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ABSTRACT 

Supergene enriched, low-grade oxidized porphyry copper deposits are of great economic value.  

Oxidized porphyry sections are economic targets because even low-grade prospects have the 

potential to produce low-cost copper in an environmentally friendly fashion due to easy 

leachability and high recovery rates of the oxide mineralization.  The MacArthur Mine, in the 

historic Yerington mining district of Nevada, is the focus of this study.  The MacArthur is a tilted 

oxidized porphyry deposit, partially mined by open pit methods, hosted in the Jurassic Bear 

Quartz Monzonite of the Yerington batholith.  The objective of the study is to define controls of 

copper oxide mineralization within the open-pit mine.  The objective is investigated through a 

multi-data study including rock descriptions, geochemistry, spectral radiometry, and fracture 

density.  Multivariate factor score analysis of geochemical data defined potassic and sodic-calcic 

alteration as well as multiple elements (Co, Ni, Zn, As, Mo, Ag, Cd, U) absorbed in the mineral 

neotocite (Mn, Cu, Fe)SiO2 x H2O.  Finally, high geochemical associations where found in two 

groups 1 - Cu, Fe, Co, Mo, Ni, U, and 2 - Al, K, Rb, Na, Mn.  The high correlations found in the 

groups represent the hydrothermal event at the MacArthur.  Chlorite and epidote identified in 

spectra using Spectral Analyst tool in ENVI® demonstrate a propylitic alteration signature.  

Spectral Analysts identified several secondary iron and copper minerals produced in oxide zone 

geology.  Fracture density studies defined 98.3% of all fractures in the MacArthur pit are 

associated with oxide zone produced copper and iron at a close to even distribution amongst 

fracture families. 
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1. INTRODUCTION 

The MacArthur copper prospect in Yerington, NV, is located approximately 50 miles 

southeast of Reno, NV (figure 1).  The MacArthur prospect is an oxidized copper porphyry 

deposit, partially mined by open pit methods, hosted in Jurassic aged quartz monzonite 

(Heatwole 1978).  The MacArthur prospect is located on the northern edge of the historic 

Yerington District, a district known for several copper deposits in a variety of mineralization 

styles.  Today, inferred copper reserves of the district are greater than 20 billion pounds, more 

than 5 billion of which are in deposits currently owned by Quaterra Resources Inc (Quaterra) 

(http://www.quaterraresources.com/).  The MacArthur prospect is unique in that it is the only 

known copper deposit in the district to have mineralization occurring entirely as acid-soluble 

copper oxides and sulfides.    

                

Figure 1.1. Geographic location of Yerington, NV and the MacArthur prospect. 
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The Yerington district is geographically in the western edge of the Great Basin and 

Range province (figure 2.1) therefore, characterized by extensional tectonics.  Due to the 

complexity of tilting, faulting, and oxidation events at the MacArthur, high-grade copper oxide 

zones are poorly defined and difficult to project.  A detailed study of the oxidation and 

enrichment environments in the open pit has assisted in understanding the geological parameters 

controlling mineralization.  

 
Figure 1.2. Red stars indicate known deposits and yellow boxes indicate Quaterra Resources 
current claim status, Yerington District, Nevada. (From Quaterra Resources) 
 
 From 1971 – 1973 the Anaconda Company developed a copper oxide reserve for the 

MacArthur prospect indicating 11.5 million tons of 0.42% Cu using data from 280 drill holes 

(Heatwole 1972).  The source of the copper oxide is thought to be derived from in-situ oxidation 

of primary copper sulfides and from exotic copper from the peripheral phyllic zones (Heatwole, 

1978).  Current drilling of the MacArthur prospect commissioned by Quaterra indicates 
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mineralization occurs as surface copper oxides, an underlying chalcocite blanket, and deep 

primary copper sulfide.   

 Since April 2010, Quaterra has drilled a total of 21,143 feet in 37 reverse circulation holes 

to expand the known copper resource at MacArthur and the outer margins of the deposit have not 

yet been delineated (Spiering, 2010).  Quaterra Resources are the 100% owners of the 

MacArthur prospect and one of the largest claim holders in the Yerington District. 
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2. GEOLOGY 

2.1. Regional Geology 

The state of Nevada lies almost entirely in the Great Basin province (Figure 2.1), a region 

characterized by internal drainage due to a series of generally north-trending mountain ranges 

separated by alluviated valleys (Stewart and Carlson, 1978).  Nevada has a well-documented, 

long, and complex geologic history with major episodes of sedimentation, igneous activity, 

orogenic deformation, and continental rifting (Stewart, 1980).   

 
Figure 2.1.  Basin and Range province.  (From http://rst.gsfc.nasa.gov/Sect6). 
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The present discussion of Yerington district geology is largely from Dilles et al., (2000) 

as well as Todd Bonsall (unpublished work) and Dave Heatwole, Quaterra Resources geologists.  

The detailed geologic description is the result of extensive work in the area performed by 

Anaconda geologists and the ongoing efforts of John H. Dilles, John M. Proffett, and James E. 

Wright.  

The numerous deposits, of varying mineralization types that occur in the Yerington 

district are associated with Yerington batholith intrusion, estimated in size to be 1325 km3 

(Dilles, 1987).  More recent work by Dilles et al, (2000) indicates that hydrothermal alteration 

has affected more than 100 km3 of rock in the Yerington batholith and was produced by a similar 

volume of hydrothermal fluids.  Four major intrusions of Jurassic age form the Yerington 

batholith: (1) The McLeod Hill quartz monzodiorite, (2) Bear quartz monzonite, (3) Luhr Hill 

granite, and (4) Quartz Monzonite Porphyry Dikes.  Age constraints using U/Pb zircon dating 

show the emplacement of the Yerington batholith to take place over a one million year period 

from 169.4 Ma to 168.5 Ma (Dilles and Wright, 1985).  

The oldest rocks in the Yerington district are middle to late Triassic volcanic, 

sedimentary, and plutonic rocks (Dilles and Wright, 1988).  Triassic and Jurassic marine 

sedimentary and volcaniclastic unconformably overlie the volcanic and plutonic rocks in a 

sequence consisting of limestone and black argillite, tuffaceous and limy beds, a dacitic tuff, 

limestone, tuffaceous siltstones and argillites, a thin marble, evaporite gypsum, and an aeolian 

sandstone (Dilles et al., 2000).  These rocks are also overlain by a sequence of intermediate to 

silicic lavas, tuffs, and volcaniclastic rocks and together make up the Artesia Lake Volcanics 

(Dilles et al., 2000). 
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The Artesia Lake Volcanic group is intruded by the Yerington batholith (Proffett and 

Dilles, 1984), and is thought to represent the extrusive counterpart of the Yerington batholith 

(Dilles et al., 2000).  The oldest intrusion of the Yerington batholith is the McLeod Hill quartz 

monzodiorite defined by biotite and hornblende occurring in a fine to medium-grained 

groundmass.   

The next igneous event is the Bear quartz monzonite and is intruded into the McLeod Hill 

quartz monzodiorite and locally the Artesia Lake Group (Dilles et al., 2000).  The Bear quartz 

monzonite is compositionally zoned, consisting of a fine-grained contact phase grading into a 

hornblende rich, medium to coarse-grained texture (Dilles et al., 2000).  The fine-grained contact 

phase is locally called the Border Phase Bear quartz monzonite.       

The youngest rock representing the Yerington batholith emplacement is the Luhr Hill 

granite.  The Luhr Hill granite is described as “a deeply emplaced, medium to coarse-grained K-

feldspar megacryst-bearing hornblende-biotite granite,” resulting in multiple granite porphyry 

dike swarms (Dilles et al., 2000).  The dike swarms display 40-60 volume percent phenocrysts of 

quartz, K-feldspar, with hornblende and biotite in an aphanitic to aplitic matrix of quartz, K-

feldspar, and plagioclase (Dilles et al., 2000).  Proffett (1979) identified five separate dike 

intrusions in the Yerington mine with slight variations in composition.     

Following the Yerington Batholith emplacement the next group of rocks is the Fulstone 

Spring Volcanics consisting of subareal intermediate- to silicic lavas, domes, ignimbrite, and 

volcaniclastic sedimentary rocks (Dilles et al., 2001).  Dilles and Wright (1988) used U/Pb 

zircon dating to obtain an age of 165.5 Ma from a dome in the upper Fulstone.  Intruding the 

Fulstone volcanics is a series of monzodiorite porphyry dikes with an U/Pb zircon age of 165 Ma 

(Dilles et al., 2000).  Lying south of the Yerington district is the Shamrock batholith.  It consists 
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of a large body of hornblende-biotite granite and U/Pb zircon dating showed the batholith to be 

165 Ma. 

Jurassic intrusive dikes of rhyolite and andesite occur throughout the Yerington district.  

Age dating of the dikes has not been completed but work by Proffett and Dilles (1984), and 

observed by Quaterra Resources geologists are cross cutting relationships of dikes indicating the 

andesite and rhyolite dikes are the youngest Jurassic intrusives. 

 Volcanic activity ceased in the mid to-late Jurassic and resumed in the Tertiary with and 

a series of twelve Oligocene ash flow tuff units mapped by Proffett and Proffett (1976).  The 

final stage of rock forming activity occurred in the middle Miocene consisting of andesitic lavas 

(Dilles et al., 2000).  The onset of Basin and Range (17 to 18 Ma) marks the end of the volcanic 

deposition in the Yerington district (Proffett, 1977).  Figure 2 is a model of the Yerington district 

from Dilles (1987).  Extensive mapping work in the district by Proffett and Dilles identified three 

episodes of normal faulting all dipping to the east and the youngest of which includes the active 

system bounding the modern day basin and ranges of the district (Dilles et al., 2000).  Proffett 

(1977) recognized the extensive east-dipping normal faulting caused Tertiary and pre-Tertiary 

rocks in the district to tilted to the west by 70-90° exposing the Yerington porphyry copper 

deposit in horizontal cross section.   

 

 

 

 

 



� 
 �

 
Figure 2.2.  Reconstructed cross section through the Yerington batholith in the Singatse Range, 
looking N 80° W.  (From Dilles, 1987). 
 
 



  9 

2.2. MacArthur Geology 

 MacArthur geology is described based on surface and subsurface mapping by Quaterra 

Resources and Anaconda and Heatwole (1978), summarized in unpublished work by Todd 

Bonsall for a presentation at Geologic Society of Nevada (GSN) 2010 Symposium.   

 Geology of the MacArthur area includes two members of the Artesia Lake Volcanics, the 

McLeod Hill quartz monzodiorite, the Bear quartz monzonite, Jurassic intrusives, and Tertiary 

flows.  The McLeod Hill quartz monzodiorite and the Bear quartz monzonite are the dominant 

rock of the MacArthur area and are intruded by at least five varieties of granite porphyry dikes of 

Jurassic age.  Rocks associated with mineralization at the MacArthur deposit are described below 

and Figure 2.3 shows a geologic map of the MacArthur area mapped by Quaterra Resources.    

2.2.1. MacArthur Rocks 

McLeod Hill quartz monzodiorite (GD). 

Fine to medium-grained consisting of 15-20% and up to 50% biotite and hornblende commonly 

altered to chlorite or sericite, hornblende-biotite ratio around 5:5.  Magnetite is common, 1-5 

percent in unaltered rock.  The monzodiorite makes up the hanging wall of the MacArthur fault 

(Figure 2.3) and is heavily stained with limonite from in-situ oxidation of pyrite and alteration of 

mafic minerals.  As identified by Heatwole (2010), in the western portions of the property, the 

monzodiorite locally contained up to 10 percent sulfide mineralization before oxidation based on 

residual boxworks texture.   
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Figure 2.3.  Surface geology of Quaterra Resources MacArthur property.                       
(From Quaterra Resources, 2010). 
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Bear quartz monzonite (QM) 

Medium to coarse-grained consisting of 10-15 percent hornblende and less biotite; hornblende-

biotite ratio around 8:2.  Unaltered quartz monzonite commonly contains minor (≈ 1%) sphene.  

Hornblendes can be large, 3-5 mm phenocrysts and are often altered to chlorite and sericite.  The 

historic MacArthur ore body is hosted in the Bear quartz monzonite (Figure 2.3), which often 

displays alteration of hornblende to secondary biotite. 

Quartz Monzonite Porphyry Dikes 

The quartz monzonite porphyry dikes at the MacArthur prospect are classified by Todd Bonsall 

and Dave Heatwole based on rock forming minerals.  The porphyry dikes are classified this way 

due to no age relationships or dating of the dikes but Heatwole (1978) established the biotite 

porphyry is younger as it cuts the hornblende porphyry.  The following groupings of porphyry 

dikes may be subject to change when further age relationships are developed.    

Biotite granite porphyry-1 (QMPb-1) 

QMPb-1 was originally described by Heatwole (1978) and updated by Bonsall (2010) as a series 

of north dipping (30° to vertical), northwest-trending dikes consisting of abundant (5%) quartz 

eyes, 3-5 mm K-feldspar phenocryst, and black biotite phenocrysts (2-3 mm) in an aphanitic 

texture.  Occasionally, the dike displays 2-3 percent disseminated pyrite and chalcopyrite.      

Biotite granite porphyry-2 (QMPb-2) 

QMPb-2 is defined by Bonsall (2010) as black biotite phenocrysts occurring with hornblende 

phenocrysts, 3-5 mm K-feldspar phenocrysts and abundant (5%) quartz eyes in an aphanitic 

texture. Occasionally, the dike displays 2-3 percent disseminated pyrite and chalcopyrite.         
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Hornblende granite porphyry-1 (QMPh-1) 

QMPh-1 is defined by Bonsall (2010) as abundant (3-5%) quartz eye phenocrysts, abundant 

hornblende needles, 3-5 mm K-feldspar phenocrysts occurring with 3 percent or more pyrite 

phenocrysts up to 5 mm.  To date, no chalcopyrite or copper oxide mineralization has been 

observed with the dike and is also the least common porphyry on the property.   

Hornblende granite porphyry-2 (QMPh-2) 

QMPh-2 is described by Bonsall (2010) as abundant (2-5%) quartz eye phenocrysts, abundant 

hornblende needles, 2-5 mm K-feldspar phenocrysts commonly occurring with 3 percent pyrite 

and chalcopyrite oxidizing to copper oxides.   

Hornblende granite porphyry-3 (QMPh-3) 

QMPh-3 is originally described by Heatwole (1978) and updated by Bonsall (2010) as abundant 

hornblende needles occurring with large (up to 3-4 cm), epidotized K-feldspar phenocrysts.  The 

porphyry contains rare (<1%) quartz eye phenocrysts and pyrite and is often enriched with exotic 

copper oxides.         

Jurassic andesite (AND) 

Jurassic andesites are black fine-grained rocks that vary from hornblende rich phenocrysts bodies 

to bodies with a negligible amount of identifiable minerals.  Heatwole, (1978) noticed the 

andesite dikes commonly display propylitic alteration.   

Jurassic rhyolite (RHY) 

Fine grained aphanitic texture, rare (<1%) 1-3 mm needle like hornblende phenocrysts.  The 

rhyolite dikes in the MacArthur pit display strong exotic copper oxide mineralization due to 

feldspars “buffering” effects of copper rich acidic solutions.  
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2.2.2. MacArthur Faults 

Multiple faults are seen in drill cuttings at the MacArthur property and the largest of 

which, the MacArthur fault (Fig. 3) cuts the property in a northwest strike, dipping to the north 

(15-30°).  Proffett and Dilles (1984) believe the fault moved in late Jurassic and later during 

Basin and Range extension in the Tertiary.  This is based from observations of west-to-east 1200 

meter displacement of the contact of the Jurassic border quartz monzonite and McLeod hill 

monzodiorite while only a 600 meter displacement of the base of the Tertiary. 

Geologic contacts seen in drill cuttings by Quaterra Resource geologists show that in the 

western portions of the property the MacArthur fault has McLeod hill in both the footwall and 

hanging wall.  In the north and northeast of the MacArthur property, The McLeod hill 

monzodiorite is the hanging wall of the fault while the Bear quartz monzonite is the footwall.  

Recent drilling in the summer of 2010 indicates a possible McLeod hill – Bear quartz monzonite 

border phase contact in the west-northwest of the property.  The MacArthur fault is commonly a 

high-grade zone of copper mineralization hosting oxides, chalcocite, and chalcopyrite.             

2.2.3. MacArthur Alteration 

At least five alteration types associated with porphyry deposits have been indentified on 

the MacArthur property.  Weak to strong phyllic, propylitic, sodic-calcic, and potassic alteration 

are present, as well as minor amounts of skarn developed along the northwest margins associated 

with Triassic limestone and associated sedimentary rocks.  Figure 2.4 shows idealized alteration 

zones and primary mineralization zones associated with porphyry system as described by 

Guilbert and Park (1986) and Figure 2.5 shows a plan view map of alterations mapped at the 

MacArthur from unpublished work by Dilles 1992-1995 and updated by Quaterra Resources 
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throughout 2010.  Figure 2.4 by Guilbert and Park is idealized and makes no mention of the 

sodic-calcic zone unique to porphyry deposits in the Yerington district.   

Sodic-calcic alteration is defined in the MacArthur pit by the partial to complete 

alteration of K-feldspar to albite and significant increases in the titanite content (Bonsall, 2010, 

unpublished).  Weak to moderate sodic-calcic alteration is seen in the eastern portion of the 

MacArthur pit.  Strength increases in an easterly direction resulting in complete replacement of 

K-feldspar by albite while hornblende is replaced by actinolite. The alteration to the east of the 

MacArthur pit is interpreted as being structurally deep in the porphyry copper system, now 

exposed due to westerly tilting (Bonsall, 2010 unpublished).  

Potassic alteration involves the introduction or recrystallization of K-feldspars by means 

of hydrothermal alteration in the central deep portions of a porphyry copper system  (Guilbert 

and Park 1986).  At the MacArthur, potassic alteration is recognized by the biotization of 

hornblende.  This is a hydrothermal process that replaces hornblendes with secondary biotite.  

Weak potassic alteration is seen in the central core of the MacArthur pit and has been identified 

in deep drill cuttings by Quaterra Resources in the northern margins of the property.  
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Figure 2.4.  Alteration and mineral assemblages of the San Manuel / Kalamazoo porphyry 
copper deposit (From Guilbert and Park, 1987). 
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 Phyllic alteration is the removal of sodium, calcium, and magnesium and the replacement 

of silicates by micas (Guilbert and Park, 1986).  The zone is characterized by quartz-sericite-

pyrite assemblages and is considered to be the shell that surrounds potassic alteration in a 

porphyry system (Lowell and Guilbert, 1970). 

 
Figure 2.5.  Alteration map of the MacArthur property.  Modified by Quaterra Resources from 
unpublished work by Dilles (1992-1995). 
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Strong phyllic alteration is mapped in the Gallagher area and tends to weaken in a easterly 

direction and also occurs west and north of the MacArthur pit.  The phyllic zone in the western 

part of the MacArthur pit, as described by Heatwole (1978), is defined by the partial alteration of 

plagioclase and K-feldspar to sericite, and strong alteration of mafic minerals to sericite or clay. 

Propylitic alteration is the replacement of plagioclase and hornblende-biotite by chlorite 

and epidote due to the alteration of epidote, chlorite, and carbonate minerals (Guilbert and Park, 

1986).  Propylitic alteration is wide spread on the MacArthur property and is recognized by the 

partial to complete alteration of hornblende to chlorite.  Propylitic alteration occurs at low 

temperature-pressure in the outer shell of a porphyry system (Guilbert and Park, 1986).         

2.2.4. MacArthur Mineralization 

 Three types of Cu mineralization have been identified at the MacArthur property by 

Quaterra Resources through extensive drilling programs.  They include copper oxide, supergene 

chalcocite, and hypogene sulfides.  Chalcopyrite mineralization was indentified through deep 

exploration drilling for porphyry style mineralization in the Gallagher area.  Drilling defined 

discontinuous vein like chalcopyrite zones in unaltered to propylitically-altered monzodiorite 

(Bonsall, 2010, unpublished).  In 2010, drilling in the north resulted in the discovery of 

chalcopyrite mineralization ranging 10 – 95 feet thick with a continuous strike length of over 

4600 feet.  This zone may represent the fringe of a porphyry deposit (Spiering, 2010). 

 Copper oxides at the MacArthur pit, first described by Heatwole (1978), occur as (1) 

green copper oxides, (2) black copper wad, and (3) dark-brown iron oxides.  Green copper 

oxides occur predominately as chrysocolla with less malachite and azurite and very sporadic 

turquoise.  Black copper wad occurs in the MacArthur pit as neotocite, a secondary silicate 

mineral comprised of manganese, iron, and copper in an uncertain formula (Anthony et al., 
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1995).  That last group is the dark-brown iron oxides.  Heatwole (1978) found that goethite rich 

rocks with fresh feldspars could contain up to 0.3% Cu.  Heatwole today, demonstrates this in 

the field by platting copper on a nail using weak hydrochloric acid.   

 Copper oxides dominate the upper 300 ft of rocks in MacArthur pit region and are found 

in chlorite rich chalcopyrite veins southeast of the Gallagher area.  Heatwole, (1978) noticed 

high-grade copper oxide zones are difficult to define and project because recognizable grade 

controls of primary mineralization were “washed out” as the result of supergene processes.  

Small sporadic copper oxide minerals are found across the entire MacArthur property within the 

oxide zone geology. 

 Chalcocite mineralization occurs in the MacArthur property as a partially oxidized, 

predominately flat zone commonly coating pyrite and chalcopyrite at the interchange of the 

oxidation/reduction boundary (Bonsall, 2010, unpublished).  Chalcocite is commonly intercepted 

in up to 150 feet thick zones north of the MacArthur pit thinning to the west and south under the 

pit.  Quaterra Resources drilling continues to expand the extent of chalcocite mineralization.  

Sporadically perched sections of oxidized chalcocite are also encountered throughout the 

MacArthur property suggesting multiple oxidation-reduction-enrichment cycles.                   
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3. HISTORIC EXPLORATION 

3.1. District Exploration 

Copper of economic value in the Yerington district was first produced in the early 1900s 

(http://www.minemarket.com/yerington.htm) Because of the recognized mineralization potential, 

many major companies and government agencies began exploration in the district including: 

Anaconda, US Steel Corp, Superior Oil Company, and US Bureau of Mines.   In the early 1940s, 

a subsidiary of the Anaconda Company delineated a reserve of 60 million tons of ore at 0.90% to 

0.95% Cu consisting of 40 million tons of oxide ore and a deeper 20 million tons of sulfide ore 

(http://www.minemarket.com/yerington.htm) hosted in porphyry style mineralization.  The 

Yerington Mine began operations in 1953 and produced oxide and sulfide ore through 1978 

totaling 162 million tons at an average grade of 0.55% Cu producing approximately 1.75 billion 

pounds of copper from the open pit mine (http://www.minemarket.com/yerington.htm). 

As an ongoing effort to identify new deposits, US Steel Corp commissioned an airborne 

magnetic survey of the district in 1959 (http://www.nevadacopper.com 1) identifying a large 

magnetic anomaly southeast of Yerington, the Pumpkin Hollow deposit.  Later magnetic surveys 

and drilling efforts defined several magnetite rich skarns with 40% plus iron.  Other companies, 

including the Anaconda Company intercepted copper grades of 20% in drilling efforts to define a 

host body (http://www.nevadacopper.com 1). However, production of the Pumpkin Hollow 

deposit has never occurred. 
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3.2. MacArthur Exploration 

Mineralization at the MacArthur prospect was recognized in the early 1930s. During this 

time, mining claims were staked by a local prospector and several small shipments of hand-

cobbed, high-grade ore were made (Heatwole, 1978).  Beginning in 1950 and until 1971, the 

property was explored by the U.S. Bureau of Mines and later optioned by at least four major 

mining companies including The Anaconda Company (Heatwole, 1978).  Table 3.1 shows 

drilling operations completed by various companies involved in exploration at the MacArthur 

prospect.  

Table 3.1. Previous exploration drilling programs operated by companies involved in 
exploration of the MacArthur prospect.  
(From Tetra Tech Inc. MacArthur copper project NI 43-101, 2009).  

  
In 1972, geologists with the Anaconda Company developed a reserve estimation for the 

MacArthur deposit totaling 11.5 million tons of 0.42% Cu acid-soluble using data from over 280 

drill holes (Heatwole, 1972).  Arimetco Inc. later mined the MacArthur deposit, beginning in 

1995, with a drill proven resource of 29 million tons of 0.28% Cu 

(http://www.minemarket.com/Arimetco.htm).  Arimetco Inc. developed an open pit mine 
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producing in three years about 5.5 million tons of heap-leach (acid-soluble) ore at an average 

grade of 0.28% Cu. However, in 1997 Arimetco Inc. shut down operations due to financial 

difficulties and excessive haulage costs (http://www.minemarket.com/yerington.htm).  As 

indicated by drill proven resources, Arimetco Inc. only mined about 19% of the known deposit.  
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4. RECENT EXPLORATION 

4.1. District Exploration 

 Because of the inferred 20 billion pounds of copper in the ground, and a current average 

$3.00/lb copper price (http://www.mineweb.com/), the Yerington district is busy with 

exploration activity.  Besides Quaterra Resources, Nevada Copper 

(http://www.nevadacopper.com), and Entrée Gold Inc. (http://www.entreegold.com) are 

currently operating exploration programs in various locations in the district.  Quaterra Resources 

continues to peruse the acquisition of the Yerington Mine site and the development of other 

prospects in and near the Yerington district.  Today, three major porphyry systems are 

recognized in the district along with several small deposits related to skarn and vein type 

mineralization.  Table 4.1 shows estimated Cu resource and property ownership for some of the 

larger deposits in the Yerington District.      

Table 4.1. Estimated copper resources in the Yerington district. 
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4.2. MacArthur/Quaterra Exploration 

Quaterra Resources Inc. acquired the MacArthur prospect in 2006 and exploration 

drilling has substantially increased reserve estimations in and adjacent to Arimetco’s pit.  

Quaterra completed 80,137 feet of drilling in 124 reverse circulation and 49 diamond core holes 

(http://www.quaterraresources.com) through December 2008.  This stage of drilling defined a 

1.5 square mile area of mineralization in and around the MacArthur pit and the program resulted 

in the discovery of an underlying supergene enriched chalcocite zone.  New resource estimation, 

using a 0.18% Cu cut-off grade, was developed consisting of 140 million tons of copper ore with 

an average grade of 0.26% Cu, or about 700 million pounds (http://www.quaterraresources.com).  

Resource estimates of acid-soluble copper with increasing grade cut-offs are found in Table 4.2. 

Table 4.2.  MacArthur project indicated and inferred copper resources.   
(From Quaterra Resources) 

 
 

 

 

 

 

 

 

 

 

 

 



  24 

The Quaterra drilling program indicated mineralization occurs dominantly as acid soluble 

copper oxides and underlying chalcocite blankets.  The program began in and around the historic 

MacArthur pit to delineate the parameters of oxide mineralization, and to test for underlying 

supergene chalcocite enrichment.  The program identified oxide/chalcocite mineralization in up 

to a 6000-foot, east-west strike that remains open to the south and the west (Figure 4.1) and 

identified an underlying chalcocite blanket.  

 
Figure 4.1.  Extent of copper oxides identified in phase 1 drilling by Quaterra Resources. 
(From Bonsall, Unpublished 2010). 
  

The drilling program expanded to the east, north, and west of the MacArthur pit to begin 

to define parameters of chalcocite mineralization.  Chalcocite mineralization occurs in greater 

than 6000 feet of strike length to the north of the MacArthur pit and is encountered in what is 
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known as the Gallagher area on the property (Figure 4.2).  Chalcocite mineralization remains 

open to the north, west, and south. 

 
Figure 4.2. Extent of chalcocite defined in phase 1 drilling by Quaterra Resources. 
(From Bonsall, Unpublished 2010). 
 

Cross section A-A’ (Figure 4.2) along Quaterras drill line 19420 E (Figure 4.3) includes 

data by Quaterra, Anaconda, and US Bureau of Mines drilling and demonstrates a continuous 

4000 foot long, 57 foot thick supergene enriched chalcocite blanket with an average grade of 

0.36% Cu.  The cross section also outlines the increased oxide resource around the historic oxide 

resource showing a 1800 foot long, 147 foot thick intersection with an average grade at 0.20% 

Cu.  The cross section also shows 60 feet of 0.82% deep primary chalcopyrite mineralization in 

the north. Continued drilling in 2010 explored the northern margins of the property in effort to 

define primary porphyry type mineralization.   
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Figure 4.3. North-south cross section line A-A’.  (From Bonsall, Unpublished 2010).   



  27 

In December 2009, Quaterra Resources recommenced drilling at the MacArthur prospect 

(http://www.quaterraresources.com) in effort to expand oxide and chalcocite potential.  Target 

areas included the Gallagher area, northwest area, and infill drilling north and west of the 

MacArthur pit to delineate chalcocite boundaries.  Quaterra also planned to target deep primary 

porphyry style mineralization in the northern areas encountered in three holes during the 

previous drill program.  In search of primary mineralization, Quaterra conducted an Induced-

Potential Resistivity (IPR) in the fall of 2009 identifying five potential targets to the north and 

northwest of primary mineralization encountered in drilling.  From December 2009 to April of 

2010, Quaterra Resources completed 19,110 feet of drilling (Figure 4.4) in 32 reverse circulation 

holes and three deep diamond core holes (http://www.quaterraresources.com). 

 
Figure 4.4. Phase 2 of drilling by Quaterra Resources at the MacArthur prospect.  Red circles 
indicate holes drilled from December 2009 – April 2010. (From Quaterra Resources).  
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Since April 2010, Quaterra has drilled an additional 21,143 feet in 37 reverse circulation 

holes to expand the known oxide and chalcocite copper resource at the MacArthur.  Chalcocite 

mineralization occurs in greater than 7500 feet of strike length to the north of the MacArthur pit 

and the outer limits of which have not yet been delineated (Spiering, 2010).  Quaterra continued 

drilling with investigation around the Gallagher area (Figure 4.5) as well as drilling the 

northwest area for deeper primary sulfide porphyry type mineralization. 

 
Figure 4.5. Phase 2 of drilling by Quaterra Resources at the MacArthur prospect.  Red circles 
indicate holes drilled from December 2009 – April 2010.  (From Quaterra Resources).  
  
Drilling between the Gallagher area and the MacArthur pit confirmed continuity in acid-soluble 

copper and will substantially increase reserves.   Drilling toward the northwest resulted in the 

discovery of primary chalcopyrite mineralization ranging 10 – 95 feet thick with a continuous 

strike length of over 4600 feet.  This intercept may represent the fringe of porphyry style 

mineralization (http://www.quaterraresources.com).  New resource estimations in the range of 1 
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billion pounds of copper will be released in late 2010 in Quaterra’s updated N-43-101 technical 

compliant report to be completed by Tetra Tech Inc (http://www.tetratech.com/).  Quaterra 

Resources has plans to further explore and continue drilling the MacArthur prospect through 

2010 and into 2011. 
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5. OBJECTIVES 
 
 The main objective of this study is developing an understanding of controls of 

copper oxide mineralization and enrichment at the MacArthur pit, NV.  The objective is 

investigated through the use of (1) rock descriptions, (2) multi-element geochemical data, 

(3) spectral radiometry data, and (4) fracture orientation and density data.  A brief 

description of each follows:  

(1) Rock descriptions document alteration, rock type types, and mineralogy of oxide 

occurrences. 

(2) Statistical analyses of multi-element geochemistry data define element associations 

and geologic processes. 

(3) Spectral Analyst tool in ENVI (Environment for Visualizing Images) compares 

spectral reflectance data between study samples and samples in spectral libraries to 

determine mineralogy. 

(4) Fracture density distribution, oxide occurrence in fractures, and statistical analyses 

define relationships between oxide mineralogy and fracture systems.  

 This study also uses the integration of spectral reflectance data and geochemistry 

data as a new way to define zones of economic interest in oxidized deposits.  From this 

test, mine geologists may find hand-held spectral radiometers a cost-effective and useful 

tool in the identification of mineralization above a cutoff grade.   
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6. DATA 

 Data used in this study are presented in the Table 6.1.  Rock descriptions as a data type in 

Table 6.1 are presented in Table 6.2.  A detailed description of data types for multi-element, 

spectral reflectance, and fracture density will be presented in later sections.  Quaterra Resources 

provided complete access to updated maps, figures, geology, analyses, personal communications, 

and funding.    

Table 6.1.  Available data for study.  Data provided by Quaterra Resources includes: 13 diamond 
core drill holes analyzed for 62 elements on 5 foot sections totaling 1000 samples, and access to 
maps and figures.  The author collected remaining data with funding from Quaterra Resources. 

 
Rock description data type consists of 63 samples described using a binocular microscope 

in terms of feldspar alteration, mafic alteration, and oxide mineralogy, as shown in table 6.2, a 

shortened version of a Quaterra Resources standard logging form.  Oxide mineralization is 
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shown as copper oxides (CuOx) and iron oxides (FeOx).  All copper produced by means of 

chemical weathering in the oxide zone of the MacArthur porphyry copper system is referred to 

as copper oxides (CuOx) regardless of chemical composition; the same rule applies to iron.  

Following is a list which defines symbols used in the 63 sample descriptions and UTM locations 

can be found in Appendix 1. 

#.              Sample ID number 
Bench #.  Column describes bench locations of samples.                                                            
                Number indicates the average elevation of each bench floor. 
RX.         Host rock type. 
     QM = Quartz Monzonite, GD = Monzodiorite, RHY = Rhyolite,                         
                AND = Andesite, QMPh = Quartz Monzonite Hornblende Porphyry,                 
                QMPb = Quartz Monzonite Biotite Porphyry 
2d Kf.     Column describes replacement of primary plagioclase by secondary k-feldspar.    
                This indicates potasic alteration.  
     W=weak, M=moderate, S=strong 
2d Plag.  Column describes replacement of primary plagioclase and K-feldspar by     
                secondary oligoclase or albite.  This indicates sodic alteration.   
     W=weak, M=moderate, S=strong 
2d bi/hb. Column describes alteration of mafic minerals to secondary biotite. 
     W=weak, M=moderate, S=strong 
mf alt.     Column describes alteration of any mafics (primary or secondary) to chlorite,     
                sericite or other late alteration minerals. 
     F=fresh, PC=partial to clorite, DC=destroyed to chlorite, PS=partial to sericite, 
     DS=destroyed to sericite 
CuOx.     Column describes CuOx mineralization. 
     B=black (neotocite), G= green (malachite and chrysocolla), BL=blue (azurite) 
int.          Column describes strength of CuOx mineralization. 
     T=trace, W=weak, M=moderate, S=strong 
oc.           Column describes occurrence of CuOx mineralization. 
     FX=fracture control, D=disseminated, C=coating 
FeOx.      Column describes FeOx mineralization. 
     G=goethite, H=hematite, J=jarosite 
int.           Column describes strength of FeOx mineralization. 
     T=trace, W=weak, M=moderate, S=strong 
oc.           Column describes occurrence of FeOx mineralization. 
     T=transported, F=filled sulfide cavities, P=partially filled sulfide cavities, 
     E=empty sulfide cavities 
GL.         Column describes presence of glass limonite. 
     W=weak, M=moderate, S=strong 
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Table 6.2. Descriptions of surface samples collected in the MacArthur pit.  This table is a 
shortened version of Quaterra Resources standard logging form. 
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Table 6.2. (cont.) Descriptions of surface samples collected in the MacArthur pit.  
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7. METHODS 

This project utilizes four major methods of study: (1) Rock alteration descriptions, (2) 

Geochemistry, (3) Spectral Radiometry, and (4) Fracture Density.  A complete, detailed 

explanation of methods for 2, 3, and 4 are found in the corresponding chapters.         

(1) Rock descriptions are used to strengthen interpretations regarding geochemistry, spectral 

radiometry, and fracture density data.  A total of 63 samples were collected in the geologic units 

exposed in the MacArthur bench faces (Figure 7.1) and represent the basis for much of this 

study.  Table 6.2 describes rock type, alteration, and oxide mineralization associated with each 

sample.   

 

Figure 7.1. Surface sample locations.  UTM location data can be found in Appendix 2.2. 
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(2) Geochemistry is used in this study to understand geochemical environments associated with 

the oxide zone at the MacArthur pit.  Geochemical data consist of a multi-element ICP/MS 

analysis for 63 surface samples and 1000 samples from thirteen diamond core drill holes in the 

MacArthur pit.  Data are analyzed using univariate, bivariate, and multivariate statistical 

methods.  

(3) Spectral radiometry is used for the identification of minerals in the oxide zone, thus 

interpreting alteration assemblages.  Spectral reflectance was measured for each of the surface 

rock samples in the lab and a field test was performed to test for homogeneity of oxide 

mineralization.  Spectral reflectance data of surface rock samples is also used to investigate 

relationships between spectral reflectance and percent Cu as a new method of grade control in 

oxidized sections.   

(4) A total of 99 bench interval fracture density measurements were collected along the 

MacArthur bench faces to determine fracture orientation and density.  Density measurements 

were collected on 25-foot centers in the MacArthur documenting fracture orientation strength 

and transported oxide occurrences in fractures.  Variables collected in density measurements are 

analyzed using steronets, bar charts displaying percent Cu and Fe in fractures, and pie graphs to 

display percent mineralization per fracture orientation.  Bivariate and multivariate statistical 

analyses are also used to test for relationships between oxide occurrences and fracture 

orientation.  
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8. GEOCHEMISTRY AND STATISTICAL ANALYSES 

8.1. Introduction 

Statistical analysis and interpretation of geochemical data are the primary focus of this 

chapter.  Data are analyzed in an effort to understand primary source rock and oxide enriched 

host-rock distribution at the MacArthur pit.  The development of oxide assemblages (Fe & Cu) in 

the geochemical environment of the leaching zone is a function of primary source-rock and host-

rock mineralogy (Chavez, 1990).  A statistical analysis of geochemical data is used to recognize 

geochemical patterns and anomalies related to mineralization (Rose 1979, Levinson 1974, 

Zumlot, 2006).  Statistical analysis in this chapter includes univariate, bivariate and multivariate 

methods, which indicate deviation from normality, correlations between two elements, and 

multi-element correlation families respectively.  Statistical analyses also aid in the identification 

of geochemical families.  The ultimate goal of these geochemical analyses is to relate grade 

control to physical and chemical characteristics of exposed faces. 

8.2. Data 

Two major data families are used for this study.  Geochemical data includes (1) surface 

samples collected from vertical bench faces, (2) subsurface samples from the “QMT” diamond 

core drill hole series.  

(1) A geochemical data set from 63 surface samples (Fig. 7.1) was collected within the 

MacArthur pit; rock and fault gouge samples are represented.  Actlabs analyzed samples for 62 

elements and results are shown in Appendix 1.  Also shown in Appendix 1 is data from a single 

sample of pure neotocite (sample # 99).  This sample will be discussed in final interpretations. 
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(2) The second data set comes from subsurface samples and includes 13 diamond core drill holes 

labeled, QMT-1 – QMT-13, completed in 2006.  Figure 8.1 also shows location and total depth 

(TD) of each of the drill holes.  Sample analyses was commissioned by Quaterra Resources for 

the 13 drill holes and analyzed for 62 elements in five foot sections totaling 1000 samples.  This 

original data set is displayed in Appendix 1.  Field collection and processing methods are as 

follows. 

 
Figure 8.1. Location of drill holes in and near the MacArthur pit with multi-element analysis 
commissioned by Quaterra Resources Inc.  
 
8.2.1. Field Methods 
 

Field methods describe surface sample data set (1), data set (2) is provided by Quaterra 

Resources.  A total of 63 samples were collected along the bench faces of the MacArthur pit to 

determine oxide mineralogy (Fe and Cu families) and alteration zones (Fig. 3.5).  These samples 
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may be subdivided into families as either whole rock or fault gouge samples.  Fault gouge 

samples were collected in order to help understand what elements were mobile during 

hydrothermal/oxidation phase(s), as faulting at the MacArthur provided conduits for fluid 

movement and element enrichment based on observations of drill cuttings.  Some fault gouge 

samples will not be found in rock descriptions (Table 6.2) due to the absence of an identifiable 

hard rock host.  Samples were collected in each lithology to thoroughly investigate oxide 

mineralogy, sulfide mineralogy and alteration types. These descriptions are found in Table 8.1.  

Surface samples represent oxide zone mineralogy.   

8.3. Processing 

Surface sample geochemical data, analyzed by Actlabs (http://www.actlabs.com/), was 

completed using aqua regia extraction ICP/ICP-MS ultra-trace II method.  Table 8.1 shows the 

elements reported, analytical method, and detection limits of this technique. The first step in data 

processing was the complete removal of elements below the detection limit and those that 

showed little to no variation.  These elements provide limited to no information in statistical 

analysis. 

 Elements removed from the surface data set include: Au, Bi, Ge, Hf, In, Lu, Nb, Pb, Re, 

Ta, Te, Tl, Tm, and W.  Elements removed from the subsurface data set include: B, Bi, Br, Cd, 

Cs, Ge, Hf, Hg, Ho, I, In, Ir, Os, Pd, Pt, Re, Rh, Ru, Sb, Ta, and Tb.  Table 8.2 shows a list of 

elements from the surface sample data set used in this study, and Table 8.3 shows the subsurface 

elements. 
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Table 8.1. Actlabs Code Ultratrace-2 Elements and Detection Limits (ppm) Note:  
* May not be total.  Unaltered silicates and resistates may not be dissolved. 

Element 
Detection 

Limit 
Upper Limit 

Reported 

By 
  Element 

Detection 

Limit 
Upper Limit 

Reported 

By 

Ag* 0.002 50 ICP/MS   Mo 0.01 10,000 ICP/MS 

Al* 0.01% 10% ICP/MS   Na* 0.001% 5% ICP/MS 

As* 0.1 10,000 ICP/MS   Nb* 0.1 500 ICP/MS 

Au* 0.5 ppb 10,000 ppb ICP/MS   Nd* 0.02 - ICP/MS 

B* 1 5,000 ICP/MS   Ni* 0.1 10,000 ICP/MS 

Ba* 0.5 6,000 ICP/MS   P 0.001% 10% ICP 

Be* 0.1 1,000 ICP/MS   Pb* 0.01 10,000 ICP/MS 

Bi 0.02 2,000 ICP/MS   Pr 0.1 - ICP/MS 

Ca* 0.01% 50% ICP/MS   Rb* 0.1 500 ICP/MS 

Cd 0.01 - ICP/MS   Re 0.001 100 ICP/MS 

Ce* 0.01 10,000 ICP/MS   S 0.001% 20% ICP 

Co 0.1 5,000 ICP/MS   Sb 0.02 500 ICP/MS 

Cr* 0.5 5,000 ICP/MS   Sc 0.1 - IPC/MS 

Cs* 0.02 - ICP/MS   Se* 0.1 10,000 ICP/MS 

Cu 0.01 10,000 ICP/MS   Sm* 0.1 100 ICP/MS 

Dy 0.1 - ICP/MS   Sn* 0.05 200 ICP/MS 

Er 0.1 - ICP/MS   Sr* 0.5 1,000 ICP/MS 

Eu* 0.1 - ICP/MS   Ta* 0.05 50 ICP/MS 

Fe* 0.01% 50% ICP/MS   Tb* 0.1 100 ICP/MS 

Ga* 0.02 500 ICP/MS   Te 0.02 500 ICP/MS 

Ge* 0.1 500 ICP/MS   Th* 0.1 200 ICP/MS 

Gd 0.1 - ICP/MS   Ti* 0.01% 20% ICP 

Hf* 0.1 500 ICP/MS   Tl* 0.02 500 ICP/MS 

Ho 0.1 - ICP/MS   Tm 0.1 - IPC/MS 

In 0.02 - ICP/MS   U* 0.1 10,000 ICP/MS 

K* 0.01% 5% ICP/MS   V* 1 1,000 ICP/MS 

La* 0.5 1,000 ICP/MS   W* 0.1 200 ICP/MS 

Li 0.1 - ICP/MS   Y* 0.01 - ICP/MS 

Lu* 0.1 100 ICP/MS   Yb* 0.1 200 ICP/MS 

Mg* 0.01% 10% ICP/MS   Zn* 0.1 5,000 ICP/MS 

Mn* 1 10,000 ICP/MS   Zr* 0.1 5,000 ICP/MS 
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Table 8.2. Elements used in surface analysis.  Surface data set is 63 samples. 

 
Table 8.3. Elements used in subsurface analysis. Subsurface data set is 1000 samples. 

 
 
8.4. Analysis 

All data are analyzed using JMP® V.4 (http://www.jmp.com/index.shtml) software and 

methods include descriptive statistics, univariate, bivariate, and multivariate analyses.  Contour 

maps showing element abundance for the surface data are created using Surfer by Golden 

Software (http://www.goldensoftware.com/).  Data for the following statistical methods will be 

displayed in the results section.  

8.4.1. Descriptive Statistics 

Descriptive statistics for this study include (1) percentiles, (2), median, (3) mean, (4) 

standard deviation, (5) skewness, and (6) kurtosis.  A brief discussion of each follows and is 

taken from JMP® V.4 help directory and user guide as well as Davis (2002).   
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(1) Percentile is based on a scale of one hundred that shows the percent of a distribution that is 

equal to or below it.  The 25th percentile is called the 1st quartile, 50th percentile is the median, 

and the 75th percentile is called the 3rd quartile.  

(2) Median reflects the middle value where 50% of the data is greater than and 50% of the data is 

less than the middle value. 

(3) Mean indicates the average value of a set of data.  It is calculated by summing all data points 

for a particular variable and dividing by the number of values. 

(4) Standard deviation is a measure of dispersion around the mean value.  It shows how much 

variation there is around the mean value using a numerical value.  Low values indicate the 

standard deviation to be close to the mean while large values indicate data is spread out or 

deviates from the mean value. 

(5) Skewness is a measure of asymmetry of the distribution shape.  Skewness can be positive, 

negative, or undefined. 

(6) Kurtosis is a measure of peakedness of the distribution shape.  High kurtosis indicates 

variance is the result of large deviations.  

8.4.2. Univariate Analysis 

Univariate analyses for this study result in (1) histograms, (2) normal quantile plots, and 

(3) outlier box plots (Fig. 3).  Data is represented in graphs, and groups of these graphs for each 

element are developed for (1.1) raw data, (1.2) outliers removed data, and (1.3) log transformed 

data with no outliers.  The following descriptions of statistical analyses are from JMP® V.4 help 

directory and users guide as well as Davis (2002). 
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(1) The use of the histogram is a way to display frequency distributions divided into classes.  The 

frequency of each class is what determines the shape of the curve.  Data with normal distribution 

will have a symmetric bell curve while a curve with a tail to the right indicates the data is 

positively skewed.  Figure 8.2 shows an example of a positively skewed histogram for aluminum 

from surface data.   

Figure 8.2.  Histogram, outlier box plot, and normal quantile plot for aluminum.  X-axis values 
are % Al and y-axis is percentile. 

(2) Normal quantile plots are graphs used to show interval variables.  Data that is close to normal 

distribution will plot as a straight diagonal line along the y- and x-axis.  Changes in the slope of 

this line represent interval variables and can be related to geochemical families.  Figure 8.2 

shows a quantile plot of aluminum deviated from normality.   
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(3). The outlier box is a method of showing element distribution with anomalous values located 

outside the whiskers connected to the box plot, the outliers.  Outliers can be positive or negative.  

The box contains data that falls within the 25th and 75th percentile and the vertical line in the box 

represents the median.  Figure 8.2 shows an outlier box for aluminum and dots to the right of the 

whiskers are outlier data.        

(1.1) The first step in analysis of the raw data is in the form of tables and graphs consisting of 

histograms, normal quantile plots and outlier box plots.  Figure 8.3 shows the results of this first 

step for calcium from surface data.   

 
Figure 8.3.  Raw data univariate analysis for % Ca.  Histogram shows positive skewed data with 
anomalous values to the far right of the box plot. 
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Concentrations of anomalous high values are reflected in the histograms with data concentrated 

to the left.  These anomalous values are visualized past a specific concentration and are located 

outside the whiskers in box plots.  These are identified as outliers and may be regarded as 

evidence of mineralization processes (Zumlot, 2006).  The normal quantile diagrams show the 

most deviation from normality at the highest values located on the right side of the normal 

distribution line. Normal quantile diagrams also provide useful information on populations or 

geochemical families identified by changes in slope for the elements. 

(1.2) The next step was to remove the outliers from the data set and repeat the analysis for 

histograms and normal quantile plots.  Figure 8.4 shows the result of this for calcium.  

Figure 8.4.  Outlier removed univariate analysis for % Ca.  Histogram shows data is closer to 
normality with a close to symmetric bell curve and data points that are closer to the diagonal axis 
of the quantile plot.
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Outliers are removed in statistical analysis to avoid distortion in data concerning the original 

geochemical background values (Shuyun, X., et al., 2008).  As a comparison for normality 

conditions in element concentrations, average elemental concentrations (Mason, B., and Moore, 

C.B., 1982) of granitic rocks in the earth’s crust are imposed as blue lines on the raw data or 

outlier removed histograms as seen in Figure 8.4. The results of this will be discussed later.  

(1.3) The final step for univariate analysis is to log-transform the data.  Log-transformed 

geochemical data more readily behaves closer to normality conditions.  An example of this can 

be seen in Figure 8.5 showing calcium close to normal conditions.   

 
Figure 8.5.  Log data univariate analysis for % Ca.  Histogram and normal quantile shows data is 
close to normality conditions.    
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Data becomes easier to visualize and interpret because it corrects skewness in the data.  

The end result is symmetric bell curves on histograms and s-shape curves for many elements in 

normal quantile plots.  The changes in slope in the log-transformed quantile plots again are a 

result from the several geochemical families and their identification may prove to be a challenge.  

8.4.3. Bivariate Analysis 

Bivariate analyses for this study are (1) correlation coefficient matrix, (2) correlation 

scatter plot, and (3) pairwise correlations.  A brief description of each follows and comes from 

the JMP® V.4 help directory and users guide as well as Davis (2002). 

(1) The correlation coefficient (Appendix 2) is a way to test for linear relationships between a 

pair of variables.  Elements are arranged in a matrix so they are listed on both rows and columns 

and the relationship (coefficient) is displayed as a value.  A diagonal row of 1’s indicates where 

the element is analyzed against itself.   In strong relationships, values tend towards 1 and -1, 

positive and negative, while weak correlations tend towards zero.  This result determines which 

elements behave the same. 

(2) The correlation scatter plot is a graphical way to visualize correlations between two variables.  

Figure 8.6 is a small selection of elements present in the matrix. 

Data are displayed in a matrix arrangement with an imposed 95% bivariate density ellipse.  This 

means 95% of data fall within this ellipse.  When ellipses are compressed along the diagonal 

axis, it represents a positive correlation between two variables.  If the ellipse is large and round 

or not diagonally oriented, correlation does not exist between the variables. 

(3) The pairwise correlation (Fig 8.7) is another way to view correlations between two variables 

based on the correlation coefficient.  In this method, data is displayed on a bar chart with 

correlations trending towards 1 and -1 and weak correlations trending toward zero.  



  48 

 
Figure 8.6.  A section of the scatter plot from surface data showing Al, Cu, Fe, Mg, Ni, U, and 
V.  The strongest correlation here is seen between Al and Mg (0.782), followed closely by Cu 
and Ni (0.735).  The x and y-axis indicate data ranges for the element listed in box.  A 
correlation score is seen in the correlation matrix above the scatter matrix.  
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Figure 8.7. Pairwise correlations of surface data.  A positive correlation with a score of 0.6 is 
seen between Al and Be and a negative correlation with a score of -0.53 is seen between Co and 
As.     
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Before the data is processed for bivariate analyses, the outlier values removed from the original 

data input are replaced.  Missing outliers are replaced with a value from the 95th percentile for 

high outliers and 5th percentile for low outliers.  This method of data replacement maintains the 

closest representation of the original data.  Because the bivariate method analyses compares 

variable by variable in a linear fashion, missing data points cannot be present in the data set 

(JMP® V.4 directory).  Bivariate analysis is performed using log-transformed data because it is 

used to test for normality and log-transformed data behave closer to normality conditions. 

8.4.4. Multivariate Analysis 

Principal component analysis (PCA) is used as the multivariate analysis for this study.  

The following discussion is from JMP® V.4 help directory and users guide as well as Darlington, 

R.B., (1997).  Multivariate analysis is performed using the log-transformed data set because 

principal components are calculated by linear combinations of an eigenvector of the correlation 

matrix with a standardized original variable (JMP® V.4 directory).  PCA seeks a linear 

combination of variables such that the maximum variance is extracted from the variables. It then 

removes this variance and seeks a second linear combination, which explains the maximum 

proportion of the remaining variance, and so on. This is called the principal axis method and 

results in orthogonal (uncorrelated) factors (http://en.wikipedia.org).  The result of this 

calculation is “Factors,” a way to view positive and negative relationships or commonalities 

between a set of elements.  The factors reflect a geochemical family of elements that can lead to 

a statement regarding a single geologic process.  Factors are represented first in a matrix, then in 

a bar chart and factors with coefficients greater than 0.2 are interpreted to be part of the factor.  

Figure 8.8 shows an example of a factor graph. 
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Figure 8.8.  Surface analysis factor 5.  This figure shows a relationship between Ca and Zr, and 
between Ag, Cr, Cu, Ni, and Th.  The positive and negative elements have a negative 
relationship with each other. 
 

8.4.5. Spatial Analysis

Spatial analyses consist of (1) spatial distribution of elements and (2) spatial distribution 

of factor scores.  Spatial analysis is only used for the surface samples since it describes patterns 

and distributions of surface data.   

(1) Spatial distribution of the elements documents where concentrations of relevant elements are 

located in the MacArthur pit and how they spatially correlate with other elements.  Spatial 

distribution is in the form of contour maps showing concentrations in ppm and %.  The contour 

maps were created using the original data set and with the outliers removed.  Most contour maps 

shown in this study are from the original data, and only when extreme values made the contours 

close to a solid color are outlier-removed contours shown. Figure 8.9 is an example contour of 

spatial distribution of Cu.
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Figure 8.9. Contour map of surface Cu abundance at the MacArthur Mine.   
         

 
Figure 8.10. Spatial distribution of factor 5 at the Macarthur Mine. 
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(2) Spatial distribution of factor score coefficients is used to document where in the MacArthur 

pit geochemical families identified in factors scores are present (Fig. 8.10).  Since the factors will 

be interpreted as geochemical events, a temporal evolution of such events may be established.      

8.5. Results 

The results of statistical analyses and spatial analyses are presented in this section.    

A complete list of elements used in this study for the surface and subsurface can be found in 

Table 6.1 and 6.2 respectively.  Surface data consists of 63 samples and statistical analyses may 

not be traditionally carried out on populations this small.  The analyses of the subsurface data of 

1000 samples is used to help interpret and support the results of the same analyses performed to 

the surface data.     

8.5.1. Univariate 

Histograms for all elements used in this study are shown in Appendix 2.  These figures 

show, from left to right, raw data, outlier removed data, and log-transformed data.  The red bell 

curves on the histograms show most elements approach a log-normal distribution.  The 

exceptions to log-normal distributions show normal distributions for outlier-removed data but 

never for raw data.  These elements include Ba, Cr, Ga, Gd, La, P, Pr, Sm, and V.   

Raw data histograms show frequency distributions for every element except Th to be 

positively skewed.  Th is shown to be negatively skewed by a longer tail on the bell curve to the 

left of raw, outlier removed, and log-transformed data.  This is due to Th having more 

frequencies of high values compared to low values, without producing outliers.  

Outliers are seen in the raw data represented by dots to the left and right (lower and 

upper) of the whiskers attached to the box plots (Appendix 2).  The box plots of positively 

skewed raw data include some very high values for elements like As, Ca, Co, Cr, Gd, Li, Mn, 
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Mo, Ni, Sr, U, Y, and Zn.  These extreme values appear to be separated from the majority of the 

samples and may be interpreted as evidence of mineralization at the MacArthur and may serve as 

pathfinder elements.   

Normal quantile diagrams are also shown in Appendix 2.  Raw data quantile plots 

support raw data histograms by showing the majority of the data on the left side of the diagonal 

axis, while extreme high values are visualized to far right of the diagonal axis.  These plots show 

that most elements depart from normality at these high values, or in the mineralization process.  

Due to the steepness and sudden changes in slopes of many of these lines, it is hard to make 

statements concerning geochemical families. 

The log-transformed quantile plots show that most elements approach a log-normal 

distribution.  These elements are in exact correlation with histograms and are visualized by data 

points tightly clustered along the diagonal axis.  Some quantile plots show repetitive 

concentration values for elements represented by vertically stacked values along the diagonal 

axis.  This is especially true for rare earth elements (REE’s), and is due to the precession and 

accuracy of analytical methods.  For most elements log-transformed quantile plots show values 

approaching an S-shaped curve along the diagonal axis.  This is very helpful in determining 

geochemical families.  In the case of iron (Fe), at least five changes in slope can be identified.  

Five different mineral families containing iron can represent this in the MacArthur pit: iron 

oxides, iron sulfides, mica group, hornblende group, and iron rich alteration clay minerals found 

in fault gouge.  
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8.5.2. Bivariate 

Bivariate analyses used in this study comprise of correlation coefficients, correlation 

scatter plots, and pairwise correlation.  Bivariate analyses are performed using log-transformed 

data with no outliers.  The log-transformed data set is used because most elements show close 

approach to normality, which is required for correlation analyses.  Due to the lack of precision in 

analytical methods, rare earth elements are highly correlated with each other in both data sets. 

The correlation coefficient matrix for surface and subsurface samples is shown in 

Appendix 2.  The correlation matrix shows a total of 48 variables for surface samples and 52 

variables for subsurface samples.  This matrix reports a value between 1 and -1 describing 

positive and negative relationships between two variables or elements.  Generally correlation 

interpretations state that correlations less that 0.3 are weak, between 0.3 and 0.7 are moderate, 

and those above 0.7 are considered highly correlative (www.visualstatistics.net).  Besides 

showing relationships between two elements, detailed analysis of correlation matrices can give 

us correlation frequencies.  

Correlation frequencies display a variety of element associations.  Correlation 

frequencies are considered high when elements correlate with 10 or more other elements. The 

results for surface data are displayed in Table 8.4 and subsurface data is displayed in Table 8.5.  

Frequencies are shown for elements that correlate with 10 or more other elements, those with 

frequencies between 5-9, those that have correlation frequencies of less than 5, and those that 

have no correlations.  The surface data set uses a correlation coefficient greater than 0.4 and the 

subsurface data set uses a correlation coefficient greater than 0.35 to be used in correlation 

frequencies.  
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Tables 8.4.  Correlation frequencies of surface data from correlation coefficient scores greater 
than 0.4.                      

    
Tables 8.5.  Correlation frequencies of subsurface data from correlation coefficient scores 
greater than 0.35.                      

 

 A small section of the correlation scatter plot for the surface is shown in Figure 8.6.  

Scatter plots (described above) are a graphical way to view the correlation coefficient matrix.  

The complete scatter plot matrix can be found in Appendix 2. 

The pairwise correlation (Appendix 2, Fig. 8.7) shows correlations for all pair of variables using 

available data.  Pairwise correlations are represented as bar charts and correlations with a score 

greater than 0.5 and greater than 0.7 are shown in Table 8.6 for surface data and Table 8.7 for 

subsurface data.  All correlations are not shown in this table, however, common correlations that 

may indicate copper mineralization are displayed.  The pairwise correlation shows the same high 

correlation between the REE suite.  
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Table 8.6. Pairwise correlations from surface data. 

 
Table 8.7. Pairwise correlations from subsurface data. 

 

8.5.3. Multivariate  

Multivariate analysis for this study consists of a principal component analysis (PCA).  

Eight principal components (PCs) are used with eigenvalues larger than 1 to help understand 

geochemical families at the MacArthur pit.  The eight surface sample factors describe 79.01% of 

the total variance while the eight subsurface factors describe 61.4% of the total variance.  PCA 

results are shown as data, graphs and tables.  Table 8.8 shows the factor score coefficients from 

PCA analysis for surface data and Table 8.9 for subsurface data.  Bar charts (Appendix 2) show 

elements that are associated with each factor and Tables 8.10 and 8.11 describe geochemical 

families for surface and subsurface factors respectively.  The following discussion uses Rose, 

(1979) and Levinson, (1974) as a basis for geologic/geochemical environments.   
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Surface factor 1 accounts for 35.14% of the total variance and includes Al, Y and REE.  

This group can be described as a heavy and light rare earth factor with a clay component.  REE 

are likely a strong factor due to stability of rare earth bearing minerals. 

Subsurface factor 1 accounts for 23.16% of the total variance and includes Al, Dy, Eu, 

Ga, Sc, V, and Y.  Al and Ga have a general association in plutonic rocks.  The subfamily Sc and 

V is representative of mafic igneous rocks but is considered unexplained at the MacArthur pit.  

Subsurface factor 1 is very similar to surface factor 1 and represents a rare earth factor with a 

clay component.  

Surface factor 2 accounts for 11.33% of the total variance and includes high loadings of 

K and Rb with weaker As, Ba, Fe, Se, Sn, Sr, and Ti.  This factor includes a potassium feldspar 

signature containing K, Ba, and Rb and weak epithermal influence containing As and Se. 

Subsurface factor 2 accounts for 8.61% of the total variance and includes positive 

correlations between Ag, Li, Pr, Rb, and Th and negative correlations with Er, Gd, and Lu.  This 

factor is best interpreted the same as surface factor 2.   

Surface factor 3 accounts for 9.27% of the total variance and includes positive 

correlations between B, Cd, Cs, and S and negative correlations between Ce, La, Pr, Sn, and Ti.  

The correlations between Cd, and S likely represent chalcogenides and Cs and B suggest a weak 

pegmatitic signature, with a weak REE anti-association.   
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Table 8.8.  Surface factors from PCA analysis.  Elements shaded in grey have factor score 
coefficients greater than 2 or -2 and are interpreted as geochemical families. 

 
Subsurface factor 3 accounts for 7.13% of the total variance and includes positive 

correlations between Ba, Cr, K, Ni, Sn, and Ti and negative correlations with Ce and Dy.  K is 

considered part of potassic alterations while Ba, Cr, and Ni could represent andesite dikes at the 

MacArthur pit.  Sn and Ti are not understood.
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Table 8.9. Subsurface factors from PCA analysis.  Elements shaded in grey have factor score 
coefficients greater than 2 or -2 and are interpreted as geochemical families. 

 
Surface factor 4 accounts for 6.98% of the total variance and includes positive 

correlations between Ag, Cd, Sr, U, and Zr and negative correlations between Ga and Li.  This 

factor is best interpreted as zircon and a weak chalcogenide signature. 



� � � �

Table 8.10. Factor Analysis of Surface Samples.  Factor analyses are in part interpreted to 
known minerals and alteration documented in the MacArthur pit.     

 
 
Table 8.11. Factor Analysis of Subsurface Samples.  Factor analyses are in part interpreted to 
known minerals and alteration documented in the MacArthur pit. 

 

Subsurface factor 4 accounts for 5.7% of the total variance and includes positive 

correlations between Na, Si, W, and Zr and negative correlations between Co, Fe, and S. This 

factor represents sodic metasomatism with tungsten introduced magamtically with strong sodic 

fluids in a sulfide leaching environment. 
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Surface factor 5 accounts for 5.46% of the total variance and includes a positive 

correlation between Ca and Zr and a negative correlation between Ag, Cr, Cu, Ni, and Th.  This 

factor is interpreted caliche associated with possible surface weathering.  The negative elements 

are mobile and in this case leached due to surface weathering affects.   

Subsurface factor 5 accounts for 5.26% of the total variance and includes positive 

correlations between As, Be, Mn, Ni, Sn, and Zn and negative correlations with K, Sr, Tl.  

Positive correlations suggest this factor may be related to manganese oxide with other adsorbed 

elements.  This factor would indicate neotocite at the MacArthur pit.  

Surface factor 6 accounts for 4.43% of the total variance and includes positive 

correlations between Be, Cd, Co, Mn, Sn, and Zr and a negative correlation between S and Sb. 

This factor is interpreted as manganese oxides with absorbed elements and weak sulfide leaching 

indicated by Sb and S.  Again, this could represent neotocite in the MacArthur pit.   

Subsurface factor 6 accounts for 4.4% of the total variance and includes positive 

correlations between S, Se, and Sr and negative correlations between Cu, CuOx, K, Li, and Mg.  

This factor indicates sulfides with an anti-relationship with oxide minerals. 

Surface factor 7 accounts for 3.43% of the total variance and includes positive 

correlations between Cd, Sc, Se, Th, and U and negative correlation between Na and Cr. This 

factor represents sodium leaching with resistive accessory zircon or monazite minerals.     

Subsurface factor 7 accounts for 3.72% of the total variance and includes positive 

correlations between Cu, Lu, Mo, Nd, Se, Te, Tm, and W.  A weak porphyry signature is seen in 

this factor with Cu, Mo, and W with distinctive rare earth accessory mineral precipitation (Lu, 

Nd, Tm).  
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Surface factor 8 accounts for 3.04% of the total variance and includes positive 

correlations between Co, Mn, Mo, Na, and Sb and negative correlations between As, Ca, Li, Mg, 

and P.  This factor is interpreted as neotocite due to high presence of positive elements found in 

pure neotocite element analysis, discussed in final interpretations.  

Subsurface factor 8 accounts for 3.39% of the total variance and includes positive 

correlations between Mo, Pb, Se, Si, and Sn and negative correlations between Ca, Co, and Tl.  

Mo, Pb, and Se all show hydrothermal sulfide ore associations (Levinson, 1974) and suggest a 

weak Mo-porphyry signature.    `        

8.5.4. Spatial 

Spatial analyses for this study are (1) spatial distribution of factor scores and (2) spatial 

distribution of elements. The results of each are described below. 

(1) The eight surface factors described above are used here to show spatial distribution of the 

factor score coefficient.  JMP V.4 calculates spatial data by summing the factor scores and 

multiplying them by the original geochemical values.  Contour maps of factor scores are created 

using Golden Software Surfer, interpolated using the natural neighbor method.  Many 

interpolation methods were tried and natural neighbor fit the data best based on element 

distribution contours.  The contour maps are colored with purple representing low values and 

pink representing the high values.  An example can be seen for factor 5 in Figure 8.10, and the 

complete set is in Appendix 2. 

Factor 1 is dominated by REE, Al and Y.  Low values are seen in the northern most 

sections of the upper benches and the highest values are seen along the southern edge of the pit 

and in the lower benches.  This factor shows a close correlation to REE abundance contours and 

tends to occur strongest in areas with known sodic alteration. 
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Factor 2 shows strong potassium feldspar signature interpreted from K, Rb, and Ba.  

Spatial distribution of this factor shows it is strongest it the middle and western areas of the 

MacArthur pit.  A patch of low separates the two strong high areas and the eastern most part of 

the pit also contains very low values.  This factor distribution correlates well with element 

distribution contours for K, Rb. And Ba. 

Factor 3 was interpreted as weak pegmatitic and chalcogenides.  The spatial distribution 

map shows two strong high values along the northern section of the pit and a smaller high in the 

lower benches.  A strong low occurs in the very middle of the pit.  This distribution shows 

correlation with abundance contours for B and S and weaker correlations with REE abundance. 

Factor 4 was interpreted as zircon with a weak chalcogenide signature.  Spatial 

distribution shows 3 segregated lows surrounded by high values.  The low values occur in the 

west, middle, and east sections of the pit.  This distribution correlates with abundance contours 

for Sr and Cd and shows weak anti-correlations with contours for Ga and Li.   

Factor 5 is interpreted as caliche associated with surface weathering.  Spatial distribution 

shows only one high located in the western part of the pit surrounded by low values.  This spatial 

distribution shows a weak anti-correlation with abundance contours for Cr, Cu, and Ni. 

Factor 6 is interpreted as manganese oxide minerals signature with sulfide leaching (Sb 

and S).  Spatial distribution shows the strongest values occurring along the southern edge of the 

pit with lows in the northwest and south-central regions.  This distribution shows weak 

correlation with abundance contours for Be, Cd, Mn, and Sn, with a weak anti-correlation with 

Sb. 
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Factor 7 was interpreted as sodium leaching.  The distribution of this factor shows high 

values bordering the southern edge of the pit and in the northwest-central regions and lows to the 

west and northeast.  This distribution moderately correlates with abundance contour of U and 

weakly correlates with Cd, Se, and Th.  It also shows a weak anti-correlation with Na.  

Factor 8 was interpreted as neotocite.  This would indicate strong limonite occurrence in 

the oxide zone.  The spatial distribution shows two strong highs in the northwest and east, and 

two moderate highs in the central and north-central of the pit.  This distribution moderately 

correlates with the abundance contour of Co and weakly correlates with Mn, Mo, and Sb.  It also 

shows weak anti-correlations with Li and P.    

(2) A complete list of elements used in this study for the surface at the MacArthur pit is shown in 

Table 8.2.  Contour maps of element abundance are created using Golden Software Surfer 

interpolated using the natural neighbor method.  Many interpolation methods were tried and 

natural neighbor fit the data best based on element distribution contours.  The contour maps are 

colored with purple representing low values and pink representing the high values (Fig. 8.9).   A 

complete set of figures for element abundance can be found in Appendix 3.  The following 

discussion is focused on elements that are associated with porphyry style mineralization and 

observed in statistical analysis. 

Silver (Ag) shows the strongest value in the QMPb-1 dike located on bench 4800 

followed by the QMPh-2 dike on bench 4680.  It correlates weakly with Mo, Rb, V, and 

moderately correlates with Ti. 

Aluminum (Al) occurs the strongest in the eastern (lower) half of the MacArthur pit and is 

associated with gouge samples.  Al shows the best correlations with Ga and Li and weak 

correlations with Mg, Ni, and V.   
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Calcium (Ca) has the strongest occurrence in two locations along the northern edge of the 

pit.  Ca shows a moderate correlation with S and weak correlations with B and Na. 

Copper (Cu) has the strongest occurrence along the south and east of the MacArthur pit.  

The strength in the east of the pit correlates with gouge samples and with black copper 

(neotocite) along the southeast.  Cu has a strong correlation with U and moderately correlates 

with Mn and Mo.  Cu also shows weak correlations with Co, Ga, Mg, Ni, and Th. 

Iron (Fe) occurs is in the northwestern region of the MacArthur pit and has been 

identified to occur in the QMPb-1 dike on bench 4800 and 4780.  Fe shows weak correlations 

with Ag, K, Mg, Sc, and V.  It also shows a very weak correlation with REE.  

Potassium (K) has the strongest occurrence in the west and decreases in value as you 

move east.  K only shows a weak correlation with Rb.   

Magnesium (Mg) shows the two strongest areas to be in the northwest and central 

portions of the MacArthur.  Mg shows a weak correlation with Ga and V and a moderate 

correlation with Al. 

Manganese (Mn) shows to have the strongest values in the southeast and eastern regions 

of the MacArthur.  It also shows a small strong section on the north end of bench 4700, related to 

a rhyolite dike.  The high Mn values correlate with those samples collected in fault gouge and are 

representative of regions with strong neotocite.  Mn correlates best with Cu and shows weak 

correlations with Be, Co, Li, Mo, Ni, and U. 

Molybdenum (Mo) has its strongest occurrence in three isolated areas to the north and 

south central as well as the western margin of the MacArthur.  Mo is best correlated with Mn and 

shows weak correlations with Co, Cu, Li, Ni, and U. 
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Sodium (Na) has its strongest occurrence in the northeast regions of the MacArthur pit.  

Na shows weak correlations with Ca Cs, and Zr. 

Uranium (U) shows concentration along south and eastern regions of the MacArthur pit.  

Samples show high levels of U associated with fault gouge samples.  Uranium correlates best 

with Cu and moderately correlates with Mn and Mo.  U also shows weak correlations with Co, 

Ga, Mg, Ni, and Th.           

8.6 Initial Interpretations  

Key elements in porphyry copper exploration include, but are not limited to: Cu, Mo, Au, 

and Ag.  At the Pulang porphyry copper deposit in China (Yongqing, 2008), factor analysis 

indicated that Zn, Ag, Cu, Au, W, and Mo could all be regarded as pathfinder elements for 

prospecting new ore bodies at depth. The analysis of geochemical data at the MacArthur pit has 

provided clues as to the nature of Cu mineralization in the oxide zone while raising some 

questions.  For example, a clue in the surface data set shows Cu is highly correlated with U at a 

correlation score of 0.628, second only to Ni at 0.735.  Element distribution contours show Cu 

and U to behave correlative on the surface, therefore demonstrating that U could act as a 

pathfinder element for Cu.  Statistical and spatial analysis of surface data indicates that U, Mn, 

Mo, Co, and Ni may serve as pathfinder elements in locating sections of secondary Cu 

mineralization.  A question is now raised as to why subsurface data shows Cu and U have a 

negative correlation with a score of -0.018 and Ni correlates positively with a score of 0.099. 

Univariate analyses provide clues as to the nature of alteration at the MacArthur pit 

(Appendix 2).  When results are compared to average element abundance for granites in the 

crust, (Mason, B., and Moore, C.B., 1982) the MacArthur pit shows an overall depletion in 

abundance of many elements and enrichment that is dominated by metals.  For the case of U, it 
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shows an average value compared to granites in the surface, but in the subsurface shows to be 5x 

lower than the average value.  For both surface and subsurface data, the elements Al, Ca, Ga, K, 

Li, Na, and Th all show at least a 3x depletion factor and elements Co, Cu, Mg, Ni, and S all 

show at least a 3x enrichment factor.  This may be interpreted as early hydrothermal processes 

enriching metals.  Later tilting and exposure at the MacArthur resulted in strong oxidation and 

enrichment overprinting potassic and sodic style alterations. 

Bivariate analyses demonstrate relationships between two elements for multi-element 

data at the MacArthur.  Several of the same elements observed as enriched in univariate analysis 

are observed to have relationships in bivariate analysis and depleted elements show relationships 

as well.  Some of the major relationships observed are in two groups.   

The first group shows the strongest relationships and includes Al, Ga, Mg, K, Ba, and Rb.  

The second group includes Cu, Ni, Co, U, and Y.  The strongest of the groups represent primary 

K-feldspar and mafic minerals found in the quartz monzonite.  This group may also be related to 

a clay component found in clay and fault gouge.  The second group represents the oxide 

enrichment zone at the MacArthur.  These elements become mobile during strong oxidation and 

can be interpreted as having similar behaviors in the oxidizing environment at the MacArthur pit.  

Hydrothermal magmatic aqueous fluid associated with the Luhr Hill granite was rich in Cl, Na, 

K, Fe, S, and Cu (Dilles, 1987, Dilles and Proffett, 1995), and the two groups together may 

represent a geochemical environment of primary hydrothermal alteration. 

Multivariate analyses show relationships between a set of elements (factor) for data 

collected in the MacArthur pit.  Again, the same groups which are seen in univariate and 

bivariate analysis show relationships in multivariate analysis.  Together these groups represent 
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several geological processes associated with oxidized porphyry copper deposits indentified by 

factor score coefficients.  A clay component factor dominates both surface and subsurface data.  

This indicates that strong alteration and transport have occurred in the oxidation zone of the 

MacArthur as well as late surface weathering.  The clay component may also represent phyllic 

alteration.  For the case of Cu, it is seen in factors to have relationships with elements Ni, Co, 

Mo, U and in subsurface factor 6 Cu, CuOx, and Mg have a negative relationship with S.  This 

indicates that the oxide zone Cu is dominantly in oxide mineralogy demonstrating oxide zone 

geology. 

Spatial analysis of factor score coefficients show spatial distribution of factor families in 

the MacArthur pit.  One possible model of alteration zones (Fig. 8.11) is sodic alteration to the 

east - northeast, a central western potassic zone and a phyllic zone in the north - northwestern 

areas of the pit (Heatwole, 2009).  Element abundance contours of Na, K, Ca, and Mg support 

this observation, as does spatial distribution of factor families interpreted as sodic and potassic 

alteration.  Rock descriptions (Table 6.2) also support this model of alteration showing strong 

sodic alteration in the eastern rock samples. 
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Figure 8.11.  Proposed alteration zones of the MacArthur pit. 
 

Sodic alteration tends to destroy or “flush” large masses of metals (Barton, 2001).  

Bivariate analysis shows Na to have no correlations on the surface and moderately correlates 

with Si and Zr, 0.549 and 0.455 respectively in the subsurface. This likely represents zircon, 

which tends to be resistant to weathering and alteration.  The elevated CuOx in the eastern 

portion of the MacArthur is precipitated over a strong sodically altered zone, suggesting CuOx at 

the MacArthur has been introduced from peripheral sulfide zones. 
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9. SPECTRAL RADIOMETRY 

9.1. Introduction 

Analysis of spectral radiometry data has many documented uses in identification of 

materials on earth and in space.  In space, emission features seen in the electromagnetic spectrum 

reflect composition of stars.  On Earth, absorbance features in the electromagnetic spectrum 

relate to materials from plant life, soils, liquids, and minerals.  Spectral reflectance data is used in 

this study for the identification of alteration and oxide zone mineralogy of the MacArthur pit.  

An understanding of spatial distribution of alteration in a porphyry system gives clues as to 

where to locate possible additional mineralization.  It also provides clues as to the series of 

events or the evolution of the system. 

This study also attempts to apply spectral data to percent copper value, in effort to test the 

use of reflectance data as a method of grade control.  When an element of interest drops below a 

certain percent, mine operators lose money and no longer want to spend time moving and 

processing the material.  This initiates a cut-off grade; at the MacArthur pit the cut-off grade for 

copper in the oxidized sections is .18% Cu (http://www.quaterraresources.com).  When copper 

drops below this value, it is no longer economic to extract and process.  Using the Spectral 

Analyst tool in ENVI® (Environment for Visualizing Images) reflectance data will be tested in 

the identification of oxide rich rocks that contain value and those that do not.  If a relationship 

can be developed, spectral radiometry would be save time and money as a grade control method 

in oxidized sections.  
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9.2. Data 

Data for this study includes a total of 87 spectral profiles collected using the GER 3700 

spectral radiometer.  Data collected includes two studies: 

(1) Spectral analysis of 52 rock samples (Table 9.1) 

(2) Spectral homogeneity study (35 measurements in Table 9.2) 

Table 9.1. Sample numbers used in Spectral Analysis.  Descriptions of rock samples are found  
in Table 6.2.  

 
Spectrum of rock samples were obtained in a laboratory environment.  These samples are 

the same samples from geochemical analysis.  Some of the original geochemical rock samples 

were not spectrally analyzed due to an insignificant amount of material.  Table 9.1 shows 

samples used in the spectral analysis. 

The spectral homogeneity study includes 35 spectral profiles measured in the field along 

the MacArthur bench faces.  The 35 profiles represent 5 study areas in the MacArthur pit that 

appear to contain a homogenous oxide type, iron and/or copper.  The five homogeneity tests 

include two rhyolite dikes and three porphyry dikes from five different bench faces (Fig. 9.1).  A 

list of sample numbers from homogeneity tests is found in Table 9.2.  
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Table 9.2. Field samples used in spectral analysis.  QMP indicates porphyry dike samples and 
RHY indicates rhyolite dike samples. 

 
 

 
Figure 9.1. Spectral homogeneity test locations.  QMP-4780 and 4750 are a continuous porphyry 
dike and both RHY locations are a continuous dike. 

 
 

 

 

 



  74 

9.3. Methods 

9.3.1. Lab Methods 

Spectral profiles obtained in the lab were measured using the GER 3700 

(http://www.spectravista.com). The GER 3700 has a spectral range of 350nm – 2500nm, 

sampling on 704 channels.  Sample preparation consisted of crushing rock samples with a jaw 

crusher to the size of ½ inch and collecting samples to measure spectrally in a labeled Petri dish.  

The first step in measuring the data is to calibrate the GER 3700.  This is done using a white 

100% reflection calibration plate and is repeated after every fifth measurement.  Upon collection 

of the data, processing is needed to display and analyze the data and will be discussed in 

processing.               

9.3.2. Field Methods 

Spectral profiles obtained from the MacArthur bench faces were measured using the GER 

3700.  Field homogeneity locations were selected on basis of visual inspection of oxide content 

and rock type. Five locations were chosen, with two varieties of porphyry dikes and a rhyolite 

dike, (Fig 9.1) since in the MacArthur pit the dikes act as sponges for oxide iron and copper 

mineralization.  They also provide an opportunity to sample a single outcropping that can reflect 

a single alteration type in more than one location, testing homogeneity spatially.  The five 

homogeneity tests are as follows: 

(1) Biotite porphyry-1 dike, bench 4780 (QMP-4780) 

(2) Biotite porphyry-1 dike, bench 4750 (QMP-4750) 

(3) Rhyolite dike, bench 4700 (RHY-4700) 

(4) Rhyolite dike, bench 4675 (RHY-4675) 

(5) Hornblende porphyry-3 dike, bench 4600 (QMP-4600) 
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A total of nine spectrums are collected from QMP-4600 and both RHY locations.  Five 

spectrums are collected at QMP-4750 and three at QMP-4780.  Spectrums are all collected 

within a homogenous body within 100 square feet of each other.     

9.4. Processing 

The data is processed into two variables, wavelength and spectra (% reflectance).  The 

GER 3700 saves data as three variables: wavelength, unknown reflectance, and illumination 

reflectance. These represent spectral range 350nm – 2500nm, sample reflectance, and calibration 

reflectance respectively.  Spectra are achieved by dividing the unknown by illumination.  The 

last step in data processing is to change wavelength from nanometers to microns (µm).  This step 

scales the x-axis (wavelength) to match spectral libraries from the U.S. Geological Survey 

(USGS) (http://www.usgs.gov/) and NASA Jet Propulsion Laboratory (JPL) 

(http://www.jpl.nasa.gov/).  Data is saved as a Microsoft excel sheet (.xls) and text files (.txt).  

Text files are used to import data into ENVI for spectral analysis. 

9.5. Analysis  

Analysis of spectral data is performed using ENVI 4.6.1 (www.idl-

envi.com/ENVIOverview) Spectral Analyst tool. The use of Spectral Analyst is to help identify 

materials based on their spectral characteristics. The Spectral Analyst tool uses ENVI techniques 

such as Binary Encoding, Spectral Angle Mapper (SAM), and Spectral Feature Fitting (SFF) ™ 

in a hybrid identification tool to compare symmetry of spectra absorption features of an unknown 

spectrum to the materials in a spectral library (Kruse and Lefkoff, 1999).  The result of Spectral 

Analyst is a list of matching minerals from a known spectral library with a similarity score from 

0 to 1.  The scores provide a basis as to what minerals might be present, but it is up to the user to 
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make positive identifications based on absorbance features between spectral profiles and 

geologic reason.  Three analyses were performed on the data available for this study using ENVI: 

(1) Spectral Analyst of 52 geochemical spectrums vs. USGS and JPL spectral libraries. 

(2) Spectral Analyst of 35 homogeneity spectrums 

(3) Analysis of 52 geochemical samples; relationship to copper grade. 

9.5.1. Spectral Analyst of 52 geochemical spectrums vs. USGS and JPL spectral libraries. 

In this analysis, spectral data was imported by bench number (Table 9.1) into ENVI and 

saved as spectral library files.  Each sample was analyzed using the Spectral Analyst tool 

comparing to the USGS and JPL spectral libraries.  In this study, the complete spectral range was 

analyzed in this method.  An option in Spectral Analyst is to only compare spectral ranges of 

known absorbance features for associated minerals (ENVI help menu).  Results were recorded 

and spectral profiles of matching minerals from USGS and JPL were obtained.  A list of mineral 

matches and scores can be found in Tables 9.3 -9.6 and spectral profiles of geochemical samples 

can be found in Appendix 4. 

9.5.2. Spectral Analyst of 35 homogeneity spectrums.       

Analysis of spectrum measured in the field was completed as described above for the 

geochemistry samples.  In this study, analysis was carried further to determine if homogeneity of 

oxide mineralization could be determined by spectrum.  Using the Spectral Analyst tool each 

homogeneity test was analyzed against spectrum from its own family.  Finally, QMP-4780 and 

QMP-4750 were analyzed against each other to see how a spectrum varies spatially in a 

homogenous body.  The same was completed for the rhyolite dikes (Appendix 4). 
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9.5.3. Analysis of 52 geochemical samples; relationship to copper grade. 

The basis of this analysis is to determine if absorbance features in spectrum have a 

relationship with copper grade.  In this analysis a single spectral library was used representing 

the 52 geochemical samples and analyzed against itself using ENVI Spectral Analyst.  A 

maximum of five scores were recorded from each sample with a value over 0.7 (Tables 9.15 and 

9.16).  Added to this data table is %Cu, rock type, and color of copper oxide of each sample from 

rock descriptions (Table 6.2).  The purpose of this analysis is to use spectra reflectance data as a 

method of grade control in an oxidized section of active mines. 

9.6. Results 

The results of spectral analysis are presented in this section.  Results of Spectral Analyst 

are dominated by matches from minerals produced in oxidation zones associated with primary 

copper and iron.  Mineralogy of oxides indicates hydrothermal, propylitic, and sillication 

alteration types.  Tables are presented in text and a complete set of spectral profiles from samples 

(geochemical and field) and correlating matches with USGS and JPL can be seen in Appendix 4. 

9.6.1. Spectral Analyst of 52 geochemical spectrums vs. USGS and JPL spectral libraries.   

Table 9.3 shows Spectral Analyst results for samples on bench 4800.  All matches 

suggest the bench is dominated by oxide limonite; jarosite, goethite, and hematite.  Rock 

descriptions as well as field mapping aid in support.  The presence of plumbojarosite also 

supports oxidizing environments of pyrite, with accompanying lead, (Anthony J.W. et al, 2005) 

and nontronite suggest a weak hydrothermal signature (Anthony J.W. et al, 1995).  Figure 9.2 

shows jarosite and goethite spectral profiles from USGS library with sample 44, a strong iron 

sample.  Matching absorbance features can be seen at 1.44µm and 1.85µm. 
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Table 9.3. Bench 4800 Spectral Analyst matches with USGS and JPL spectral libraries. 

  

Figure 9.2. Spectral profile of sample 44 (white) from bench 4800 with - goethite (yellow) and 
jarosite (red) from USGS spectral library.  Matching absorbance features can be seen at 1.44µm 
and 1.85µm. 
 

Table 9.4 shows Spectral Analyst results for samples on bench 4700.  Spectral Analyst 

matches from this bench also indicate a domination of secondary iron minerals formed in the 

oxidation process of primary iron sulfides.  Comparison of praseodymium spectrum shows 

common absorption features at 1.61µm and 2.36µm as sample 32 however; there is no geologic 

reason for its presence at the MacArthur pit.   
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Table 9.4. Bench 4700 Spectral Analyst matches with USGS and JPL spectral libraries. 

 

Maghemite suggest surface weathering or low-temperature oxidation containing ferrous-

iron, commonly derived from magnetite (Anthony J.W. et al, 1997).  The spectrum matches on 

this bench indicate oxidation processes and weak argillic alteration or surface weathering 

phenomena. 

Table 9.5 shows Spectral Analyst results for samples on bench 4675.  These samples 

demonstrate secondary iron minerals formed from the oxidation of primary iron minerals.  

Riebeckite and sample 74 have a common absorption at 2.33µm (Fig. 9.4).  Riebeckite is not 

seen at the MacArthur pit; however, actinolite is found in and near the pit suggesting propylitic 

alteration.  Actinolite and riebeckite are both amphibole group minerals and have similar 

properties (Anthony J.W. et al, 1995) suggesting riebeckite cannot be ruled out. 

Table 9.5. Bench 4675 Spectral Analyst matches with USGS and JPL spectral libraries.  
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Figure 9.3. Spectral profile of sample 74 (white) from bench 4700 with - riebeckite (yellow) 
from JPL spectral library.  Matching absorbance features can be seen at 1.61µm. 
 
 
Table 9.6. Bench 4600 Spectral Analyst matches with USGS and JPL spectral libraries  
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Table 9.6 shows Spectral Analyst results for samples on bench 4600.  Bench 4600 shows 

oxidation processes through secondary copper and iron minerals.  Common secondary copper 

minerals azurite, malachite, and chrysocolla all occur in the oxidation zone and have been 

indentified in the MacArthur pit on bench 4600.   

 
Figure 9.4. Spectral profile of sample 57 (white) from bench 4600 with - atacamite (yellow) 
from JPL spectral library.  A similar line shape is seen but correlating absorption features are 
weak. 
 

Atacamite, more rare and associated with oxidation under arid, saline conditions 

(Anthony J.W. et al 1997) is seen as a Spectral Analyst match in sample 57.  Comparison of the 

spectra lines (Fig. 9.5) shows an overall similar line shape but weak correlations of absorbance 

features.  Atacamite should not be ruled out as occurring at the MacArthur.  The remaining 

Spectral Analyst matches all show secondary iron minerals and limonites that have associations 

with oxidation zones. 

 



� 
 � �

9.6.2. Spectral Analyst of 35 homogeneity spectrums. 

Score ranges of Spectral Analyst matches are presented here by sample numbers.  QMP-

4780 and QMP-4750 homogeneity tests both resulted in low Spectral Analyst scores 

demonstrating a variability in alteration minerals (tables 9.7 and 9.8 respectively).  When the 

spectrum of the both sites were compared against each other the results showed all scores to be 

below 0.2 (table 9.9). 

Table 9.7. Spectral Analyst results from QMP-4780.  An overall lack of spectral homogeneity 
suggests a mix of oxide minerals. 

 
 
Table 9.8. Spectral Analyst results from QMP-4780.  An overall lack of spectral homogeneity 
suggests a mix of oxide minerals. 

 
 
Table 9.9. Spectral Analyst results show a weak overall correlation between sites of a continuous 
porphyry body. 
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QMP-4600 homogeneity test shows the highest Spectral Analyst scores for the three 

porphyry tests between samples 5, 8, and 9.  These samples represent the best matches in the 

family (Table 9.10) with scores between 0.4 – 0.2.  An overall lack in homogeneity represents a 

variety of minerals in the spectrum. 

Table 9.10. Spectral Analyst results from QMP-4600.  The relationship between samples 5, 8, 
and 9 indicates the strongest homogeneity in the family.  

  
 

RHY-4700 homogeneity test shows two strong family relationships with spectrum 3 and 

4 as well as spectrum 7 and 8.  The scores for the relationship are between 0.6 - 0.4 (table 9.11).  

RHY-4675 homogeneity test shows a spectral relationship with 1, 9 and 7 with scores between 

0.6 – 0.4 (table 9.12).  
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Table 9.11. Spectral Analyst results from RHY-4700.  The relationship between samples 3 & 4 
and 7 & 8 indicate the strongest homogeneity in the family. 

 
Table 9.12. Spectral Analyst results from RHY-4675.  The strongest relationship is between 
samples 1, 7, and 9. 



� 
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When the spectrum from both RHY test sites was compared against each other using 

Spectral Analyst (Table 9.13), the results indicate a relationship between R-4675.1, .9, and .7 

with R-4700.7 and .8.  These are the same variables from relationships at each location.  This 

suggests a common alteration and oxide mineral occurrence in the rhyolite dikes. 

Table 9.13. Spectral Analyst results show a correlation with RHY-4675.1, .9, and .7, with RHY-
4700.7 and .8.  This demonstrates spectral homogeneity in rhyolite mineralogy. 
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Spectral Analyst of homogeneity spectrum vs. USGS and JPL returned results for RHY-

4675 samples 1, 3, 4, 7, and 9.  Spectrum matches from this analysis represent minerals 

associated with three alteration types found in oxidized porphyry copper deposits: hydrothermal, 

propylitic, and oxidation (Table 9.14). 

Table 9.14. RHY-4675 Spectral Analyst matches from USGS and JPL spectral libraries.   
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Spectral Analyst matches from RHY-4675 sample 1 indicate minerals from oxidation and 

propylitic alteration.  USGS matches indicate strong pyrite oxidation signature while the JPL 

matches indicate both pyrite oxidation and propylitic alteration.  The oxidation of pyrite was 

accompanied by sodium and lead as indicated by natrojarosite and plumbojarosite respectively 

(Anthony J.W., 2003) while propylitic alteration is indicated by the strong presence of chlorite 

and epidote.  Propylitic alteration is associated with low temperatures occurring in the distal 

regions (Fig. 2.4) of a porphyry system (Guilbert J.M., 1986).   

Spectral Analyst matches from RHY-4675 sample 3 indicate oxidation of primary copper 

minerals.  The presence of atacamite and antlerite suggest oxidation occurred under highly acidic 

conditions, especially in arid regions (Anthony J.W., 1997).  When the spectral profile of R-

4675.3 is compared to atacamite spectrum they show similar line shape and absorbance features 

at 1.41µm and 2.43µm (Fig 9.5). 

 

Figure 9.5. Spectral profile of sample R-4675.3 (white) with - atacamite (yellow) from JPL 
spectral library.  A similar line shape is seen with matching absorption features at 1.41µm and 
2.43µm. 
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Spectral Analyst matches from RHY-4675 sample 4 indicate hydrothermal alteration and 

oxidation.  Hydrothermal alteration is indicated by the presence of nontronite, sulfur, and realgar 

(Anthony J.W., 2005).  Hydrothermal alteration likely introduced other primary sulfide minerals 

such as magnetite, pyrite, and less galena.  Today, oxidation products are seen as maghemite, 

limonites, and plumbojarosite respectively.  The presence of sulfur in the spectrum from both 

USGS and JPL libraries suggests the system is partially oxidized.  Sauconite is a zinc silicate 

mineral that also supports partial oxidation due to an association with water tables in copper 

oxide deposits (Anthony, J.W., 1995).   

Spectral Analyst matches from RHY-4675 sample 7 indicate oxidation and propylitic 

alteration.  The presence of glauconite indicates alteration of biotite and the spectrum shows a 

weak common absorption at 2.36µm with both USGS and JPL spectrum (Fig. 9.6) for glauconite, 

but its presence at the MacArthur is doubtful.  Propylitic alteration is indicated by strong chlorite 

occurrences while oxidation is indicated by strong occurrences of secondary copper oxide 

minerals. 

Spectral Analyst matches from RHY-4675 sample 9 indicate oxidation and propylitic 

alteration with weak sillication.  Sillication is indicated by tourmaline and johannsenite, while 

propylitic alteration is indicated by the strong presence of chlorite group minerals.  Secondary 

copper minerals and limonites along with copiapite, an iron sulfate, are part of obvious 

oxidation.  The spectral profile of sample 9 compared to USGS copiapite is seen in Figure 9.7.  

A weak common absorption feature is seen at 1.93µm suggesting the presence of copiapite at the 

MacArthur should not be ruled out. 
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Figure 9.6. Spectral profile of sample R-4675.7 (white) with – glauconite from USGS (yellow) 
and JPL (red) spectral libraries.  A weak common absorption is seen 2.36µm. 
 
 

 
Figure 9.7. Spectral profile of sample R-4675.9 (white) with - copiapite (yellow) from USGS 
spectral library.  A weak matching absorption feature is located at 1.93µm. 
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9.6.3. Analysis of 52 geochemical samples; relationship to copper grade. 

Spectral Analyst in this study was used to test for homogeneity between spectra of 

geochemical samples and copper grade (%Cu).  Quaterra Resources uses 0.18% Cu as a cut-off 

grade (http://www.quaterraresources.com/) in the oxide zone at the MacArthur and data 

presented here is in two tables, one representing samples below 0.18% Cu and one representing 

samples at or above 0.18% Cu (table 9.15 and 9.16 respectively).  The tables show in the first 

column the test sample number and % Cu followed by column two displaying matching Spectral 

Analyst sample numbers and score.  Added to column two from rock descriptions and 

geochemical analysis is % Cu, rock type, and visible copper color. 

Table 9.15 shows 19 geochemical samples with percent Cu less than 0.18 that have 

Spectral Analyst matches with other samples.  A maximum of five top matches are used with 

scores above 0.7 totaling 67 spectral matches.  Of the 67 matches, 53 matches contain less than 

0.18% Cu.  Two of the samples, 39 and 63, have copper equal or greater than 0.18%, and appear 

several times as spectral matches.  Sample 39 matches samples 41, 45, 56, and 59 while sample 

63 matches samples 9, 29, 32, and 43. 

Table 9.16 shows 20 samples with Cu equal to or greater than 0.18% that have spectral 

matches with other samples.  A maximum of five top matches are used with scores above 0.7 

totaling 74 spectral matches.  Of the 74 matches, 60 matches contain equal to or greater than 

0.18% Cu. Two of the samples, 29 and 32, with copper less than 0.18% appear several times as 

spectral matches.  Sample 29 matches samples 33, 39, and 37 while sample 32 matches samples 

40, 63, 68, and 75.  
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Table 9.15. Spectral Analyst matches of geochemical samples with associated percent copper 
below 0.18% with- rock type, and visible copper oxide color. 
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Table 9.15 cont. Spectral Analyst matches of geochemical samples with associated percent 
copper below 0.18% with- rock type, and visible copper oxide color. 

 
 
 
 



� � � �

Table 9.16. Spectral Analyst matches of geochemical samples with associated percent copper 
above 0.18% with- rock type, and visible copper oxide color. 
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Table 9.16 cont. Spectral Analyst matches of geochemical samples with associated percent 
copper above 0.18% with- rock type, and visible copper oxide color. 
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9.7. Interpretations 

Spectral radiometry provides means for the identification of uncommon and rare minerals 

in oxidized sections, and the results of analyses performed in this chapter give strong clues into 

the alteration styles in the MacArthur pit.  Interpreted from Spectral Analyst, three alteration 

types associated with porphyry copper deposits can be identified: hydrothermal, propylitic, and 

oxidation.  RHY-4675 homogeneity test shows all of the above-mentioned alterations in a single 

rhyolite dike and reflect an overall process in the MacArthur pit. 

  Chemistry of minerals identified in Spectral Analyst, indicate the hydrothermal event at 

the MacArthur was rich in metals Fe and Cu.  Three major alteration types: potassic, sodic, and 

sericitic are seen in field studies at the MacArthur, but are not identified in spectral data.  

Sericitic alteration is seen in hand samples of quartz monzonite.  Late argillic alteration and 

surface weathering phenomena have overprinted the sericitic alteration with Cu and Fe oxides so 

that other spectra are not detected. 

Propylitic alteration is seen in three of the spectra from the field homogeneity test and 

field observations with rock descriptions support this in the lower benches of the MacArthur pit.  

The lower benches show hornblende and biotite altering to chlorite, while in the upper benches 

strong sericite is encountered.  This likely reflects a transition zone from the outer propylitic 

shell to start of the phyllic zone (Guilbert and Park, 1986).  The phyllic zone is recognized at the 

MacArthur pit by the increase of sericite with destruction of feldspars, and abundant iron oxides 

from strong oxidation of primary pyrite (Tables 9.3 and 9.4). The mineral occurrences and 

alteration styles here suggest the MacArthur pit is near the outer shell of porphyry system.   
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Oxidation is the last alteration at the MacArthur, occurring late, likely with and post- 

Basin and Range.  Tables 9.3 – 9.6 and 9.14 demonstrate that Spectral Analyst matches are 

dominated by oxide zone-product mineralogy.  Because oxidation is strong and last to occur, it 

may prevent spectral data from detecting earlier alteration minerals and other rock minerals by 

dominant copper and iron coatings.  However, because oxide zone mineralogy is strong it 

provides an opportunity to test for relationships between spectral absorption features and percent 

copper.   

Initial results in the study of spectral radiometry, as related to copper grade in the 

MacArthur pit, indicate spectral reflectance data has validity in the identification of rocks 

associated with value in oxide zone mineralogy.  Finding wavelengths associated with copper 

mineralization and removing the rest of the spectrum may achieve tighter control on results.  In 

this method, Spectral Analyst uses only the wavelength that contains the diagnostic absorption 

features related to the material of interest (Kruse and Lefkoff, 1999).  The refinement of this 

study will be discussed in recommendations (Chapter 13).     
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10. FRACTURE DENSITY 

10.1. Introduction 

Studies related to the origin and evolution of porphyry systems indicates large masses of 

fluid flow through fractured host rocks and intrusive stock works (Haynes and Titley, 1980).  

Titley et al., (1986) used fracture density at the Sierrita-Esperanza porphyry deposit in Arizona to 

define the limits of the hydrothermal system through the distribution, abundance, and 

mineralization of fracture systems.  Fractures in the MacArthur pit show varying physical 

orientations and mineralization characteristics for three major families of fractures.  Fracture 

families are found not to be random, but similarly oriented throughout the span of the pit area.  

The aim of this study is to use fracture density to understand transport pathway orientations 

related to copper grade control in the oxide zone of the Macarthur pit.       

10.2. Data 
Data for this fracture density study includes 99 sites (Fig. 10.1) collected in 25ft intervals 

from the MacArthur bench faces.  Each interval can be broken into several variables including 

(Table 10.1):  

(1) Fractures that contain only transported copper 
(2) Fractures that contain only transported limonite 
(3) Fractures that contain a mix of transported copper and limonite 
(4) Fractures that have no association with mineralization, fresh fractures.   
 
Three major fracture orientation families represent the above data:  
Family 1 (F1): A west-northwest orientation that dips north/northeast. 
Family 2 (F2): A southeast-northwest orientation that dips to the southwest.  
Family 3 (F3): A close to vertical east-west orientation dipping north or south.   
 

Appendix 5 shows the bench interval, UTM location, and total fracture density of each 

sample location.  Appendix 5 also shows data for the above-mentioned variables per bench for 

each individual site.  These variables will be further discussed in methods. 
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10.3. Field Methods 
 

A total of 99 bench interval density measurements were collected along the MacArthur 

bench faces to determine fracture orientation and density (Fig. 10.1).  Fracture density mapping 

consists of using a 2x2 foot frame, placing it on a bench face at set 25-foot intervals (Eliopulos 

and Heatwole, 2009), and measuring fracture orientation and length as well as observing where 

transported (oxide) copper and iron occur within the fracture system.  Set 25-foot intervals were 

used to prevent un-intended bias in density measurements. 

 
Figure 10.1. Fracture density measurement locations.  Interval labeling starts in the north and 
moves south in 25-foot intervals along the MacArthur bench faces.  Missing locations are due to 
bench face collapse or covered interval. 
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Field observations show the pit area to have three major families of fracture orientations; 

the strongest of which strikes approximately west to northwest, and dips to the north, northeast.  

Heatwole (1972) tested the northwest fractures in Anaconda trenches to see if they could be used 

to project grade zones.  He discovered that although the northwest fracture pattern is well 

developed all orientations are equally mineralized.  To gain an understanding regarding 

distribution of oxides in fractures, the three most abundant fracture families F1, F2, and F3 were 

recorded.   

Once orientations were recorded the next step was to record the length of each individual 

fracture per orientation.  Fractures were measured with a standard tape measure and the length of 

each fracture in inches was recorded in the column thus denoting what secondary transport 

mineralogy it carried or if it was a fresh fracture.  Each fracture was listed as its own length thus 

providing an “n” number of how many fractures in each orientation are present as well as a 

density measurement.  Table 10.1 shows an example of the how the data was recorded in the 

field.   

Table 10.1. Table shows how data was recorded at each bench interval measurement.  Each 
number in the boxes represents a single fracture. 
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10.4. Processing 
 

The first step in data processing was to transfer all field recorded data into digital format.  

A total of three spreadsheets were created using Microsoft Excel, one sheet for each fracture 

family. 

The next step was to solve fracture density for each bench interval.  This was performed 

by summing the fracture lengths for all families and dividing by the area of the frame (Titley, 

1986).  In this study, inches are the units.  An example of this for bench interval 4675-00’ is seen 

in Table 10.2.  As well as solving total density, each fracture family density was solved.  

Appendix 5 shows data from Table 10.2 for all bench intervals. 

The final step in data processing was to calculate percent (%) densities.  First, percent 

density was solved for the three fracture families, then for each family percent Cu, Fe, Cu + Fe, 

and fresh fractures were calculated per interval.  Percent densities of these variables are 

described further in analysis.    

Table 10.2. Demonstration of how fracture density (ρ) is calculated for this study. 

 
 
 
 

 



  101 

10.5. Analysis 
 

When data processing was complete it became evident that several analysis options could 

represent the data. Analysis techniques performed on the data set encompass stereonets, % 

density and % oxides, statistical analysis, and spatial analysis. 

10.5.1. Steronets 
 
 The first step in analysis was to make stereonets for each fracture family to test for 

homogeneity in orientation and then steronets were made for the 50 bench intervals. This was 

accomplished using Stereonet 6.3.3X, (Allmendinger, 2006).  The bench interval steronets show 

orientation, number of fractures per family (n), and density (ρ) of each family (Fig. 10.2).  

Steronets are color coordinated with red, blue, and black representing fracture family 1, family 2, 

and family 3 respectively. 

Figure 10.2. Stereonet of interval 4675_00 showing F1 (red), F2 (blue), and F3 (black) 
orientation, number of fractures (n), and density (ρ). 
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10.5.2. % Density and % Oxides: 
  

Percent density is calculated to determine what fracture family is the dominant 

orientation.  This data is represented in a pie chart (fig 10.5, pg 108.).  Three pie charts show for 

each fracture family percent Fe, Cu, Cu + Fe, and fresh fractures and another pie chart represents 

total occurrence of each percent for all density interval measurements (fig 10.6, pg 109.).  The 

last step in percent analysis uses bar graphs to represent percent total Fe and Cu per fracture 

family for bench intervals.  This was completed for the 50 bench interval measurements with 

stereonets.  The bar graphs are color coordinated the same as steronets and combined on 

stereonet figures.  Figure 7.3 shows the “updated” stereonet figures and all 50 figures may be 

found in Appendix 5. 

 
Figure 10.3 Stereonet of interval 4675_00 showing orientation, number of fractures, and fracture 
density as well as percent copper and iron occurring in each fracture family. 
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10.5.3. Statistical Analysis 
 

Statistical analyses for this study include bivariate and multivariate analysis.  Bivariate 

analysis includes correlation coefficient matrix and correlation scatter plot matrix.  The 

correlation coefficient matrix and correlation scatter plot are used to investigate linear 

relationships between variables. Principal component analysis (PCA) is the multivariate analysis 

for this study.  PCA seeks a linear combination in variables and results in factor score 

coefficients.  Factors are a way to view positive and negative relationships or commonalities 

between a set of variables that that can lead to a statement regarding a single geologic process or 

substance.   

In this study, multivariate analysis is used to determine relationships between fracture 

density and transported oxide mineralogy for all 99-bench interval measurements (Appendix 5).  

The 20 variables used in this study include: for F1, F2, and F3 – copper oxides (CuOx), iron 

oxides (FeOx), total oxides (t-Ox), number of fractures (n), and fracture density (ρ).  The 

remaining 5 variables are totals of variables described above, T-CuOx, T-FeOx, T-Ox, T-n, and 

T-ρ.  Table 10.3 demonstrates the variable values for bench interval 4675-00. 

Table 10.3. Red numbers indicate 20 variables used in statistical analysis for; 
F1, F2, F3, and Totals. 
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10.5.4. Spatial Analysis 
 

Spatial analysis used in this study is density data from bench interval measurements.  

Spatial analysis of density is used to understand the distribution of fracture patterns and 

associated oxide occurrence in the MacArthur pit.   

Contour maps are made for eight variables:  

(1) Family 1 density (ρ-F1) 
(2) Family 2 density (ρ-F2)  
(3) Family 3 density (ρ-F3) 
(4) Total interval density (ρ-T) 
(5) CuOx density (ρ-CuOx)  
(6) FeOx density (ρ-FeOx) 
(7) CuOx and FeOx density (ρ-Cu-FeOx) 
(8) Fresh fracture density (ρ-Fr).   

10.6. Results 
 

The results of fracture density analysis are summarized in this section.  Quantitative data 

from the oxide zone of the MacArthur pit leads to an understanding of behavior and distribution 

of fractures and associated oxide occurrences in the MacArthur pit.  A complete list of figures 

and data can be found in Appendix 5. 

10.6.1. Stereonets 
 

The four stereonets in Figure 10.4 are used to demonstrate ranges of orientation in 

fracture families.  Family 3 is represented in two stereonets, one to show north dipping fractures 

and one showing south dipping fractures.  Fracture family 1 has a strike range of 84-121° with 4 

fractures that deviate up to 135°.  This orientation dips moderately to the north – northeast 

between 39-75°.  Fracture family 2 has a strike range 131-171° with only two fractures that 

deviate to 124°.  Family 2 has a moderate southwest - west dip ranging 31-68°.  South dipping 

fractures in family 3 show a tight clustering with a strike range of 280-294° with four fractures 



� � � � �

that deviate up to 305°.  They dip steeply south with a range of 77-89°.  North dipping fractures 

in family 3 have a strike range of 267-309°, dipping steeply north with a range of 80-89°.  The 

ranges in strike for F1, F2, and F3: 51°, 47°, and 42° respectively, show there is continuity in 

fracture families.  The south dipping fractures in family 3 show the best continuity clustering 

within 14° of each other while the north dipping fractures show the most variability over the 

largest range - 42°.  Excluding fractures that deviate from clustered groups, families 1 and 2 

show an overall tighter clustering than the north dipping fracture of family 3. 

  
Figure 10.4. Stereonets showing orientations and ranges of fracture families in the MacArthur 
pit.  
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Appendix 5 shows stereonets created for 50 bench intervals with orientation, number of 

fractures, and density for each fracture family as well as total interval density.  The figures 

include bar charts showing percent Cu and Fe oxides in each fracture family and will be 

discussed together.  The figures show a variety of density behaviors and associated oxide 

behavior.  The percent Cu graphs show an overall trend of Cu increasing in F2 while decreasing 

in F1 and F3 from north to south along the bench faces.  An exception to this is bench 4600 

where F3 is associated with the strongest oxides.   

For two of the upper benches (4800 and 4750), the increase of transported Cu in F2 is 

associated with an increase in fracture density, but not necessarily an increase in number of 

fractures.  Bench 4730 and 4700 show high values (< 0.4) for density in F1 and F3 while bench 

4675 shows an overall increase in total density.  The number of fractures seen for each interval 

shows a weak association with density and will be discussed further in bivariate analysis.              

10.6.2. % Density and % Oxides 
 
 Five pie charts are used in this section to discuss the results of percent densities of 

fracture families and transported oxides found in fractures.  Figure 10.5 represents all 99-bench 

interval measurements and shows total percent density of each fracture family.  Results indicate 

that F1 is the dominant fracture family and accounts for 39.1% of all fractures in the MacArthur 

pit, followed by F2 and F3 respectively.   
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Figure 10.5.  Percent occurrences of fracture families in the MacArthur pit from 99 fracture 
density measurements.  

Figure 10.6 shows four pie charts displaying total percent oxides in fracture families and 

all fractures together from 99 bench interval measurements.  Results of Figure 10.6 show that F2 

contains the highest values for Cu only fractures, fresh fractures, and total Cu, but contains the 

least amount of total transported oxides by 0.1%.  Results also show that F3 contains no Cu only 

fractures and 2% fresh fractures.  Fracture F1 is the strongest occurrence of Fe only fractures, 

and oxides occur in 98.6% of all fractures in F1.  The results of this test demonstrate that 98.3% 

of all fractures in the MacArthur pit are associated with oxide zone produced copper and iron at a 

close to even distribution amongst fracture families. 
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Figure 10.6. Pie charts displaying percent oxides (copper and iron) in fracture families.  The pie 
charts demonstrate an overall equal distribution of oxides in fractures. 
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10.6.3. Statistical Analysis 
  

The results of bivariate analysis are presented here. The following discussion will 

describe variables occurring in groups with correlation scores above 0.9, between 0.9-0.7, and 

between 0.5-0.7.  Bivariate correlations scores above 0.9 show strong relationships with 

transported FeOx, t-Ox and Density for all fracture families, as well as all T-FeOx and T-Density 

variables (Table 10.4).  This demonstrates that FeOx occurs in almost all fractures increasing or 

decreasing with density. 

Table 10.4. Resulting correlation scores from bivariate analysis of fracture density data.  A 
strong relationship between density, iron oxides, and total oxides is seen for all fracture families. 

 
Correlation scores between 0.7-0.9 can be grouped into three common families each 

showing different relationships (Table 10.5).  The first group shows a correlation between T-

CuOx with F1, F2, and F3-CuOx.  F2 shows the highest correlation score from this group at 0.88 

demonstrating a close relationship with transported CuOx in fractures.  The second group shows 

inter-family relationships for F1, F2, and F3 between FeOx, t-Ox, Density and n.  This group 

demonstrates that iron oxides, density, and number of fractures behave the same in each family.  

The last group shows a relationship between F1 with T-FeOx, T-Ox, T-Density and T-n.  This is 

due to F1 being the strongest occurring family in the MacArthur pit. 
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Table 10.5. Resulting correlation scores from bivariate analysis of fracture density data. Three 
groups are defined: copper oxides (shown in black), inter-family oxide and number of fractures 
(orange), and F1 with Totals (red). 

  
Correlation scores between 0.5-0.7 can be grouped into four common families each 

showing different relationships (Table 10.6).  The first group shows relationships between F1 

with Totals for the variables FeOx, Ox, Density and n.  This group represents the remaining 

variables not present in the group with correlations scores between 0.7-0.9. The second group 

shows a relationship between F3 with T-FeOx, T-Ox, T-Density and T-n.  The third group shows 

a relationship for F1, F2, and F3 - CuOx variable.  This suggests that transported CuOx behave 

similarly in each fracture family.  The fourth and final group shows an inter-family relationship 

in F2 for the variables CuOx, FeOx, t-Ox, and Density.  This suggests all oxides in F2 are 

correlated with fracture density. 

Table 10.6. Resulting correlation scores from bivariate analysis of fracture density data. Four 
groups are defined: F1 with Totals (shown in red), F3 with Totals (green), Fracture Families and 
CuOx (black), and F2 oxides and density (blue).  
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Multivariate analysis resulted in four factors accounting for 92.33% of the total variance 

for fracture behavior, two of which are related to family 2 (F2).   

Factor 1 accounts for 42.9% of the total variance and shows high loadings for T-FeOx, 

T-Ox, T-n, and T-Density (Table 10.7).  A sub-factor is also indicated for the same variables in 

F1.  This factor suggests that all three-fracture families have commonalties in those variables 

with F1 occurring as the dominant fracture system. 

Figure 10.7.  Fracture density factor 1. This figure shows a relationship between total oxides and 
fracture density for the MacArthur pit. 
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Factor 2 accounts for 20.9% of the total variance and includes all variables for F2 (Table 

10.8).  Factor 2 shows F2 to have a negative relationship for all variables of F3 except CuOx.  

This factor is interpreted as variables of F3, excluding CuOx, show an opposite behavior to 

variables of F2 spatially in the MacArthur pit.    

Figure 10.8. Fracture density factor 2. This figure shows an inter-family relationship for the 
variables of F2. 
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Factor 3 accounts for 15.69% of the total variance and includes all variables for F2 and 

CuOx from F3 (Table 10.9).  Factor 3 shows F2 to have a negative relationship for all variables 

of F1 except CuOx.  Similar to that of factor 2, factor 3 shows a strong family relationship in F2.  

It is also suggested by both factors that F2 has a closer relationship with CuOx than that of F1 

and F3. 

Figure 10.9. Fracture density factor 3. This figure shows an inter-family relationship for the 
variables of F2 including F3 CuOx. 
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Factor 4 accounts for 12.77% of the total variance and includes all CuOx variables.  This 

factor suggests that CuOx occurrences in fractures families are similar to each other.  It is worthy 

to note that F2 has the weakest correlation in this factor and the remaining variables of F2 are 

opposite to the factor.  This indicates that CuOx in F2 may deviate in behavior compared to F1 

and F3.  

Figure 10.10. Fracture density factor 4. This figure shows a relationship for all variables of 
CuOx. A negative relationship is seen with remaining variables of F2. 
 
10.6.4. Spatial Analysis: 
 

The results of spatial analysis are presented in the form of contour maps (Appendix 5, Fig 

5.52 – 5.59). Data is contoured using Golden Software Surfur (http://www.goldensoftware.com/) 

interpreted using natural neighbor method.  Low values are purple and color warms to pink for 

high values.   
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Fracture family 1 (ρ-F1) shows strong density occurring on the northern sections of 

benches 4675 and 4700.  This density high is associated with the strong fracturing of the rhyolite 

dike.  There is an overall trend of fracture strength decreasing to the south, and the QMPh dike 

on bench 4600 shows an overall weak density.  Weak density in the QMPh dike is likely due to 

the east-west orientation of the pit wall disguising fractures.  

Fracture family 2 (ρ-F2) shows an approximate east-west orientated high along the north 

sections of the MacArthur pit with a gradual decrease in density to the south.  The strong density 

occurrence on bench 4700 is associated with a rhyolite dike.  Low fracture density in F2 is 

associated with low density in F1 on benches 4750 and 4730 and an inverse relationship is seen 

on bench 4675.   

Fracture family 3 (ρ-F3) shows a low density relationship with F2, and an inverse 

relationship with F1 on bench 4675. Two density highs on bench 4750 and 4730 show an inverse 

relationship with F1 and F2.  The fracture density high on bench 4700 is due to a vertical 

andesite dike in which the measurement was recorded.  The measurement is also the southern 

most on the bench, therefore exaggerating the size of the density high. 

Total density (ρ-T) shows a strong density high on the central portions of bench 4700 and 

4675 associated with a rhyolite and andesite dike. A high area of density also occurs on benches 

4630 and 4600 and field observations indicate this area is associated with a moderate fault with 

transported black and green copper oxides.  A common low is seen as well on the southern areas 

of bench 4750 and 4730 associated with all families except F3. 

CuOx (ρ-CuOx) only occurs by itself on bench 4600.  This density high represents a 

QMPh-3 dike in the north-east of the bench and a fault with strong transported black and green 

copper oxides on the south end of the bench. 
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FeOx (ρ-FeOx) occurs strongest along bench 4700.  This is due to only four density 

intervals on this bench and all but three have strong association with Fe.  The low density values 

on the contour map are not due to lack of Fe, but rather a mixing of Cu and Fe in the same 

fracture.  The lows located in the western areas of the MacArthur pit do show weak correlation 

with overall low fracture density. 

CuOx and FeOx (ρ-Cu-FeOx) occur together in an east-west orientation that shows a 

correlation with F2.  This figure also shows the high density values gradually decreasing to the 

south like F2 fracture density.  An overall low in copper and iron mixing occurs along the 

northern margins of the pit and is weakly associated with total fracture density.     

Fresh Fractures (ρ-Fr) only occur in 1 interval above bench 4675 located on bench 4800.  

Fresh fractures on and below bench 4675 tend to cluster along the north margin of the benches 

showing a correlation with low total fracture density.      

10.7. Initial Interpretations 
 

The principal objective for this study is to define controls of oxide enrichment through 

fracture measurement analyses. Steronets defined continuity in the three fracture families (Fig 

10.4) and field observations of fracture intervals reveal all orientations cut each other therefore 

showing no relative age relationship.  Fractures may be interpreted two ways: development of all 

families during porphyry emplacement, or two stages of development, through porphyry 

emplacement and again during Basin and Range extension.  Percent total density and density 

oxides in fractures studies show that 98.3% of all fractures in the MacArthur pit are associated 

with oxide zone produced copper and iron at an almost even distribution amongst fracture 

families (Fig 10.6).  Although percent density and oxides provide no relative age relationship in 
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fractures or timing of oxidation events, it demonstrates that strong oxidation and transport 

occurred after fracture development of all three families.  

Bivariate analysis defined a strong relationship in all fracture orientations with FeOx and 

fracture density as well as F2 having the strongest relationship with copper and F3 to contain no 

Cu only fractures.  Bivariate also shows F2 to be the only fracture orientation to correlate CuOx 

and Density with a score over 0.5 (Table 10.6).   This may suggest that F2 is the strongest control 

on copper oxide mineralization.  

Factor analysis provides powerful statements regarding the behavior and relationships of 

oxide transport between fracture families and inter-family variables.  The four factors each 

represent a single variable or geologic processes and account for over 92% of the behavioral 

relationships of oxides in fractures.  The first factor shows that T-FeOx and T-Density dominate 

the system and is also seen in bivariate analysis.  This is interpreted as late oxidation of pyrite 

resulting in FeOx coating all fracture systems.  Both factor 2 and 3 show that F2 is the only 

fracture family to include CuOx as a factor.  This again suggests F2 is the strongest control on 

transported CuOx.  The final factor revealed a relationship in all fracture families between the 

variables of CuOx.  This factor shows F2 to have the least influence in the factor and also shows 

a negative relationship with remaining variables of F2, indicating that CuOx in F2 may deviate in 

behavior compared to F1 and F3.  The special deviation in behavior of F2 is related to the strong 

control on transported copper oxide mineralization.    

Spatial distribution of fracture density helps support this correlation with CuOx and south 

dipping fractures.  Contour maps (FeOx + CuOx) and F2 density (Appendix 5) both show spatial 

correlation indicated by high-density values through the central pit striking east-west, with 

density decreasing to the south.  Strong transport of CuOx occurred through the south dipping 
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fracture system of F2.  Geochemistry abundance contour for Cu (Fig. 8.9) in the MacArthur 

shows Cu to be concentrated along the south pit wall supporting F2 as the dominant transport 

system for CuOx.  Contour maps of Fe abundance (Appendix 3) and density of FeOx 

occurrences in fractures show spatial correlations.  The correlations mentioned here represent the 

overall control of fractures on transported iron and copper in the MacArthur pit. 
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11. DISCUSSION AND INTERPRETATIONS  

11.1. Introduction 

The investigations undertaken in this study together provide knowledge and 

understanding of rocks at the MacArthur pit. Appendix 6 shows two bench face pictures with 

data from each chapter as layers.  The data collected and processed in this study have helped 

define element associations, alteration, mineralogy, and transport mechanics of oxide 

mineralization.  Using the interpretations of this data, an attempt to define parameters of oxide 

mineralization in the MacArthur pit is undertaken using interpretations of hydrothermal 

mineralogy, alteration, oxidation, and oxide transport processes in fracture systems.  

11.2. Hydrothermal   

 Hydrothermal alteration is interpreted in spectral data from oxide derivative mineralogy 

(Tables 8.10 and 8.11, 9.3 – 9.6 and 9.14).  Oxide mineralogy such as jarosite, goethite, 

malachite, and chrysocolla identified in samples by Spectral Analyst suggest the hydrothermal 

event at the proto-MacArthur to be rich in Cu and Fe (Section 9.7).  Stages of hydrothermal 

alteration are also identified in geochemical data using statistical analyses.  Interpreted from 

univariate and bivariate methods the hydrothermal event at the MacArthur was rich in metals 

including Cu, Fe, Co, Mo, Ni, and U (Tables 8.4 – 8.7).  Analyses also indicate the elements Al, 

K, Rb, Ba, Na, and Mn were present in hydrothermal alteration (Section 8.6).  Dilles (1987), and 

Dilles and Proffett (1995), describe the hydrothermal magmatic aqueous fluid associated with the 

Luhr Hill granite as rich in Cl, Na, K, Fe, S, and Cu.  Elements associated with hydrothermal 

alteration from analyses of data support the observation of Dilles and Proffett. 

The hydrothermal signature demonstrates associations with K and Na, occurring as 

potassic and sodic alteration respectively.  Potassic and sodic alteration are described in several 
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rock samples (Table 6.2), identified in multivariate analysis factor scores (Tables 8.10 and 8.11, 

Factors 2, 3, 4, and 7), and mapped by Quaterra Resource geologists and others (Figure 2.5).  

This supports a hydrothermal event rich in Na and K.  Figure 2.5 shows sodic, potassic, and 

phyllic alteration in the east, central, and southwest respectively, in the MacArthur pit.  

However, as interpreted from average element compositions in granites (Mason, B., and Moore, 

C.B., 1982), univariate analysis of geochemical data shows that both the surface and subsurface 

are at least 3x depleted in elements Al, Ca, Ga, K, Li, Na, and Th (Appendix 2.2).   

The rock type at the MacArthur is a quartz monzonite and may naturally contain less of 

these elements.  Descriptive statistics (Appendix 2.1) demonstrates the average Na (Sodium) 

content of the quartz monzonite is 0.138%.  When comparing the average value of sodium to 

rocks described as sodically altered (Table 6.2, samples 66 and 67), an increase in sodium 

content is seen supporting a “sodically altered” interpretation.  It could also be that sodium has 

been removed from the rocks.  Sample 28 (Table 6.2) shows the strongest Na content at 0.487% 

and is a fault gouge clay sample.  The Na in this sample was introduced to the gouge through 

transport processes.   

11.3. Alteration 

Although not directly identified by analyses, phyllic alteration is common in the western 

portions of the MacArthur pit and is identified by the alteration of biotite and hornblende to 

sericite and feldspars destroyed to clay minerals (Figure 2.5).  Propylitic alteration is interpreted 

from spectrum by the strong presence of chlorite in samples 1 and 7 in RHY-4675 site (Table 

9.14).  It is also identified in rock descriptions occurring as destruction of biotite and hornblende 

to chlorite (Table 6.2).  Rock descriptions show that the mafic minerals altered to chlorite 

dominate bench 4630 and 4600.  Indicated by rock description table (Table 6.2), Spectral 
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Analyst did not define propylitic alteration signatures in spectrum from bench 4630 and 4600, 

perhaps due to strong copper and iron oxide coatings. 

Spatially, propylitic alteration occurs in the eastern portions of the MacArthur pit 

correlating with regions considered as sodic alteration (Figure 2.5).  Sodic alteration is defined in 

this zone by the replacement of primary plagioclase and K-feldspar by secondary oligoclase or 

albite, perhaps occurring during the primary porphyry stage.  Rock descriptions indicate samples 

on benches 4630 and 4600 are sodically altered but geochemistry of the samples in the sodic 

alteration zone show an overall leaching of Na, indicated by less than 0.2 percent sodium.  This 

suggests the remobilization of Na during an overprinting by propylitic alteration or oxidation. 

11.4. Oxidation    

Oxidation is identified as the dominant alteration type in spectral data and is also 

recognized in multivariate analysis.  Factor score coefficients in multivariate analysis show Mn 

oxides occurring as neotocite and Fe rich limonites (Tables 8.10 and 8.11).  Neotocite is an iron- 

manganese silicate mineral ((Fe, Cu, Mn)SiO2) produced in oxidation zones with a questionable 

chemical formula (Anthony et al., 1995).  In factor analysis, neotocite is associated with the 

elements Cd, Co, As, and Ni interpreted as “absorbed on Mn oxides”.  As mentioned in section 

8.2 (Geochem Data) a pure neotocite sample was collected and analyzed for 62 elements from 

the MacArthur pit to define chemical characteristics of neotocite.  Table 11.1 shows anomalous 

values for elements found in pure neotocite vs. the mean value of surface sample geochemistry 

(Appendix 1).  



� � � � �

Table 11.1. Pure neotocite vs. mean value of surface sample data for selected elements in the 
MacArthur pit.  

      
Neotocite is common in the MacArthur pit, often enriched in Cu, and is encountered as 

coatings and disseminations throughout the oxide zone in drilling programs by Quaterra 

Resources.  Table 11.1 clearly demonstrates that the pure neotocite sample acted like a sponge 

absorbing anomalous amounts of elements in the oxide zone supporting the interpretations found 

in tables 8.10 and 8.11.  

Spectral Analyst also defined abundant oxidation minerals in the MacArthur pit.  Spectral 

Analyst matches from RHY-4675 and bench 4600 spectrums (Tables 9.6 and 9.14) indicate 

copper oxide minerals occurring as chrysocolla, malachite, azurite, atacamite, and antlerite.  Also 

defined are strong matches for many iron oxide minerals.  An observation at the MacArthur pit 

shows fracture systems to have strong coatings of iron and copper oxide minerals and is 

documented in spectral radiometry.  An investigation of fracture families and associated oxides 

revealed a special relationship with F2 and transported copper oxide mineralization. 
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11.5. Fracture Density   

Fracture density data analyses defined a direct relationship with southwest fracture family 

2 (F2) and copper oxide in every test performed when copper oxide was a variable.  Stereonets 

displaying orientation and oxide occurrences in fractures (Appendix 5) revealed that F2 density 

decreases and copper oxide occurrences increase in the south of the MacArthur pit, while density 

and copper in F1 and F3 decrease.  Percentages of copper in fractures revealed that F2 contained 

the most copper by 3 percent and almost 2 percent less iron.  Although a close to even 

distribution of oxides in fractures is evident from figure 10.6, continued analyses using bivariate 

and multivariate statistical methods confirmed a special relationship with F2 and copper oxides. 

 Correlation coefficients from bivariate analysis reveal that F2 has highest correlation 

with total copper, and the lowest correlation with total iron.  Table 11.2 shows correlation scores 

for F1, F2, and F3 CuOx and FeOx variables vs. total iron and copper occurring in fractures.  

This demonstrates F1 and F3 correlate with copper and iron, and F2 has a less association with 

iron and shows the strongest correlation with copper.  Correlations also show F2 to be the only 

fracture orientation to correlate CuOx and fracture density with a score over 0.5 (Table 10.6). 

Table 11.2. Correlation coefficient scores for F1, F2, and F3 CuOx and FeOx vs. total iron and 
copper in fractures at the MacArthur pit. 

 
Multivariate factor analysis again defined a relationship with F2 and CuOx. Both factor 2 

and 3 (Table 10.8 and 10.9) revealed F2 is the only fracture family to include CuOx as a 

variable. Factor 4 (Table 10.10) revealed a relationship in all fracture families between the 
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variables of CuOx.  This factor shows F2 to have the least influence in the factor and also shows 

a negative relationship with remaining variables of F2 indicating that CuOx in F2 may deviate in 

behavior compared to F1 and F3.  The special deviation in behavior of F2 is related to the strong 

control on transported copper oxide mineralization. 

When F2 was investigated spatially, a correlation was observed between F2 density 

(Appendix 5.5), Cu abundance (Figure 8.9), and stereonets with percent copper in fractures 

families (Appendix 5.3).  The percent copper in F2 is observed to increase to the south of the 

MacArthur pit and geochemistry abundance contour for Cu (fig 8.9) in the MacArthur shows Cu 

to be concentrated along the south pit wall.  The contour map of F2 density (Appendix 5.5) 

shows high-density values through the central pit striking east-west, with density decreasing to 

the south.  This indicates that as the density of F2 decreases the occurrence of copper oxides in 

the ground increase.  Further analysis of fractures at the MacArthur prospect may confirm this in 

either location.    
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12. CONCLUSIONS 

(1) For both surface and subsurface data the elements Al, Ca, Ga, K, Li, Na, and Th all show at 

least a 3x depletion factor and elements Co, Cu, Mg, Ni, and S all show at least a 3x enrichment 

factor compared to average element abundance in granites. 

(2) The high geochemical association of elements Cu, Fe, Co, Mo, Ni, U, and Al, K, Rb, Na, Mn 

represent the hydrothermal event at the MacArthur.     

(3) Elements U, Mn, Mo, Co, and Ni correlate with Cu in the oxide zone of MacArthur pit and 

all occur as accessory elements absorbed on neotocite  

(4) Percent total density and density oxides in fractures studies show that 98.3% of all fractures 

in the MacArthur pit are associated with oxide zone copper and iron at a close to even 

distribution amongst fracture families. 

(5) Southwest dipping fractures (family 2) display the strongest control on copper oxide 

mineralization in the MacArthur pit by a small amount. 
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13. RECOMMENDATIONS 

In the processes of data analyzing the tantalizing thought of how to refine controls on the 

study and what else can this data represent always exits.  Presented in this section are 

recommendations to improve studies by providing more control on methods and analysis and 

answering questions that have come from the studies.  

13.1. Geochemistry 

Statistical and spatial analysis of surface data indicates that U, Mn, Mo, Co, and Ni may 

serve as pathfinder elements in locating sections of Cu mineralization.  These correlations seen 

in surface data are not seen in the subsurface data.  A question is now raised as to why 

subsurface Cu does not correlate with the same elements it does on the surface.  Many outlier 

data from surface sample univariate analysis are recognized to contain moderate-to high amounts 

of fault gouge.  Most of elements in the raw data set show deviation from normality due to fault 

gouge.   

The MacArthur fault and other smaller unnamed faults with gouge on the MacArthur 

property often show Cu spikes in drill cutting analytical results.  A future analysis of this data 

with separation of fault gouge samples for surface and subsurface data may provide valuable 

clues on to the nature of the relationship between rock and fault gouge geochemistry.  A further 

separation of rock samples into individual data for rock type may reveal a geochemical signature 

for each rock type.  If fault gouge samples continue to show anomalous values, a geochemical 

spatial relationship may be developed between rock samples and gouge samples.  The final 

established geometry of geochemical signatures in fault systems and rock types on the property 

may prove to be valuable in defining zones where mineralization was derived from and may 
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provide insight into locating peripheral zones associated with primary porphyry type 

mineralization. 

13.2. Spectral Radiometry as Grade Control Method 

Spectral radiometry is used in this study to identify alteration types by mineralogy and 

tested as a new method of grade control in oxidized sections (Section 9.6.3).  Initial results in the 

study indicate that using percent reflectance data the Spectral Analyst tool has an 80% chance of 

grouping rocks associated with high copper values from mineralogy (Tables 9.15 and 9.16).  To 

prove reliability of this result, further refinement of this study is needed. 

Further studies including detecting line segments of spectrum (wavelength sections) 

associated with copper grade should be performed.  The advantage in analyzing segments is that 

Spectral Analyst only analyzes the diagnostic line feature segments (Kruse and Lefkoff, 1999).  

The results of Spectral Analyst demonstrate a strong ability in identification of oxide zone, acid 

soluble minerals.  The best approach to relate spectrum with copper grade would be to identify 

all oxide zone minerals that contain copper and develop a control spectral library for each type, 

find the associated line features, and perform peak height analysis for oxide minerals based on 

high and low copper values.  In this method, one may calibrate peak height to grade and 

reliability of spectrum as a method of grade control may be developed for oxidized sections.    
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15. APPENDIX 1 – GEOCHEMICAL DATA 

Appendix 1 displays all geochemical data of surface samples and subsurface samples.  63 
Surface samples were collected along bench faces from the MacArthur pit and analyzed using 
aqua regia ICP/MS ultratrace II method for 62 elements by Actlabs (http://www.actlabs.com/).  
Subsurface data are provided by Quaterra Resources Inc. (http://www.quaterraresources.com/).  
The database includes 1000 samples from thirteen diamond core drill holes, QMT-1 – QMT-13, 
analyzed by Skyline Assayers (http://www.skylinelab.com/.).  Data is presented in original form 
as returned from the assayers without processing for analyses performed in this study. 
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15.1. Appendix 1.1. Geochemical Data Tables 

Table 1.1. Geochemical analysis results of 63 surface samples using aqua regia extraction 
ICP/MS ultratrace II method by Actlabs. 
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Table 1.1 cont. Geochemical analysis results of 63 surface samples using aqua regia extraction 
ICP/MS ultratrace II method by Actlabs. 
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Table 1.2. Geochemical analysis results of QMT-1.  Sample analysis commissioned by Quaterra 
Resources Inc. 
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Table 1.3. Geochemical analysis results of QMT-2.  Sample analysis commissioned by Quaterra 
Resources Inc. 
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Table 1.4. Geochemical analysis results of QMT-3.  Sample analysis commissioned by Quaterra 
Resources Inc. 
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Table 1.5. Geochemical analysis results of QMT-4.  Sample analysis commissioned by Quaterra 
Resources Inc. 
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Table 1.5 cont. Geochemical analysis results of QMT-4.  Sample analysis commissioned by 
Quaterra Resources Inc. 
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Table 1.6. Geochemical analysis results of QMT-5.  Sample analysis commissioned by Quaterra 
Resources Inc. 
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Table 1.6 cont. Geochemical analysis results of QMT-5.  Sample analysis commissioned by 
Quaterra Resources Inc. 
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Table 1.7. Geochemical analysis results of QMT-6.  Sample analysis commissioned by Quaterra 
Resources Inc. 
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Table 1.8. Geochemical analysis results of QMT-7.  Sample analysis commissioned by Quaterra 
Resources Inc. 
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Table 1.8 cont. Geochemical analysis results of QMT-7.  Sample analysis commissioned by 
Quaterra Resources Inc. 
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Table 1.9. Geochemical analysis results of QMT-8.  Sample analysis commissioned by Quaterra 
Resources Inc. 
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Table 1.10. Geochemical analysis results of QMT-9.  Sample analysis commissioned by 
Quaterra Resources Inc. 
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Table 1.11. Geochemical analysis results of QMT-10.  Sample analysis commissioned by 
Quaterra Resources Inc. 
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Table 1.11 cont. Geochemical analysis results of QMT-10.  Sample analysis commissioned by 
Quaterra Resources Inc. 
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Table 1.12. Geochemical analysis results of QMT-11.  Sample analysis commissioned by 
Quaterra Resources Inc. 
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Table 1.13. Geochemical analysis results of QMT-12.  Sample analysis commissioned by 
Quaterra Resources Inc. 
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Table 1.14 Geochemical analysis results of QMT-13.  Sample analysis commissioned by 
Quaterra Resources Inc. 
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16. APPENDIX 2 – STATISTICAL ANALYSES 
 
Appendix 2 displays all figures and tables for statistical analyses and is split into several 
sections.  These sections include: 
 
  PAGE 
16.1. Appendix 2.1. Descriptive Statistics 
Tables 2.1 – 2.6 ...............................................................................................................     154 
Descriptive statistics results for surface and subsurface multi-element samples for                    
raw data, outlier removed data, and log-transformed data. 
 
16.2. Appendix 2.2. Univariate Analysis 
Figures 2.1 – 2.33 ............................................................................................................     160 
Univariate analysis for surface and subsurface multi-element samples from left to right             
for: raw data, outlier removed data, and log-transformed data histograms, outlier boxes,            
and normal quantile plots.  A vertical blue line is seen on raw or outlier removed           
histograms and represents the average elemental abundance in granitic rocks. 
 
16.3. Appendix 2.3. Bivariate Analysis 
Tables 2.7 – 2.8 and Figures 2.34 – 2.36.........................................................................     193  
Bivariate analysis figures for surface and subsurface samples displayed as correlation       
coefficient matrix, correlation scatter plots, and pairwise correlations.  Due to computer          
error the scatter plot matrix is not displayed for subsurface data.  Bivariate analysis is    
performed using log-transformed data. 
 
16.4. Appendix 2.4. Multivariate Analysis 
Figures 2.37 – 2.52 ..........................................................................................................     202  
Multivariate analysis figures showing geochemical families for surface and subsurface              
data indicated by factor score coefficients.  Multivariate analysis is performed using                    
log-transformed data. 
 
16.5. Appendix 2.5. Spatial Distribution of Factor Scores 
Figures 2.52 – 2.60 ..........................................................................................................     210  
Spatial distribution of factor scores coefficients derived from principal component           
analysis.  Spatial distributions of factor score figures are in the form of contour              
diagrams.  
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Table 2.1. Descriptive statistics for raw surface data showing number of samples 
(N), minimum, 1st quartile, median, 3rd quartile, maximum, mean, standard 
deviation, skewness and kurtosis. 
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Table 2.2. Descriptive statistics for outlier-removed surface data showing number of 
samples (N), minimum, 1st quartile, median, 3rd quartile, maximum, mean, standard 
deviation, skewness and kurtosis. 
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Table 2.3. Descriptive statistics for log-transformed surface data showing number of 
samples (N), minimum, 1st quartile, median, 3rd quartile, maximum, mean, standard 
deviation, skewness and kurtosis. 
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Table 2.4. Descriptive statistics for raw subsurface data showing number of samples 
(N), minimum, 1st quartile, median, 3rd quartile, maximum, mean, standard 
deviation, skewness and kurtosis. 



� � � � �

�

Table 2.5. Descriptive statistics for outlier-removed subsurface data showing 
number of samples (N), minimum, 1st quartile, median, 3rd quartile, maximum, 
mean, standard deviation, skewness and kurtosis. 
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Table 2.6. Descriptive statistics for log-transformed subsurface data showing 
number of samples (N), minimum, 1st quartile, median, 3rd quartile, maximum, 
mean, standard deviation, skewness and kurtosis. 
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16.2. Appendix 2.2. Univariate Analysis 

Figure 2.1. Surface data univariate analysis histograms, outlier-box plots, and normal quantile 
plots for elements Ag, Al, and As. 
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Figure 2.2. Surface data univariate analysis histograms, outlier-box plots, and normal quantile 
plots for elements B, Ba, and Be.
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Figure 2.3. Surface data univariate analysis histograms, outlier-box plots, and normal quantile 
plots for elements Ca, Cd, and Ce. 
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Figure 2.4. Surface data univariate analysis histograms, outlier-box plots, and normal quantile 
plots for elements Co, Cr, and Cs. 
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Figure 2.5. Surface data univariate analysis histograms, outlier-box plots, and normal quantile 
plots for elements Cu, Dy, and Er. 
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Figure 2.6. Surface data univariate analysis histograms, outlier-box plots, and normal quantile 
plots for elements Eu, Fe, and Ga. 
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Figure 2.7. Surface data univariate analysis histograms, outlier-box plots, and normal quantile 
plots for elements Gd, Ho, and K. 
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Figure 2.8. Surface data univariate analysis histograms, outlier-box plots, and normal quantile 
plots for elements La, Li, and Mg. 
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Figure 2.9. Surface data univariate analysis histograms, outlier-box plots, and normal quantile 
plots for elements Mn, Mo, and Na.
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Figure 2.10. Surface data univariate analysis histograms, outlier-box plots, and normal quantile 
plots for elements Nd, Ni, and P. 
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Figure 2.11. Surface data univariate analysis histograms, outlier-box plots, and normal quantile 
plots for elements Pr, Rb, and S. 
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Figure 2.12. Surface data univariate analysis histograms, outlier-box plots, and normal quantile 
plots for elements Sb, Sc, and Se. 
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Figure 2.13. Surface data univariate analysis histograms, outlier-box plots, and normal quantile 
plots for elements Sm, Sn, and Sr. 
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Figure 2.14. Surface data univariate analysis histograms, outlier-box plots, and normal quantile 
plots for elements Tb, Th, and Ti. 
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Figure 2.15. Surface data univariate analysis histograms, outlier-box plots, and normal quantile 
plots for elements U, V, and Y. 
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Figure 2.16. Surface data univariate analysis histograms, outlier-box plots, and normal quantile 
plots for elements Yb, Zn, and Zr. 
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Figure 2.17. Subsurface data univariate analysis histograms, outlier-box plots, and normal 
quantile plots for elements Ag, Al, and As. 
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Figure 2.18. Subsurface data univariate analysis histograms, outlier-box plots, and normal 
quantile plots for elements Au, Ba, and Be. 
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Figure 2.19. Subsurface data univariate analysis histograms, outlier-box plots, and normal 
quantile plots for elements Ca, Ce, and Co. 
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Figure 2.20. Subsurface data univariate analysis histograms, outlier-box plots, and normal 
quantile plots for elements Cr, Cu, and CuOx. 
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Figure 2.21. Subsurface data univariate analysis histograms, outlier-box plots, and normal 
quantile plots for elements Dy, Er, and Eu. 
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Figure 2.22. Subsurface data univariate analysis histograms, outlier-box plots, and normal 
quantile plots for elements Fe, Ga, and Gd. 
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Figure 2.23. Subsurface data univariate analysis histograms, outlier-box plots, and normal 
quantile plots for elements K, La, and Li. 
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Figure 2.24. Subsurface data univariate analysis histograms, outlier-box plots, and normal 
quantile plots for elements Lu, Mg, and Mn. 
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Figure 2.25. Subsurface data univariate analysis histograms, outlier-box plots, and normal 
quantile plots for elements Mo, Na, and Nd. 
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Figure 2.26. Subsurface data univariate analysis histograms, outlier-box plots, and normal 
quantile plots for elements N, P, and Pb. 
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Figure 2.27. Subsurface data univariate analysis histograms, outlier-box plots, and normal 
quantile plots for elements Pr, Rb, and S. 
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Figure 2.28. Subsurface data univariate analysis histograms, outlier-box plots, and normal 
quantile plots for elements Sc, Se, and Si. 
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Figure 2.29. Subsurface data univariate analysis histograms, outlier-box plots, and normal 
quantile plots for elements Sm, Sn, and Sr. 
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Figure 2.30. Subsurface data univariate analysis histograms, outlier-box plots, and normal 
quantile plots for elements Tb, Te, and Th. 
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Figure 2.31. Subsurface data univariate analysis histograms, outlier-box plots, and normal 
quantile plots for elements Ti, Tl, and Tm. 
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Figure 2.32. Subsurface data univariate analysis histograms, outlier-box plots, and normal 
quantile plots for elements U, V, and W. 
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Figure 2.33. Subsurface data univariate analysis histograms, outlier-box plots, and normal 
quantile plots for elements Y, Yb, Zn, and Zr. 
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16.3. Appendix 2.3 – Bivariate Analysis  

Table 2.7. Surface data correlation coefficient matrix for bivariate analysis. 
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Table 2.7 cont. Surface data correlation coefficient matrix for bivariate analysis. 



 195 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 2.7 cont. Surface data correlation coefficient matrix for bivariate analysis. 
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Table 2.8. Subsurface data correlation coefficient matrix for bivariate analysis. 
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Table 2.8 cont. Subsurface data correlation coefficient matrix for bivariate analysis. 
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Table 2.8 cont. Subsurface data correlation coefficient matrix for bivariate analysis. 



 199 

 
 
 
 
 
 
 
 
 
 
 
 

Figure 2.34. surface data scatter plot matrix for bivariate analysis. 
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          Figure 2.35. Surface data pairwise correlations for bivariate analysis.   
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              Figure 2.36. Subsurface data pairwise correlations for bivariate 
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Figure 2.38. Factor 1 subsurface geochemical families (Red) indicated by factor score 
coefficients. 
 

Figure 2.37. Factor 1 surface geochemical families (Red) indicated by factor score 
coefficients. 
 

16.4. Appendix 2.4. Multivariate Factor Analysis 
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 Figure 2.40. Factor 2 subsurface geochemical families (Red) indicated by factor score 
coefficients. 
 

Figure 2.39. Factor 2 surface geochemical families (Red) indicated by factor score 
coefficients.
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Figure 2.41. Factor 3 surface geochemical families (Red) indicated by factor score coefficients. 

Figure 2.42. Factor 3 subsurface geochemical families (Red) indicated by factor score 
coefficients. 
� �
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Figure 2.43. Factor 4 surface geochemical families (Red) indicated by factor score coefficients. 

Figure 2.44. Factor 4 subsurface geochemical families (Red) indicated by factor score 
coefficients. 
� �
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Figure 2.45. Factor 5 surface geochemical families (Red) indicated by factor score coefficients. 

Figure 2.46. Factor 5 subsurface geochemical families (Red) indicated by factor score 
coefficients. 
� �
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Figure 2.47. Factor 6 surface geochemical families (Red) indicated by factor score coefficients. 

Figure 2.48. Factor 6 subsurface geochemical families (Red) indicated by factor score 
coefficients. 
� �
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Figure 2.49. Factor 7 surface geochemical families (Red) indicated by factor score coefficients. 

Figure 2.50. Factor 7 subsurface geochemical families (Red) indicated by factor score 
coefficients. 
� �
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Figure 2.51. Factor 8 surface geochemical families (Red) indicated by factor score coefficients. 

Figure 2.52. Factor 8 subsurface geochemical families (Red) indicated by factor score 
coefficients. 
�



� � � � �

16.5. Appendix 2.5. Spatial Distribution of Factor Score Coefficients�
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Figure 3.53. Factor 1 spatial distribution.   

Figure 3.54. Factor 2 spatial distribution.   
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�Figure 3.56. Factor 4 spatial distribution.   

Figure 3.55 Factor 3 spatial distribution.   
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Figure 3.58. Factor 6 spatial distribution.   

Figure 3.57. Factor 5 spatial distribution.   
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�Figure 3.59. Factor 7 spatial distribution.   

Figure 3.60. Factor 8 spatial distribution.   
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17. APPENDIX 3 – ELEMENT ABUNDANCE 
 
Appendix 3 displays all contour maps of element distribution of surface sample data set.  
Contour maps showing element abundance for the surface data are created using Surfer by 
Golden Software (http://www.goldensoftware.com/). 
 
                 PAGE 
17.1. Appendix 1.1 – Element Abundance Contour Maps 
Figures 3.1 – 3.6 ..............................................................................................................     215 
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17.1. Appendix 3.1. Element Abundance Contour Maps 
 

Figure 3.1.  Contour maps of Ag, Al, As, B, Ba, Be, Ca, and Cd, MacArthur mine, Yerington 
Nevada. 
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Figure 3.2.  Contour maps of Ce, Co, Cr, Cs, Cu, Dy, Er, and Eu, MacArthur mine, Yerington 
Nevada. 
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Figure 3.3.  Contour maps of Fe, Ga, Gd, Ho, K, La, Li, and Mg, MacArthur mine, Yerington 
Nevada. 
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Figure 3.4.  Contour maps of Mn, Mo, Na, Nd, Ni, P, Pr, and Rb, MacArthur mine, Yerington 
Nevada. 
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Figure 3.5.  Contour maps of S, Sb, Sc, Se, Sm, Sn, Sr, and Tb, MacArthur mine, Yerington 
Nevada. 
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Figure 3.6.  Contour maps of Th, Ti, V, Y, Zn, and Zr, MacArthur mine, Yerington Nevada. 
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18. APPENDIX 4 – SPECTRAL PROFILES 
 
Appendix 4 displays all spectral profiles from homogeneity tests and 52 geochemical spectrum 
from surface samples collected in the MacArthur pit (figure 7.1).  Spectral data is collected using 
the GER 3700 spectral radiometer.  Appendix 4 also displays spectral profiles for minerals from 
USGS (http://www.usgs.gov/) and JPL (http://www.jpl.nasa.gov/) spectral libraries that Spectral 
Analyst identified in MacArthur spectrum.  Appendix 3 is split into several sections: 
 
                 PAGE 
18.1. Appendix 4.1. Spectral Profiles of 52 Geochemical Samples 
Figures 4.1 – 4.52 ............................................................................................................     223  
Spectral profiles of 52 geochemical spectrum from samples collected in the                   
MacArthur pit.  Wavelength is the x-axis and percent reflectance is the y-axis.  
 
18.2. Appendix 4.2. Spectral Profiles of QMP-4780 
Figures 4.53 – 4.55 ..........................................................................................................     249 
Spectral profiles of QMP-4780 homogeneity test. Wavelength is the x-axis and percent 
reflectance is the y-axis. 
 
18.3. Appendix 4.3. Spectral Profiles of QMP-4750 
Figures 4.56 – 4.60 ..........................................................................................................     251  
Spectral profiles of QMP-4750 homogeneity test. Wavelength is the x-axis and percent 
reflectance is the y-axis. 
 
18.4. Appendix 4.4. Spectral Profiles of QMP-4600 
Figures 4.61 – 4.69 ..........................................................................................................     254 
Spectral profiles of QMP-4600 homogeneity test. Wavelength is the x-axis and percent 
reflectance is the y-axis. 
 
18.5. Appendix 3.5. Spectral Profiles of RHY-4700 
Figures 4.70 – 4.78 ..........................................................................................................     259  
Spectral profiles of RHY-4700 homogeneity test. Wavelength is the x-axis and percent 
reflectance is the y-axis. 
 
18.6. Appendix 4.6. Spectral Profiles of RHY-4675 
Figures 4.79 – 4.87 ..........................................................................................................     264 
Spectral profiles of RHY-4675 homogeneity test. Wavelength is the x-axis and percent 
reflectance is the y-axis. 
 
18.7. Appendix 4.7. Spectral Profiles from USGS Spectral Library 
Figures 4.88 – 4.106 ........................................................................................................     269 
Spectral profiles of 19 minerals from the USGS spectral library indentified to have             
common absorption features with MacArthur pit samples using ENVI Spectral Analyst          
tool. Wavelength is the x-axis and percent reflectance is the y-axis. 
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 PAGE 
18.8. Appendix 4.8. Spectral Profiles from JPL Spectral Library 
Figures 4.107 – 4.126 ......................................................................................................     279  
Spectral profiles of 20 minerals from the JPL spectral library indentified to have               
common absorption features with MacArthur pit samples using ENVI Spectral Analyst          
tool. Wavelength is the x-axis and percent reflectance is the y-axis. 
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18.1. Appendix 4.1. Spectral Profiles of 52 Geochemical Samples 

Figure 4.1. Spectral profile of sample 1. 
 
 

Figure 4.2. Spectral profile of sample 2. 
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Figure 4.3. Spectral profile of sample 3. 
 
 
 

 Figure 4.4. Spectral profile of sample 4. 
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Figure 4.5. Spectral profile of sample 6. 
 
 
 

Figure 4.6. Spectral profile of sample 7. 
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Figure 4.7. Spectral profile of sample 8. 
 
 
 

Figure 4.8. Spectral profile of sample 9. 
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Figure 4.9. Spectral profile of sample 21. 
 
 
 

Figure 4.10. Spectral profile of sample 22. 
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Figure 4.11. Spectral profile of sample 26. 
 
 
 

Figure 4.12. Spectral profile of sample 27. 
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Figure 4.13. Spectral profile of sample 29. 
 
 
 
 

Figure 4.14. Spectral profile of sample 30. 
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Figure 4.15. Spectral profile of sample 31. 
 
 
 

Figure 4.16. Spectral profile of sample 32. 
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Figure 4.17. Spectral profile of sample 33. 
 
 
 

Figure 4.18. Spectral profile of sample 38. 
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Figure 4.19. Spectral profile of sample 39. 
 
 
 

Figure 4.20. Spectral profile of sample 40. 
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Figure 4.21. Spectral profile of sample 41. 
 
 
 
 

Figure 4.22. Spectral profile of sample 42. 
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Figure 4.23. Spectral profile of sample 43. 
 
 
 
 

Figure 4.24 Spectral profile of sample 44. 
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Figure 4.25. Spectral profile of sample 45. 
 
 
 
 

Figure 4.26. Spectral profile of sample 46. 
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Figure 4.27. Spectral profile of sample 47. 
 
 
 
 

Figure 4.28. Spectral profile of sample 48. 
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Figure 4.29. Spectral profile of sample 49. 
 
 
 

Figure 4.30. Spectral profile of sample 51. 
 
 
 
 



  238 

Figure 4.31. Spectral profile of sample 52. 
 
 
 
 

Figure 4.32. Spectral profile of sample 53. 
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Figure 4.33. Spectral profile of sample 54. 
 
 
 
 

Figure 4.34. Spectral profile of sample 55. 
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Figure 4.35. Spectral profile of sample 57. 
 
 
 
 

Figure 4.36. Spectral profile of sample 58. 
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Figure 4.37. Spectral profile of sample 59. 
 
 
 
 

Figure 4.38. Spectral profile of sample 60. 
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Figure 4.39. Spectral profile of sample 61. 
 
 
 
 

Figure 4.40. Spectral profile of sample 62. 
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Figure 4.41. Spectral profile of sample 63. 
 
 
 
 

Figure 4.42. Spectral profile of sample 64. 
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Figure 4.43. Spectral profile of sample 67. 
 
 
 
 

Figure 4.44. Spectral profile of sample 68. 
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Figure 4.45. Spectral profile of sample 69. 
 
 
 
 

Figure 4.46. Spectral profile of sample 70. 
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Figure 4.47. Spectral profile of sample 71. 
 
 
 
 

Figure 4.48. Spectral profile of sample 72. 
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Figure 4.49. Spectral profile of sample 73. 
 
 
 
 

Figure 4.51. Spectral profile of sample 74. 
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Figure 4.52. Spectral profile of sample 75. 
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18.2. Appendix 4.2. Spectral Profiles of QMP-4780 

Figure 4.53. Spectral profile of Q-4780.1. 
 
 
 
 

Figure 4.54. Spectral profile of Q-4780.2. 
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Figure 4.55. Spectral profile of Q-4780.3. 
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18.3. Appendix 4.3. Spectral Profiles of QMP-4750 

Figure 4.56. Spectral profile of sample Q-4750.1. 
 
 
 
 

Figure 4.57. Spectral profile of sample Q-4750.2. 
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Figure 4.58. Spectral profile of sample Q-4750.3. 
 
 
 
 

Figure 4.59. Spectral profile of sample Q-4750.4. 
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Figure 4.60. Spectral profile of sample Q-4750.5. 
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18.4. Appendix 4.4. Spectral Profiles of QMP-4600 

Figure 4.61. Spectral profile of sample Q-4600.1. 
 
 
 
 

Figure 4.62. Spectral profile of sample Q-4600.2. 
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Figure 4.63. Spectral profile of sample Q-4600.3. 
 
 
 
 

Figure 4.64. Spectral profile of sample Q-4600.4. 
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Figure 4.65. Spectral profile of sample Q-4600.5. 
 
 
 
 

Figure 4.66. Spectral profile of sample Q-4600.6. 
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Figure 4.67. Spectral profile of sample Q-4600.7. 
 
 
 
 

Figure 4.68. Spectral profile of sample Q-4600.8. 
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Figure 4.69. Spectral profile of sample Q-4600.9. 
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18.5. Appendix 4.5. Spectral Profiles of RHY-4700 

Figure 4.70. Spectral profile of sample R-4700.1. 
 
 
 
 

Figure 4.71. Spectral profile of sample R-4700.2. 
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Figure 4.72. Spectral profile of sample R-4700.3. 
 
 
 
 

Figure 4.73. Spectral profile of sample R-4700.4. 
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Figure 4.74. Spectral profile of sample R-4700.5. 
 
 
 
 

Figure 4.75. Spectral profile of sample R-4700.6. 
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Figure 4.76. Spectral profile of sample R-4700.7. 
 
 
 
 

Figure 4.77. Spectral profile of sample R-4700.8. 
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Figure 4.78. Spectral profile of sample R-4700.9. 
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18.6. Appendix 4.6. Spectral Profiles of RHY-4675 

Figure 4.79. Spectral profile of sample R-4675.1. 
 
 
 
 

Figure 4.80. Spectral profile of sample R-4675.2. 
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Figure 4.81. Spectral profile of sample R-4675.3. 
 
 
 
 

Figure 4.82. Spectral profile of sample R-4675.4. 
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Figure 4.83. Spectral profile of sample R-4675.5. 
 
 
 
 

Figure 4.84. Spectral profile of sample R-4675.6. 
 
 
 



  267 

Figure 4.85. Spectral profile of sample R-4675.7. 
 
 
 
 

Figure 4.86. Spectral profile of sample R-4675.8. 
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Figure 4.87. Spectral profile of sample R-4675.9. 
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18.7. Appendix 4.7. Spectral Profiles from USGS Spectral Library 

Figure 4.88. Spectral profile of atacamite from the USGS spectral library.  
 
 
 
 

Figure 4.89. Spectral profile of azurite from the USGS spectral library. 
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Figure 4.90. Spectral profiles of chlorite from the USGS spectral library. 
 
 
 
 
  

Figure 4.91. Spectral profile of chrysocolla from the USGS spectral library. 
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Figure 4.92. Spectral profile of copiapite from the USGS spectral library. 
 
 
 
 

Figure 4.93. Spectral profile of ferrihydrite from the USGS spectral library. 
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Figure 4.94. Spectral profile of glaucophane from the USGS spectral library. 
 
 
 
 

Figure 4.95. Spectral profiles of goethite from the USGS spectral library. 
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Figure 4.96. Spectral profile of hornblende from the USGS spectral library. 
 
 
 
 

Figure 4.97. Spectral profiles of jarosite from the USGS spectral library. 
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Figure 4.98. Spectral profile of limonite from the USGS spectral library. 
 
 
 
 

Figure 4.99. Spectral profile of maghemite from the USGS spectral library. 
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Figure 4.100. Spectral profile of malachite from the USGS spectral library. 
 
 
 
 

Figure 4.101. Spectral profile of nontronite from the USGS spectral library. 
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Figure 4.102. Spectral profile of pitch limonite from the USGS spectral library. 
 
 
 
 

Figure 4.103. Spectral profile of praseodymium from the USGS spectral library. 
 
 
 



  277 

Figure 4.104. Spectral profile of pyroxene from the USGS spectral library. 
 
 
 
 

Figure 4.105. Spectral profile of sauconite from the USGS spectral library. 
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Figure 4.106. Spectral profile of sulfur from the USGS spectral library. 
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18.8. Appendix 4.8. Spectral Profiles from the JPL Spectral Library 
 

Figure 4.107. Spectral profile of alunite from the JPL spectral library. 
 
 
 

Figure 4.108. Spectral profile of antlerite from the JPL spectral library. 
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Figure 4.109. Spectral profile of atacamite from the JPL spectral library. 
 
 
 
 

Figure 4.110. Spectral profile of azurite from the JPL spectral library. 
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Figure 4.111. Spectral profile of P, R, and T chlorite from the JPL spectral library. 
 
 
 
 

Figure 4.112. Spectral profile of PS-12 chlorite from the JPL spectral library. 
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Figure 4.113. Spectral profile of epidote from the JPL spectral library. 
 
 
 
 

Figure 4.114. Spectral profile of ferroaxinite from the JPL spectral library. 
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Figure 4.115. Spectral profile of glaucophane from the JPL spectral library. 
 
 
 
 

Figure 4.116. Spectral profile of goethite from the JPL spectral library. 
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Figure 4.117. Spectral profile of jarosite from the JPL spectral library. 
 
 
 
 

Figure 4.118. Spectral profile of johannsenite from the JPL spectral library. 
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Figure 4.119. Spectral profile of malachite from the JPL spectral library. 
 
 
 
 

Figure 4.120. Spectral profile of mimetite from the JPL spectral library. 
 
 
 



  286 

Figure 4.121. Spectral profile of natrojarosite from the JPL spectral library. 
 
 
 
 

Figure 4.122. Spectral profile of nontronite from the JPL spectral library. 
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Figure 4.123. Spectral profile of plumbojarosite from the JPL spectral library. 
 
 
 
 

Figure 4.124. Spectral profile of realgar from the JPL spectral library. 
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Figure 4.125. Spectral profile of riebeckite from the JPL spectral library. 
 
 
 
 

Figure 4.126. Spectral profile of sulfur from the JPL spectral library. 
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19. APPENDIX 5 – FRACTURE DENSITY 
 
Appendix 5 displays tables of all the fracture density data variables, stereonets with percent 
copper and iron in fracture families, and bivariate analysis correlation coefficients and scatter 
plot matrix.  Data found in tables was collected using a 2x2 foot frame and recording pre-
determined variables in each fracture orientation (Section 10.3).  Appendix 5 is split into several 
sections: 
                 PAGE 
19.1. Appendix 5.1 – Bench Interval UTM Locations and Total Density 
Table 5.1 ..........................................................................................................................     290  
Bench interval sample number, UTM locations, and total fracture density. 
 
19.2. Appendix 5.2 – Bench Interval Fracture Density Variables 
Tables 5.2 – 5.9 ...............................................................................................................     292  
Data used in fracture density analyses.  Variables include for F1, F2, and F3:                       
copper only fractures (Cu), iron only fractures (Fe), mix of iron and copper (Fe+Cu),             
Fresh Fractures, and density per bench interval.  Variables excluding density are given                
in inches.  
 
19.3. Appendix 5.3 – Steronets with % Cu and % Fe in Fractures 
Figures 5.1 – 5.50 ............................................................................................................     299 
Stereonets of bench interval fracture density measurements.  Stereonets show              
orientation, number of fractures, and fracture density per fracture family.  Bar charts                 
are color coordinated and show percent copper and iron occurring in each fracture family. 
 
19.4. Appendix 5.4 – Fracture Density Bivariate Analyses 
Table 5.10 and Figure 5.51..............................................................................................     324 
Fracture density data correlation coefficient matrix and scatter plot matrix. 
 
19.5. Appendix 5.5 – Spatial Distribution of Fracture Density Data 
Figures 5.52 – 5.59 ..........................................................................................................     327 
Contour figures of spatial distribution for fracture density data including variables:                
CuOx + FeOx, CuOx only, FeOx only, Fresh Fractures, F1 Density, F2 Density,                         
F3 Density, and Total Density.  
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19.1. Appendix 5.1. Bench Interval UTM Locations and Total Density. 

Table 4.1. Bench interval sample number, UTM locations, and total fracture density. 



� � � � �

Table 4.1 cont. Bench interval sample number, UTM locations, and total fracture density. 
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19.2. Appendix 5.2. Bench Interval Fracture Density Variables 
 

Table 5.2. Bench 4600 copper only fractures (Cu), iron only fractures (Fe), mix of iron and 
copper (Fe+Cu), Fresh Fractures, and density per bench interval.   
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Table 5.3. Bench 4630 copper only fractures (Cu), iron only fractures (Fe), mix of iron and 
copper (Fe+Cu), Fresh Fractures, and density per bench interval. 

 
 
Table 5.4. Bench 4700 copper only fractures (Cu), iron only fractures (Fe), mix of iron and 
copper (Fe+Cu), Fresh Fractures, and density per bench interval.
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Table 5.5. Bench 4675 copper only fractures (Cu), iron only fractures (Fe), mix of iron and 
copper (Fe+Cu), Fresh Fractures, and density per bench interval. 



� � 	 � �

Table 5.6. Bench 4730 copper only fractures (Cu), iron only fractures (Fe), mix of iron and 
copper (Fe+Cu), Fresh Fractures, and density per bench interval. 
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Table 5.7. Bench 4750 copper only fractures (Cu), iron only fractures (Fe), mix of iron and 
copper (Fe+Cu), Fresh Fractures, and density per bench interval. 
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Table 5.8. Bench 4780 copper only fractures (Cu), iron only fractures (Fe), mix of iron and 
copper (Fe+Cu), Fresh Fractures, and density per bench interval. 
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Table 5.9. Bench 4800 copper only fractures (Cu), iron only fractures (Fe), mix of iron and 
copper (Fe+Cu), Fresh Fractures, and density per bench interval. 
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 19.3. Appendix 5.3. Steronets with % Cu and % Fe in Fractures 

Figure 5.1. Stereonet of interval 4600_00B showing orientation, number of fractures, and 
fracture density per fracture family.  Bar charts are color coordinated and show percent copper 
and iron occurring in each fracture family. 

Figure 5.2. Stereonet of interval 4600_50 showing orientation, number of fractures, and fracture 
density per fracture family.  Bar charts are color coordinated and show percent copper and iron 
occurring in each fracture family.
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Figure 5.3. Stereonet of interval 4600_50B showing orientation, number of fractures, and 
fracture density per fracture family.  Bar charts are color coordinated and show percent copper 
and iron occurring in each fracture family. 

Figure 5.4. Stereonet of interval 4600_100 showing orientation, number of fractures, and 
fracture density per fracture family.  Bar charts are color coordinated and show percent copper 
and iron occurring in each fracture family. 
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Figure 5.5. Stereonet of interval 4600_100B showing orientation, number of fractures, and 
fracture density per fracture family.  Bar charts are color coordinated and show percent copper 
and iron occurring in each fracture family. 

Figure 5.6. Stereonet of interval 4600_175 showing orientation, number of fractures, and 
fracture density per fracture family.  Bar charts are color coordinated and show percent copper 
and iron occurring in each fracture family. 
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Figure 5.7. Stereonet of interval 4630_00 showing orientation, number of fractures, and fracture 
density per fracture family.  Bar charts are color coordinated and show percent copper and iron 
occurring in each fracture family. 

Figure 5.8. Stereonet of interval 4630_125 showing orientation, number of fractures, and 
fracture density per fracture family.  Bar charts are color coordinated and show percent copper 
and iron occurring in each fracture family. 
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Figure 5.9. Stereonet of interval 4630_200 showing orientation, number of fractures, and 
fracture density per fracture family.  Bar charts are color coordinated and show percent copper 
and iron occurring in each fracture family.. 

Figure 5.10. Stereonet of interval 4675_00 showing orientation, number of fractures, and 
fracture density per fracture family.  Bar charts are color coordinated and show percent copper 
and iron occurring in each fracture family. 
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Figure 5.11. Stereonet of interval 4675_75 showing orientation, number of fractures, and 
fracture density per fracture family.  Bar charts are color coordinated and show percent copper 
and iron occurring in each fracture family. 

Figure 5.12. Stereonet of interval 4675_125 showing orientation, number of fractures, and 
fracture density per fracture family.  Bar charts are color coordinated and show percent copper 
and iron occurring in each fracture family. 
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Figure 5.13 Stereonet of interval 4675_200 showing orientation, number of fractures, and 
fracture density per fracture family.  Bar charts are color coordinated and show percent copper 
and iron occurring in each fracture family. 

Figure 5.14. Stereonet of interval 4675_300 showing orientation, number of fractures, and 
fracture density per fracture family.  Bar charts are color coordinated and show percent copper 
and iron occurring in each fracture family. 
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Figure 5.15. Stereonet of interval 4675_400 showing orientation, number of fractures, and 
fracture density per fracture family.  Bar charts are color coordinated and show percent copper 
and iron occurring in each fracture family. 

Figure 5.16. Stereonet of interval 4700_00 showing orientation, number of fractures, and 
fracture density per fracture family.  Bar charts are color coordinated and show percent copper 
and iron occurring in each fracture family. 



� � � 	 �

Figure 5.17. Stereonet of interval 4700_25 showing orientation, number of fractures, and 
fracture density per fracture family.  Bar charts are color coordinated and show percent copper 
and iron occurring in each fracture family. 

Figure 5.18. Stereonet of interval 4700_200 showing orientation, number of fractures, and 
fracture density per fracture family.  Bar charts are color coordinated and show percent copper 
and iron occurring in each fracture family. 
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Figure 5.19. Stereonet of interval 4700_300 showing orientation, number of fractures, and 
fracture density per fracture family.  Bar charts are color coordinated and show percent copper 
and iron occurring in each fracture family. 

Figure 5.20. Stereonet of interval 4730_00 showing orientation, number of fractures, and 
fracture density per fracture family.  Bar charts are color coordinated and show percent copper 
and iron occurring in each fracture family. 
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Figure 5.21. Stereonet of interval 4730_100 showing orientation, number of fractures, and 
fracture density per fracture family.  Bar charts are color coordinated and show percent copper 
and iron occurring in each fracture family. 

Figure 5.22. Stereonet of interval 4730_150 showing orientation, number of fractures, and 
fracture density per fracture family.  Bar charts are color coordinated and show percent copper 
and iron occurring in each fracture family. 
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Figure 5.23. Stereonet of interval 4730_200 showing orientation, number of fractures, and 
fracture density per fracture family.  Bar charts are color coordinated and show percent copper 
and iron occurring in each fracture family. 

Figure 5.24. Stereonet of interval 4730_300 showing orientation, number of fractures, and 
fracture density per fracture family.  Bar charts are color coordinated and show percent copper 
and iron occurring in each fracture family. 
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Figure 5.25. Stereonet of interval 4730_400 showing orientation, number of fractures, and 
fracture density per fracture family.  Bar charts are color coordinated and show percent copper 
and iron occurring in each fracture family. 

Figure 5.26. Stereonet of interval 4730_550 showing orientation, number of fractures, and 
fracture density per fracture family.  Bar charts are color coordinated and show percent copper 
and iron occurring in each fracture family. 
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Figure 5.27. Stereonet of interval 4730_600 showing orientation, number of fractures, and 
fracture density per fracture family.  Bar charts are color coordinated and show percent copper 
and iron occurring in each fracture family. 

Figure 5.28. Stereonet of interval 4750_00 showing orientation, number of fractures, and 
fracture density per fracture family.  Bar charts are color coordinated and show percent copper 
and iron occurring in each fracture family. 
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Figure 5.29. Stereonet of interval 4750_75 showing orientation, number of fractures, and 
fracture density per fracture family.  Bar charts are color coordinated and show percent copper 
and iron occurring in each fracture family. 

Figure 5.30. Stereonet of interval 4750_100 showing orientation, number of fractures, and 
fracture density per fracture family.  Bar charts are color coordinated and show percent copper 
and iron occurring in each fracture family. 
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Figure 5.31 Stereonet of interval 4750_125 showing orientation, number of fractures, and 
fracture density per fracture family.  Bar charts are color coordinated and show percent copper 
and iron occurring in each fracture family. 

Figure 5.32. Stereonet of interval 4750_200 showing orientation, number of fractures, and 
fracture density per fracture family.  Bar charts are color coordinated and show percent copper 
and iron occurring in each fracture family. 



� � � � �

Figure 5.33. Stereonet of interval 4750_300 showing orientation, number of fractures, and 
fracture density per fracture family.  Bar charts are color coordinated and show percent copper 
and iron occurring in each fracture family. 

Figure 5.34. Stereonet of interval 4780_00 showing orientation, number of fractures, and 
fracture density per fracture family.  Bar charts are color coordinated and show percent copper 
and iron occurring in each fracture family. 
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Figure 5.35. Stereonet of interval 4780_50 showing orientation, number of fractures, and 
fracture density per fracture family.  Bar charts are color coordinated and show percent copper 
and iron occurring in each fracture family. 

Figure 5.36. Stereonet of interval 4780_100 showing orientation, number of fractures, and 
fracture density per fracture family.  Bar charts are color coordinated and show percent copper 
and iron occurring in each fracture family. 
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Figure 5.37. Stereonet of interval 4780_175 showing orientation, number of fractures, and 
fracture density per fracture family.  Bar charts are color coordinated and show percent copper 
and iron occurring in each fracture family. 

Figure 5.38. Stereonet of interval 4780_200 showing orientation, number of fractures, and 
fracture density per fracture family.  Bar charts are color coordinated and show percent copper 
and iron occurring in each fracture family. 
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Figure 5.39. Stereonet of interval 4780_225 showing orientation, number of fractures, and 
fracture density per fracture family.  Bar charts are color coordinated and show percent copper 
and iron occurring in each fracture family. 

Figure 5.40. Stereonet of interval 4780_325 showing orientation, number of fractures, and 
fracture density per fracture family.  Bar charts are color coordinated and show percent copper 
and iron occurring in each fracture family. 
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Figure 5.41. Stereonet of interval 4780_350 showing orientation, number of fractures, and 
fracture density per fracture family.  Bar charts are color coordinated and show percent copper 
and iron occurring in each fracture family. 

Figure 5.42. Stereonet of interval 4780_400 showing orientation, number of fractures, and 
fracture density per fracture family.  Bar charts are color coordinated and show percent copper 
and iron occurring in each fracture family. 
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Figure 5.43. Stereonet of interval 4800_25 showing orientation, number of fractures, and 
fracture density per fracture family.  Bar charts are color coordinated and show percent copper 
and iron occurring in each fracture family. 

Figure 5.44. Stereonet of interval 4800_50 showing orientation, number of fractures, and 
fracture density per fracture family.  Bar charts are color coordinated and show percent copper 
and iron occurring in each fracture family. 
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Figure 5.45. Stereonet of interval 4800_75 showing orientation, number of fractures, and 
fracture density per fracture family.  Bar charts are color coordinated and show percent copper 
and iron occurring in each fracture family. 

Figure 5.46. Stereonet of interval 4800_125 showing orientation, number of fractures, and 
fracture density per fracture family.  Bar charts are color coordinated and show percent copper 
and iron occurring in each fracture family. 
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Figure 5.47. Stereonet of interval 4800_150 showing orientation, number of fractures, and 
fracture density per fracture family.  Bar charts are color coordinated and show percent copper 
and iron occurring in each fracture family. 

Figure 5.48. Stereonet of interval 4800_175 showing orientation, number of fractures, and 
fracture density per fracture family.  Bar charts are color coordinated and show percent copper 
and iron occurring in each fracture family. 
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Figure 5.49. Stereonet of interval 4800_275 showing orientation, number of fractures, and 
fracture density per fracture family.  Bar charts are color coordinated and show percent copper 
and iron occurring in each fracture family. 

Figure 5.50. Stereonet of interval 4800_350 showing orientation, number of fractures, and 
fracture density per fracture family.  Bar charts are color coordinated and show percent copper 
and iron occurring in each fracture family. 
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19.4. Appendix 5.4. Fracture Density Bivariate Analysis 
 
Table 5.10. Correlation coefficient matrix from bivariate analysis of fracture density data. 
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Table 5.10 cont. Correlation coefficient matrix from bivariate analysis of fracture density data. 
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    Figure 5.51. Scatter plot matrix from bivariate analysis of fracture density data. 
 



� � � � �

19.5. Appendix 5.5. Spatial Distribution of Fracture Density Data 

Figure 5.52. Contour map showing density distribution of CuOx only fractures in the MacArthur 
pit, Yerington, Nevada. 
 

Figure 5.53. Contour map showing density distribution of CuOx and FeOx mixed fractures in 
the MacArthur pit, Yerington, Nevada. 
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Figure 5.54. Contour map showing density distribution of FeOx only fractures in the MacArthur 
pit, Yerington, Nevada. 

Figure 5.55. Contour map showing density distribution of Fresh fractures in the MacArthur pit, 
Yerington, Nevada. 
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Figure 5.56. Contour map showing density distribution of Fracture Family 1 (F1) in the 
MacArthur pit, Yerington, Nevada. 

Figure 5.57. Contour map showing density distribution of Fracture Family 2 (F2) in the 
MacArthur pit, Yerington, Nevada. 
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Figure 5.58. Contour map showing density distribution of Fracture Family 3 (F3) in the 
MacArthur pit, Yerington, Nevada. 

Figure 5.59. Contour map showing density distribution of Total Fracture Density in the 
MacArthur pit, Yerington, Nevada. 



20. APPENDIX 6 – DATA INTEGRATION FIGURES 
 
Appendix 6 shows four figures of data integration.  Panorama photos are used to show two bench 
intervals with fracture density, geochemistry, and spectral radiometry test sites with spectral 
profiles. 
            PAGE 
20.1. Appendix 6.1 – Data Integration Figures 
Figures 6.1 – 6.4. ....................................................................................................................    332 
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20.1. Appendix 6.1. Data Integration Pictures 

Figure 6.1. Bench 4600 B.  Figure incorporates geochemistry, fracture density, and location of 
spectral radiometry homogeneity test site QMP-4600. 
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Figure 6.2. Spectral homogeneity test site QMP-4600.  
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Figure 6.3. Bench 7000.  Figure incorporates geochemistry, fracture density, and location of 
spectral radiometry homogeneity test site RHY-4700. 
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Figure 6.4. Spectral homogeneity test site RHY-4700. 
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