcite reflect the addition of volatiles, but otherwise do not indicate a change bulk 

composition.  

[Figure 14 here] 

Changes in the alteration patterns through the sampled vertical interval appear to be 

minimal. The pattern of localized potassic selvages with distal propylitic alteration remains 

consistent throughout the 22 samples of core spanning 500 m of vertical elevation. K2O content 

tends to increase with increasing elevation (Figure 14), but that may be a product of a sampling 

bias rather than a true reflection of changing alteration. The harder, more coherent selvages were 

more amenable to the creation of thin-sections, and therefore were overrepresented in the 

samples, especially those collected from surface exposures. Other major geochemical differences 

in the rocks may be due to differences in the original host rock chemistry, as explained in the 

results.  

 

Age of Mineralization and Relation to Intrusions 

Fluid inclusion data from previous work suggest that the mineralizing fluids at Gold 

Road were relatively low temperature (<260° C) and low salinity (<1.5 weight % NaCl eq.) and 

therefore, probably dominated by dilute meteoric waters (Smith, 1984). Resurgent intrusions in 

the Silver Creek caldera, determined to be broadly contemporaneous with eruption of the Peach 

Spring Tuff, suggested a potential relationship between mineralization and volcanism. However, 

new 40Ar/39Ar ages from this study on vein fill adularia firmly place the timing of mineralization 
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over 1 m.y. after the eruption of the Peach Spring Tuff. This further suggests that mineralizing 

fluids were not magmatic fluids derived from the resurgent intrusions.  

A new 40Ar/39Ar date on the nearby rhyolitic Boundary Cone dike, however, suggests that 

small volumes of late rhyolitic magma were concurrent with mineralization of the Gold Road 

vein. Boundary Cone contains euhedral, visible pyrite, and is one of many rhyolite dikes that 

share a north-northwest strike similar to that of the ore-hosting veins in Oatman. As a high-silica 

rhyolite, it is unlikely that Boundary Cone magmatism contributed gold to the system. It is 

possible that rhyolitic magmas in the district contributed volatiles, such as sulfur and carbon 

dioxide, and related intrusions may have acted as heated sources to help drive local fluid 

circulation during nascent extension in the district.  

 

Mid-Miocene Topography of the Oatman Region 

The Gold Road vein formed in a northwest-striking normal fault during the earliest, low-

magnitude extension of the incipient CREC. The thin, flat depositional pattern of the Peach 

Spring Tuff onto Proterozoic basement rock to the north, the thick, flat deposition on a package 

of early Miocene intermediate volcanic rocks to the south, and a hiatus in deposition in the 

central Black Mountains suggest that the Gold Road vein formed in a regional topographic 

high—a broad shield volcano of intermediate to trachytic lava. Orographic effects from this 

regional topographic high might have caused increased precipitation in the area, which provided 

a more voluminous source of dilute meteoric water. Continued thinning of the crust, perhaps 

aided by rhyolitic magmatism, provided the heat necessary to circulate meteoric waters that 

served as the mineralizing fluid for the Gold Road vein.   
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DISCUSSION 

Geologic Settings of Cenozoic Gold Deposits of western North America, including 
Contrasting Types of Deposits Formed Along the Colorado River Extension Corridor 

Cenozoic precious-metal deposits of western North America formed in a variety of 

geologic settings (e.g., Dreier, 1984; Heald et al., 1987; Ilchik and Barton, 1997; John, 2001), 

including the "epithermal” environment. Epithermal conditions are characterized by shallow 

depths (<1.5 km) and low temperatures (<300°) (Simmons et al., 2005). There are many 

subtypes of epithermal deposits, and at least two types formed during the mid-Cenozoic along 

the Colorado River Extension Corridor (CREC) of western Arizona, eastern California, and 

southernmost Nevada: (1) adularia-sericite (or low-sulfidation) Au-Ag deposits, and (2) hematite 

± Au ± Cu deposits occurring near normal faults that presently dip at low angles, commonly 

termed “detachment-type” deposits. 

The diverse occurrences of adularia-sericite deposits include deposits in which the 

mineralization is mostly stratabound in ash-flow-tuffs as at Round Mountain, Nevada (Sander 

and Einaudi, 1990), hosted by veinlets in crystalline rocks associated with strike-slip faults, as at 

the Oligocene Mesquite deposit, California (Manske et al., 1988), or hosted by lava flows in 

mid-Miocene lodes in along normal faults, as at Oatman, Arizona. The associated mineralization 

can be in the form of native precious metals or in disseminated sulfides, with widely varying Ag 

: Au ratio. Adularia-sericite deposits typically exhibit proximal, adularia-bearing potassic 

alteration encased in a much broader halo of propylitic alteration that is characterized only by 

addition of volatiles such as H2O and CO2.  

Fluid inclusion evidence indicates that the adularia-sericite subtype of epithermal 

deposits formed from dilute fluids. In contrast, magmatic-hydrothermal fluids tend to be 

moderate-salinity, ~10 equiv wt % NaCl, though high-salinity brines and dilute vapors can 
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develop by phase separation (e.g., Bodnar et al., 2014). At Oatman, fluid inclusion studies 

indicate that temperatures are <260° C and salinities are low (<1.5 wt % NaCl eq.), consistent 

with meteoric water as a possible source (Smith, 1984). Indeed, isotopic studies indicate that the 

fluids from adularia-sericite deposits are dominated by, and may consist entirely of, meteoric 

water, but a small (e.g., <20%) magmatic component cannot be precluded (e.g., Taylor, 1973, 

1974, 1997). As a result, degassing magmas conceptually could have supplied volatiles, such as 

sulfur, that may have played an important role in a meteoric water-dominated fluid in 

complexing precious metals. Nonetheless, a fluid without a magmatic volatile component may 

have been fully capable of being the ore fluid at deposits such as Oatman, leaching ore metals 

from wall rocks along the flow paths of hot fluids. In any case, circulation of dilute waters of 

dominantly meteoric origin and heating to >250°C appears to be required to form adularia-

sericite (or low-sulfidation) Au-Ag deposits, generally with associated boiling (Buchanan, 1981; 

Simmons et al., 2005). Potential sources of heat and drives for circulating meteoric fluids range 

from crustal extension to newly emplaced plutons as heat sources.  Radiometric dates indicate 

that the Silver Creek caldera (related to eruption of the Peach Spring Tuff) is too old to be related 

to the Gold Road vein, but small metaluminous rhyolite domes such as Boundary Cone probably 

are about the same age. Magmatic heat associated with the rhyolites could have aided fluid 

circulation and perhaps contributed magmatic volatiles, including bisulfide and other ligands that 

may have leached metals from wall rocks during fluid circulation.  

[Figure 15 here] 

The hematite-bearing “detachment-type” deposits along the CREC vary in metal content 

(Barton, 2014), from Au deposits such as Copperstone, Arizona (Salem, 1993), to Fe-Cu deposits 

such as Copper Basin, California, and Planet-Mineral Hill-Swansea, Arizona (Wilkins and 



30 
 

Heidrick, 1982; Lehman and Spencer, 1989), to Mn deposits in the Artillery Mountains, Arizona 

(Spencer et al., 1989). Accessory minerals include quartz, fluorite, and barite. The associated 

wall-rock alteration varies, though potassic alteration is reported. Homogenization temperatures 

of fluid inclusions are mostly 350-200°C (Wilkins et al., 1986), which are similar or higher than 

Oatman. There is a strong grouping of salinities of fluid inclusions from the hematite-bearing 

“detachment-type” deposits from 12.5 to 20.5 wt % NaCl eq., about an order of magnitude more 

saline than Oatman (~1.5 wt % NaCl eq., equivalent; Smith, 1984). Wilkins et al. (1986) 

suggested that these deposits formed by circulation of basinal brines along faults during mid-

Cenozoic extension. Indeed, the hematite-bearing “detachment-type” deposits are regionally 

associated with Miocene evaporite deposits (Figure 15). Additional research on the nature of 

“detachment” style mineralization and its similarities to other IOCG deposits is necessary to 

parse apart the controls on the different sub-types of “detachment” style deposits.  

Magmatic-fluid contributions are not clearly indicated for the genesis of either adularia-

sericite or “detachment” style deposits, and petrologic and geochemical arguments suggest that 

they are unlikely. Felsic magmas such as the rhyolite at Boundary Cone in Oatman are poor 

candidates for evolving gold-rich magmatic-hydrothermal fluids. Except for silica-

undersaturated, strongly alkaline magmas such as at Cripple Creek, Colorado (e.g., Jensen and 

Barton, 2008), chalcophile elements and gold tend to be concentrated downward in zoned 

magma chambers where intermediate and mafic compositions reside, rather than in the silicic, 

volatile-rich roof zones from which magmatic-hydrothermal fluids arise (e.g., Hildreth, 1981; 

Seedorff et al., 2005). 

Both adularia-sericite (low-sulfidation) such as Oatman and hematite-bearing 

“detachment-type” deposits, therefore, require non-magmatic fluids to be heated, leaching 



31 
 

components from wall rocks, and then precipitating metals in shallow, “epithermal” levels of the 

crust, generally along and near normal faults. The main differences in these two types of deposits 

is the salinity of the external fluids that become ore fluids (dilute versus highly saline), which in 

turn affects the metals that can be transported by the fluids and potentially be precipitated to 

form an ore deposit (Barton, 1996). A variety of factors, which typically are interrelated, can 

influence the development of these contrasting fluids, including latitude, climate, elevation, and 

topography (Barton and Johnson, 1996, 2000). Compared to accumulation of saline fluids, the 

collection of dilute meteoric waters would be favored by cooler, wetter climates associated with 

higher latitudes or higher settings with higher topography that probably would be associated with 

higher annual precipitation because of orographic effects.  

The expected latitudinal effect is borne out by the absence of hematite-bearing 

“detachment-type” deposits of Cenozoic age in the northern Basin and Range. In contrast, the 

southern Basin and Range (including Mojave Desert, Arizona, New Mexico, and northern 

Mexico), has both types. Arizona has many Cenozoic occurrences of hematite-bearing 

“detachment-type” deposits, but it also has a few Cenozoic examples of the adularia-sericite 

type, including the Oatman and Pearce (Commonwealth) districts (Howell, 1977; Spencer and 

Welty, 1989b). Although evaporite basins were common in the southern Basin and Range 

Province in the Cenozoic (e.g., Scarborough and Peirce, 1978), some hydrologic regimes 

persisted that could accumulate dilute meteoric water, which would be favored, for instance, by 

higher topography. 

In modern, narrow rifts such as the East African rift, the more highly extended areas tend 

to be topographically lower, with the opportunity in some cases to accumulate evaporites. The 

highest topography generally is in the footwall of the major rift-bounding normal faults, where 
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the footwall block has been flexurally uplifted (Ebinger et al., 1999). Higher topography can also 

be achieved at major igneous centers such as calderas and shield volcanoes, especially if located 

on the flanks of the main rifts (e.g., Bosworth, 1987). 

[Figure 16 A, B, C here] 

Extension in the southern Basin and Range province is more complicated than in narrow 

rifts, with many features superimposed over time. Nonetheless, the CREC is a known region of 

greater extension, as marked by metamorphic core complexes and highly tilted strata (e.g., Varga 

et al., 2004), and this region, with its evaporite basins, would be expected to have been 

topographically low during the period of peak extension in the CREC. The Oatman district, in 

contrast, formed early in the development of the CREC and was located on the less-extended, 

eastern shoulder of the CREC (Figure 16). The greater Oatman area also was associated with 

igneous centers that probably created a topographic highland, one to two kilometers in height 

(Figure 16). The mildly alkaline lavas that predate the Peach Spring Tuff and host the Gold Road 

vein formed a shield volcano built on Precambrian basement. The slightly younger Silver Creek 

caldera from which the Peach Spring Tuff erupted, into which resurgent intrusions were 

intruded, was superimposed on the earlier volcanic pile (Ferguson et al., 2013). These factors 

thus may explain a hydrologic region that accumulated abundant dilute meteoric waters that may 

have been circulated and heated, forming an adularia-sericite type of gold deposit such as 

Oatman. 

The Jemez Mountains of New Mexico could constitute an approximate modern analog 

for the topographic high and meteoric circulation that created the Gold Road vein in the mid-

Miocene of the Oatman district, Arizona. The Jemez Mountains constitute a topographic feature 

>3 km in elevation above sea level on the western side of the Rio Grande rift, where the rift 
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makes an eastward step near Los Alamos, New Mexico (Goff and Gardner, 2004). The 

mountains constitute a large volcanic field associated with a multi-cyclic caldera complex of 

mildly alkaline, felsic to intermediate rocks, active mainly in the last two million years. The 

region contains an active geothermal system that has been explored by drilling. Fluids and fluid 

inclusions are dilute (0-5.5 wt % NaCl eq.), and adularia is among the hydrothermal minerals 

(Goff and Gardner, 1994). Aside from mantle helium (presumably derived from underplating 

basalts), all components in the geothermal system appear to be related to leaching of components 

from wall rocks by meteoric waters at temperatures of <340°C; Goff and Gardner, 1994, 2004).  

Thus, the adularia-sericite epithermal deposits such as Oatman and the specular hematite-

rich “detachment” style deposits in the CREC have somewhat similar origins because they 

involve circulation of heated non-magmatic fluids. Differences in salinity of fluids, influenced in 

part by topographic settings and different magnitudes of extension, created deposits with 

distinctly different ratios of metals and alteration patterns.  

CONCLUSIONS 

The Oatman gold district is a classic adularia-sericite (low-sulfidation) epithermal system 

that produced >2 million oz Au with a Ag : Au ratio of 0.66, located on the eastern flank of the 

Colorado Reiver Extensional Corridor (CREC). The main deposit in the district, the Gold Road 

vein, is hosted in a series of intermediate to trachytic lava flows that originally comprised a 

broad shield volcano prior to the eruption of the regional Peach Spring Tuff at 18.78 Ma from the 

nearby Silver Creek caldera. 

At the Gold Road vein, the pervading patterns of alteration through at least 600 m of elevation 

are crustiform quartz-adularia-bladed calcite veins inside selvages of fine-grained adularia and 

quartz that form hard, protruding outcrops. The selvages tend to be commensurate in thickness 
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with size of the vein. Propylitic alteration with feldspars altered to illite and montmorillonite, 

mafic minerals replaced by chlorite and epidote, and calcite veins surround the hardened 

selvages for tens to hundreds of meters beyond the veins, forming crumbly, recessive outcrops. 

New 40Ar/39Ar ages on ore-related hydrothermal adularia of 17.23±0.086 Ma are ~1 m.y. 

younger than crystallization of the latest intra-caldera intrusions in the caldera, the Moss and 

Times porphyries, but are only slightly younger than a small rhyolite dome with visible sulfides 

dated several kilometers to the south at Boundary Cone. These new ages, combined with older 

fluid inclusion data, suggest that mineralization in Oatman primarily resulted from circulating 

dilute meteoric fluids. Rhyolitic dikes may have contributed heat and volatiles to the system.  

With its location in a regional topographic high on the eastern flank of the CREC, 

Oatman may have experienced increased precipitation, and thus had abundant dilute meteoric 

fluid to circulate compared to the specular hematite-bearing “detachment” deposits in the heart 

of the CREC, which formed in extensional basins containing evaporite deposits. The contrast of 

mineralizing fluid salinities between the adularia-sericite epithermal systems and the 

“detachment” style systems is one of the most important factors controlling the style of deposit 

to form in the Colorado Extensional Corridor, though the genesis of the deposits otherwise has 

similarities.  
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FIGURE CAPTIONS 

 

Figure 1: Location of study with red outline of the Oatman quadrangle..  

Figure 2a: Simplified geologic map of the Oatman district, after Dewitt et al. (1991); Ferguson 

et al. (2017); Ferguson and Cook (2016); Spencer et al. (2007).  

Figure 2b: Simplified stratigraphic column of southern Black Mountains after Ferguson (2016).  

Figure 3: Map of select deposits in Colorado Extension Corridor with 100-meter contours. 

Dashed line indicates the approximate extent of the Peach Spring Tuff. Upright triangles 

represent Cu-dominated detachment style deposits. Rightward triangles represent Mn-dominant 

detachment style deposits. Downward triangles represent Au-dominant detachment style 

deposits. Circles represent low-sulfidation epithermal style deposits. Gray shaded areas represent 

known core complexes.  

Figure 4: Samples for 40Ar/39Ar dates. A: GRV1a: Quartz, calcite, and adularia vein fill from the 

Route 66 Gold Road vein exposure. Sample is stained yellow with sodium cobaltinitrite to reveal 

potassium bearing minerals (adularia). Specimen destroyed to obtain 40Ar/39Ar date. B: BCDS: 

Boundary Cone Dike sample. A porphyritic rhyolite with phenocrysts of feldspar, partially 

resorbed quartz eyes, and partially oxidized cubic pyrite. 40Ar/39Ar dates obtained from feldspar 

in groundmass. 

Figure 5: Total alkalis versus silica (TAS) diagram for sampled wall rock from Gold Road vein 

drill core and surface samples; additional sample for the Boundary Cone. Points are color-coded 

for elevation above sea level. Sample DC 14 is partially within the vein. Triangular points 

represent samples collected from a distance greater than 3 meters from the vein.  

Figure 6: Ternary diagram of Al2O3, TiO2, and Zr for sampled drill hole and surface exposure 

samples.  
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Figure 7: Adapted Anaconda -style map of Route 66 Gold Road vein exposure (as photographed 

in Figure 12). Increasing density of colored dots indicate increased alteration. Numbers 1-17, 

SGR1, and SGR 2 indicate sample locations.  

Figure 8: A: Cross-polarized light micrograph of DC 6 potassium feldspar, quartz and chlorite 

vein. B: Plane-polarized light micrograph of DC 6 potassium feldspar, quartz and chlorite vein. 

Figure 9: A: Hand sample GR 8, located 8 meters from the vein in the hanging wall of the Gold 

Road vein at the Route 66 exposure. B: Micrograph of DC 8, showing a mild degree of both 

potassic and propylitic alteration.  

Figure 10: A: Integrated isochron 40Ar/39Ar dates for Route 66 Gold Road vein fill adularia 

sample. First and last 4 data points are excluded. B: Spectra for 40Ar/39Ar dates for Route 66 

Gold Road vein fill adularia sample. First and last 4 data points are excluded. 

Figure 11: A: Integrated isochron 40Ar/39Ar dates for Boundary Cone Dike sample BCDS. First 

6 data points are excluded. B: Spectra for 40Ar/39Ar dates for Boundary Cone Dike sample 

BCDS. First 6 data points are excluded. 

Figure 12: A: Unedited photo of the Gold Road Vein Route 66 exposure. B: photo with different 

color overlays representing different alteration zones. Red highlighted zones are coherent veins 

of quartz-adularia-sericite. Purple highlighted zones are hard, ledge forming adularia-quartz rich 

selvages. Green highlighted zones are propylitically altered, crumbly zones.  

Figure 13: Ternary diagram with the relative abundances of K, Na, and Ca in samples from 

drillholes and surface exposure. Blue diamonds represent fresh rock samples from prior studies 

(see table 3). 

Figure 14: Graph of K2O content from surface and drillhole samples over elevation. 
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Figure 15: Map of select deposits with ages. Red rectangle denotes general location of Miocene 

evaporite deposits after Faulds et al. (2016) figure 2. Dashed line indicates the approximate 

extent of the Peach Spring Tuff. Upright triangles represent Cu-dominated IOCG style deposits. 

Rightward triangles represent Mn-dominant detachment style deposits. Downward triangles 

represent Au-dominant IOCG style deposits. Circles represent low-sulfidation epithermal style 

deposits. 

Figure 16: Cartoon series of generalized surface exposures from 18.8 (pre–Peach Spring Tuff) to 

present. A: 18.8 Ma. B: 18.6 Ma. C: Present (No quaternary alluvium).  
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TABLE CAPTIONS 

Table 1: Radiometric dates in the Oatman district 

Table 2: Drill-hole and underground samples 

Table 3: Prior geochemical analyses on fresh rocks in the district 

Table 4: Minerals and clay types detected through short-wave infrared spectroscopy. 

Table 5: Whole-rock compositions 
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FIGURES 

 
  

Figure 1: Regional setting of Oatman District 
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Figure 2 a, b.  A: Geologic map of Oatman District. B: stratigraphic section. 
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Figure 3: Map of extensional deposits in Colorado River Extensional Corridor  
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Figure 4 a, b. A: sample Grv 1a, stained. B: Sample BCDS 
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Figure 5: Total alkalis versus silica diagram (TAS) 
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Figure 6: Ternary diagram of TiO2, AlO3 and Zr 
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Figure 7: Anaconda style map of Route 66 exposure of Gold Road Vein 
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Figure 8 a, b. A: cross polarized light. B: Plane polarized light 
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Figure 9 a, b. A: Hand sample of GR 9. B: Micrograph of GR 9. 
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Figure 10 a, b. 
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Figure 11 a, b 
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Figure 12 a, b. A: Gold Road Vein Route 66 exposure. B: Alteration types on exposure. 
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Figure 13: Ternary diagram plotting K, Na, and Ca weight percent of wallrock samples. 
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Figure 14: Plot of K2O weight percent over elevation 
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Figure 15: Map of extensional deposits with map of Miocene evaporites 

 
 
 
 
 
 
 
 
 
 
 



55 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Figure 16 a, b, c. Cartoon time progression of volcanism and extension 
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TABLES 

Table 1 

Table 1: RADIOMETRIC AGES IN THE OATMAN DISTRICT. 
Unit Age 

(Ma) 
Uncertainty 

(Ma) 
Method Source 

Moss Porphyry 10.7      0.5 K-Ar biotite 
(minimum age) 

Thorson, 1971; 
DeWitt et al., 1991 

Gold Road 
vein 

17.231      0.0859 40Ar/39Ar adularia This study 

Boundary 
Cone dike 

17.565      0.0308 40Ar/39Ar 
groundmass 

This study 

Felsic 
Porphyry Dike 

18.21      0.07 U-Pb zircon CA-
TIMS 

McDowell et al., 
2014 

Moss Porphyry 18.5      2.5 U-Pb zircon DeWitt et al., 1991 
Felsic lava 
(post-PST) 

18.5      0.16 U-Pb zircon CA-
TIMS 

McDowell et al., 
2014 

Gold Road 
Dacite 

18.6      0.9 K-Ar biotite Thorson, 1971; 
DeWitt et al., 1991 

Times 
Leucogranite 

18.63      0.08 U-Pb zircon CA-
TIMS 

McDowell et al., 
2014 

Feldspar 
porphyry dike 

18.65      0.07 U-Pb zircon CA-
TIMS 

McDowell et al., 
2014 

Moss Porphyry 18.76      0.11 U-Pb zircon CA-
TIMS 

McDowell et al., 
2014 

Times 
Porphyry 

18.83      0.22 40Ar/39Ar 
hornblende 

DeWitt et al., 1991 

Moss Porphyry 18.84      0.15 U-Pb zircon CA-
TIMS 

McDowell et al., 
2014 

Peach Spring 
Tuff (PST) 

18.78      0.02 40Ar/39Ar sanidine Ferguson et al., 
2013 

Peach Spring 
Tuff (PST) 

18.85      0.04 U-Pb zircon CA-
TIMS 

Lidzbarski et al., 
2012 

Trachyte (pre-
PST) 

19.01      0.26 U-Pb zircon CA-
TIMS 

McDowell et al., 
2014 

Antelope 
rhyolite 

19.2      0.9 K-Ar biotite Thorson, 1971; 
DeWitt et al., 1991 

Kokomo vein 21.2      2.1 K-Ar (presumably 
adularia) 

DeWitt et al., 1991; 
unpub. Conoco data 

Times 
Porphyry 

22.6      1.8 K-Ar actinolitic 
hornblende 

Thorson, 1971; 
DeWitt et al., 1991 
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Table 2 

Table 2: LOCATIONS OF DRILL-HOLE AND UNDERGROUND 
SAMPLES. 

Drill Hole ID 
Sample 

ID 
Collar 

Elevation (m) 
Distance 

(m) 
Vertical 

Depth (m) 
Elevation 

(m) 
Crosses 

from 
GR 20-100-09  DC 3 887.0 58.8 30.8 856.2 FW 
GR 20-100-09  DC 2 887.0 14.3 8.7 878.3 FW 
GR 20-100-10 DC 12 887.0 54.9 24.6 862.4 FW 
GR 20-1100-06 DC 16 642.5 204.2 36.7 605.8 HW 
GR 20-1100-06 DC 17 642.5 190.8 35.5 607.0 HW 
GR 20-1100-06 DC 18 642.5 149.4 29.9 612.6 HW 
GR 20-1200-05 DC 15 642.2 210.8 71.4 571.0 HW 
GR 20-1200-05  DC 8 642.2 205.0 70.2 572.2 HW 
GR 20-1300-03 DC 20 642.2 207.4 133.7 508.7 FW 
GR 20-1300-03 DC 21 642.2 146.6 96.7 545.7 FW 
GR 20-1600-02  DC 7 641.3 275.5 257.7 383.6 HW 
GR 20-1600-02  DC 9 641.3 221.6 201.3 440.1 HW 
GR 20-1600-02 DC 13 641.3 193.9 180.9 460.4 HW 
GR 20-600-01 DC 11 672.1 (-) 47.8 (-) 38. 4 710.6 FW 
GR 20-600-01 DC 19 672.1 (-) 57.9 (-) 46.6 718.8 FW 
GR 20-800-02 DC 23 712.9 114.3 39.5 673.7 FW 
GR 20-800-02 DC 22 712.9 63.1 24.4 688.7 FW 
GR 20-900-08 DC 10 712.3 85.3 52.1 660.5 FW 
GR 20-900-08 DC 14 712.3 71.9 44.8 667.8 FW 
GR 20-900-14  DC 6 916.8 297.2 244.3 672.7 HW 
GRSU 20/21-1400-02  DC 1 916.5 526.1 486.5 430.3 HW 
GRSU 20/21-1400-02  DC 4 916.5 443.5 415.1 501.6 HW 
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Table 3 

Table 3: GEOCHEMICAL ANALYSES OF FRESH ROCKS1. 
Rock Unit SiO2 TiO2 Al2O3 FeO

* 
Mg
O 

MnO CaO Na2O K2O LOI 

Oatman 
“Andesite”1 

58.1
3 1.11 14.52 5.91 3.20 0.08 6.19 3.14 3.56 3.5 

Gold Road 
(lower)1 

60.3
3 0.99 15.51 4.93 2.72 0.08 4.89 3.33 4.05 3.0 

Gold Road 
(upper)1 

62.8
7 0.87 15.59 4.43 1.99 0.06 3.85 3.61 4.47 2.0 

Gold Road 
“Dacite”2 

63.7
7 0.91 16.44 4.77 1.20 0.09 4.19 3.60 4.76 2.6 
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Table 4 

Table 4: MINERALS DETECTED BY SHORT-WAVE INFRARED 
SPECTROSCOPY. 

Mineral Whole Coarse Total 
Montmorillonite 23 23 46 
Chlorite Fe   1   0   1 
Chlorite FeMg 15   1 16 
Chlorite Mg   3   3   6 
Muscovite   3   1   4 
Musco-illite   9   2 11 
Phengic-illite   5   5 10 
Phengite   6   4 10 
Kaolinite   4   1   5 
Epidote   5   0   5 
Paragonite   2   1   3 
ASP   4   1   5 
TOTAL 80 42        122 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Table 5 

Table 5. WHOLE-ROCK ANALYSES OF ALTERED SAMPLES. 
Sample SiO2 Al2O3 Fe2O3* CaO MgO Na2O K2O Cr2O3 TiO2 MnO P2O5 C S Zr LOI 
Units % % % % % % % % % % % % % ppm % 
GR 1 63.9 14.0 4.41 3.09 1.39 1.60 6.88 0.005 0.73 0.07 0.26 0.26 <0.01 346 2.95 
GR 10 65.3 14.7 4.82 2.16 1.86 1.40 7.72 0.006 0.81 0.07 0.27 0.08 <0.01 354 2.58 
SGR 2 67.6 12.4 5.3 0.60 1.46 0.39 8.06 0.015 0.75 0.04 0.27 0.02 0.01 229 2.32 
GR 17 71.3 11.1 4.67 0.70 1.94 0.29 7.03 0.007 0.75 0.12 0.18 0.02 <0.01 208 2.15 
DC 2 63.2 15.9 4.29 1.62 1.86 2.04 7.67 0.003 0.87 0.05 0.31 0.05 <0.01 395 2.87 
DC 12 65.3 14.0 4.35 1.33 1.74 1.67 6.71 0.005 0.73 0.07 0.27 0.04 <0.01 322 2.68 
DC 3 61.9 15.0 4.39 2.33 2.36 1.63 6.01 0.005 0.77 0.05 0.27 0.19 <0.01 340 4.30 
GRU 1 66.9 14.1 4.10 1.57 1.25 2.21 6.36 0.003 0.72 0.07 0.26 0.13 <0.01 350 2.42 
DC 19 58.8 15.1 6.30 1.95 2.54 1.04 7.70 0.012 1.07 0.16 0.39 0.02 <0.01 310 3.77 
DC 11 64.2 14.2 5.35 1.02 1.82 0.87 7.65 0.003 0.81 0.03 0.32 0.03 <0.01 380 2.98 
DC 22 67.8 13.6 4.79 1.31 1.22 1.45 7.40 0.006 0.80 0.05 0.30 0.05 0.01 290 2.60 
DC 23 59.9 14.4 4.94 4.52 2.08 2.63 4.25 0.006 0.85 0.07 0.34 0.52 <0.01 348 5.58 
DC 6 65.9 14.6 4.39 0.90 2.52 1.06 5.51 0.003 0.81 0.04 0.29 0.01 <0.01 395 3.65 
DC 14 76.4 10.9 1.32 0.33 0.65 0.61 8.05 0.002 0.27 0.02 0.05 0.03 <0.01 235 0.83 
DC 10 58.8 11.7 3.54 8.47 1.08 1.27 6.57 0.003 0.62 0.05 0.22 1.65 0.01 272 7,00 
DC 18 59.2 15.5 4.85 3.91 1.72 2.19 5.73 0.005 0.91 0.09 0.35 0.59 <0.01 379 4.74 
DC 17 67.4 12.5 4.55 1.57 1.75 1.47 6.18 0.009 0.73 0.08 0.34 0.12 <0.01 279 2.58 
DC 16 54.2 15.1 7.96 5.06 3.39 2.45 4.26 0.012 1.11 0.10 0.38 0.57 <0.01 265 5.23 
GRU 2 61.6 16.2 4.84 4.11 1.05 2.96 5.13 0.005 0.91 0.06 0.39 0.35 <0.01 382 4.16 
DC 8 59.7 14.95 4.86 3.72 1.76 2.22 4.72 0.008 0.85 0.07 0.37 0.50 0.01 364 4.80 
DC 15 61.2 14.00 6.66 2.31 3.13 1.88 3.67 0.010 1.02 0.06 0.36 0.18 <0.01 252 4.99 
DC 21 60.8 16.10 5.06 3.13 2.04 2.73 5.33 0.005 0.94 0.06 0.37 0.20 0.09 349 3.13 
DC 5 64.1 12.65 6.06 2.81 2.07 1.01 4.57 0.009 0.84 0.12 0.35 0.15 <0.01 243 4.36 
DC 20 65.9 13.05 5.79 1.83 2.55 1.43 5.54 0.009 0.89 0.06 0.33 0.05 0.01 237 3.25 
DC 4 55.5 14.65 6.14 5.22 2.90 2.47 2.95 0.010 1.12 0.09 0.43 0.80 <0.01 299 6.92 
DC 13 57.6 16.10 5.62 2.59 2.73 1.25 4.61 0.011 1.25 0.06 0.50 0.11 <0.01 337 5.60 
DC 9 54.1 15.95 6.66 7.16 2.89 3.15 3.25 0.012 1.13 0.11 0.48 0.93 <0.01 316 5.54 
DC 1 51.9 15.10 7.51 5.64 5.16 2.98 2.26 0.021 1.14 0.10 0.47 0.60 <0.01 298 5.49 
DC 7 55.9 14.50 6.40 5.25 3.43 2.07 3.85 0.015 1.05 0.09 0.52 0.79 0.01 346 6.11 
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